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A chat with your instructor 

There are two basic types of d-c circuits: series and parallel. This lesson is 
devoted to understanding and working with the currents, voltages, and 
resistances associated with these two circuit types. Although the lesson is 
about d-c circuits, the principles, with some modifications, also apply to 
a-c circuits, which you will study later. 

The principles taught in this lesson are basic to the operation of practically 
all electronic equipment. The better you understand these principles, the 
easier and the faster you will go through your training program and the 
more you will learn. So be sure to write for help (by using one of the 
Request for Assistance sheets provided) on any points in the lesson that 
you cannot understand. 

Never forget that your success depends upon regular study. One or two 
hours a day, five days a week will bring excellent results. If you have not 
yet set aside a definite time each day for study, now is the time to do so. 

Series and Parallel 
D-C Circuits 

CURRENTS IN PARALLEL CIRCUITS 

Components in a circuit are hooked to each other, and to the power 
source, in two basic arrangements: series and parallel. In the series 
arrangement there is only one current but there are several voltages. In 
the parallel arrangement there is only one voltage but there are several 
current values, and laws that determine these current values are the 
subject of this part of the lesson. 
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(b) Schematic diagram 

Fig. 1 In a series circuit current flowing from the negative terminal of the battery 
must pass through every element of the circuit before returning to the 
positive terminal. Arrows show direction of electron flow. 

SERIES AND PARALLEL CIRCUITS ... In a series circuit, such as 
shown in Fig. 1, there is only one path for the current to follow. Battery 
voltage E pushes electrons from the negative terminal of the battery 
through the ammeter, resistor R2, resistor Rt, and the lamp and finally 
back to the positive terminal of the battery. It is a series circuit because 
every electron moving around the circuit must pass through every com¬ 
ponent. 

Since all the electrons that form the current must pass through every 
component, the amount of current flowing through each element of a series 
circuit is the same. In Fig. 1, for example, if the current through resistor 
R2 is 300 mA (milliamperes), then the current through Rt, the lamp, the 
ammeter, and the battery itself must also be 300 mA. 

We can tell the current strength in Fig. 1 by reading the ammeter. All the 
current flowing around the circuit must pass through the ammeter, and 
this current swings the meter pointer along the scale. The stronger the 
current the farther the pointer swings. Ammeters for measuring low cur¬ 
rent strengths (less than one ampere) are often called milliammeters, but 
in this lesson we call them ammeters. 

In a parallel circuit, such as shown in Fig. 2, there are several paths, or 
parallel branches, that current may follow. The battery voltage E pushes 
electrons from the negative terminal of the battery through ammeter A to 
point B. At point B the electrons divide. Some take the path through the 
lamp, some go by way of resistor Rt, and the rest go through R2. All the 



(a) Pictorial diagram (b) Schematic diagram 

Fig. 2 A parallel circuit. Current flowing from the negative terminal of the bat¬ 
tery to the positive terminal divides into three parts. One part, I,, flows 
through R,; another part, fîr flows through R 2; and the third part, /3, 
flows through the lamp. 

electrons meet again at point C and from there return to the positive 
terminal of the battery. This is a parallel circuit because an electron in 
going once around the circuit must pass through the lamp, or resistor Rt, 
or resistor R2. but it can't go through more than one of these components 
on a single trip around the circuit. Contrast this to Fig. 1, in which an 
electron, to get around the circuit, must pass through all three com¬ 
ponents. 

Ammeter A in Fig. 2 measures the current going from the negative termi¬ 
nal of the battery to point B. Ammeter A, reads the amount of current 
passing through Rç, ammeter A2 reads the amount of current passing 
through R2; and ammeter A 3 reads the amount of current passing through 
the lamp. Since the electrons upon reaching point B divide and go three 
different ways, the reading of any one of the ammeters A b or A¡ must 
be less than the reading of ammeter A . In other words, the current in any 
branch of a parallel circuit must be less than the total current supplied by 
the battery or other power source. 

Since all the electrons upon reaching point B must also leave B by one or 
another of the three paths, the sum of the three branch currents must 
equal the current supplied by the battery. Thus if the lamp draws 1 A 
(ampere), resistor R, draws 2 A, and resistor R2 draws 3 A, then the cur¬ 
rent / flowing from the battery is equal to I A + 2A + 3A=6A. 



4 Kirchhoff’s current law summarizes what happens to the current at 
branch points in a circuit. 

Kirchhoff's current law ... The sum of all the currents flowing away from a 
point in a circuit must equal the sum of the currents flowing to that point. 

As we have found, 6 A flows away from point B (1 A to the lamp, 2 A to 
Rt and 3 A to R2), so 6 A must flow to point B from the negative battery 
terminal. The sum of the currents flowing to point C is /3 + A + /2 = 
1A + 2A + 3A = 6A. Hence, the current flowing away from point C 
to the positive terminal of the battery must also be 6 A. 

WHAT HAVE YOU LEARNED? 

1. If the current at any point in a (series )( parallel ) circuit is 7 A, then the 
current in any other part of the circuit is also 7 A. 

2. If the ammeter in Fig. 1 reads 450 mA, then the current through the 
lamp is (more than ¡/less than )( equal to )450 mA. 

3. If in Fig. 1(b) we remove the ammeter from the position shown and 
insert it in the circuit at point B, will it read the same current value as 
before? U T 5 
4. If the current through the lamp in Fig. 2 is 750 mA, then the current 
flowing through ammeter A 3 (jsjfis not) equal to 750 mA. 

5. If in Fig. 2 ammeter A, reads 200 mA, ammeter A 2 reads 400 mA, and 
ammeter /1 3 reads 700 mA, then ammeter A must read ¡3 GO milli¬ 
amperes or _ amperes. 

6. Find the current flowing through the lamp in Fig. 2 if ammeter A, 
reads 300 mA, ammeter A2 reads 150 mA, and ammeter A reads 700 mA. 

7. Refer to Problem 6. If ammeter A} is removed from where it is shown 
and inserted in the circuit at point D, what will it read? 

?0o ¿»J? 
8. The tubes in a radio or TV receiver sometimes have their heaters con¬ 
nected in series and sometimes in parallel. The tube heaters in Fig. 3(a) 
are connected in («> ¿5 Each heater requires a current of 200 
mA. Therefore a current of /f>/7 will be drawn from the voltage 
source that supplies the heater current. 



(a) 

Fig. 3 

Tiny loop means 
that wires are not 
connected at this 
point. 

(b) 
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9. To see how the heaters in Fig. 3(b) are connected, start at voltage¬ 
source terminal A and with your pencil point try to trace along a path 
that will take you through heater 1 and back to voltage-source terminal B. 
The dashed line shows the path that you will have to take. Notice that 
you did not trace through any of the other heaters. Now trace from A 
through heater 2 back to B in a similar manner. Do the same thing with 
heaters 3 and 4. If in every case you are able to go from A through the 
heater being considered and back to B without passing through any other 
heater, then the heaters are connected in ( series)) parallel ). 

10. If in Fig. 3(a) you trace from A through heater 1 and back to B, you 
wineed) (need not) also pass through heaters 2, 3, and 4. This verifies 
that the heaters of Fig. 3(a) are connected in <b> . 

11. Each heater in Fig. 3(b) requires a current of 200 mA. How much 
current will be drawn from the voltage source that supplies the heater 
current? 

12. The household appliances of Fig. 4 are connected in w( series) 

Fig. 4 



6 (parallel ). Assuming that all of them may be in use at the same time, 
would you use a 10-A, a 15-A, or a 20-A fuse to protect this circuit? 
<m Z5X_ 

ANSWERS 

I. Series 2. Equal to 3. Yes.. .Since the current is the same in all parts of 
a series circuit, the ammeter will read the same no matter where it is placed in the 
circuit. 
4. Is. . .All the electrons passing through the lamp must also pass through A3 

(ammeter A3 is in series with the lamp). Hence, the reading of A3 is the current 
drawn by the lamp. 
5. 1300 m A or 1.3 A .. . To change milliamperes to amperes, divide by 1000. 
6. 250 mA ... Since ammeter A reads 700 mA, the current flowing into point B is 
700 mA. By Kirchhoff s current law. the sum of the currents leaving point B must 
alsobe700mA. 300mA + 150mA - 450 mA leaves by way of Rt and R2. This 
means that 700 mA - 450 mA = 250 mA must leave by the path through the 
lamp. Check: 300 mA + 150 mA + 250 mA = 700 mA, which is the current 
coming into point B as read on ammeter A. 
7. 700 mA ... The ammeter will read the current leaving point C going to the 
positive terminal of the battery. The current entering point C is /| + /2 + /j = 
300 mA + 150 mA + 250 mA = 700 mA. Hence, the current leaving point C is 
700 mA. 
8. (a) Series (b) 200 mA . . . Since the current is the same in all parts of a series 
circuit, the current drawn from the voltage source must be the same as the current 
through any one of the heaters. 
9. Parallel 10. (a) Need; (b) series 11. 800 mA ... In a parallel circuit the 
total current is the sum of the currents taken by the components connected in 
parallel. 
12. (a) Parallel (b) 15 A ... You should use a fuse rated a little higher than 
the maximum current through the fuse. The fuse current will be 6 A + 3 A + 
I A + 2A = 12A. Hence, a 15-A fuse should be satisfactory. 

FINDING THE CURRENTS IN A PARALLEL CIRCUIT ... The 
parallel circuit of Fig. 2 is redrawn in Fig. 5 with the resistance and volt¬ 
age values shown and with a couple of switches added. Let us find the 
readings of the ammeters both with the switches open and with one or 
both switches closed. 

When switches S, and S2 are open, R^ and R2 are disconnected from the 
battery, so that the circuit is reduced to a lamp connected across the 
battery. By Ohm’s law the lamp current is 

, • ... E, in volts (V) 40 V . /,, in amperes (A) = -5-^-r— = 2A 
r /?3,inohms(Q) 2012 

Thus A J reads 2 A when both switches are open. If we close switch S,, we 
do not change the fact that the lamp is connected directly across the 40-V 
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Similarly, the reading of ammeter A 2 is 

E 
/2 = 

Ri 

The voltage is always the same across every component tn parallel. When 
all switches in Fig. 5 are closed, each one of the three components is con¬ 
nected directly across the battery, and therefore the voltage across each 
one must be 40 V. 

When S, is closed, R\ is connected directly to the two battery terminals. 
The current is found by Ohm’s law, and its value stays the same whether 
or not the lamp or R2 is also connected to the battery. 

electrical “pressure” put out by the battery. With or without switch S, 
closed, the 40 V of the battery is pushing electrons against the 20 » of 
opposition of the lamp resistance. Hence, by Ohm’s law the current 
through the lamp is 2 A no matter whether Sj is open or closed. And if 
both S, and are closed, the current will continue to be 2 A. As long as 
the battery voltage stays constant at 40 V, opening or closing one or both 
switches will not change the reading of ammeter A 3. 

To summarize our findings in this topic, each of the components in a 
parallel circuit is connected directly across the battery or other power 
source. Since the current through any one of the components does not 
pass through any of the others, the current taken by that component is 
completely independent of the other components in parallel. As long as 
the battery voltage does not change, the current through that component 
will not change even though you add more parallel components, change 
their value, or take away some. That component is connected directly 

£ 
across the battery, and so its current is always given by I = -s-, where R is A 
the resistance of that component. The total current supplied by the 
battery is the sum of the currents drawn by the components in parallel. 

We find the reading of ammeter A, which is the total current furnished by 
the battery, by using Kirchhoffs current law. The current entering point 
B from the battery must equal the sum of the currents leaving point B and 
going through the three parallel branches. I = /3 + lt + l2 = 2 A + 
4 A + 5 A = 11 A. Thus ammeter A reads 11 A when both switches are 
closed. 

/, = £ = 40_v _ 4
1 R, 10» A

^=5A o 



Fig. 5 The current through any branch of a parallel circuit across a constant 
voltage does not change when additional parallel branches are added or 
removed. 

WHAT HAVE YOU LEARNED? 

I. In Fig. 6 a light, a power saw, and a TV set are operating from the 
110-V house wiring. The three devices are connected in w( series) 
(parallel). Turning on or off any one of the devices didoes) (does noi l 
affect the operation of the other two devices. This is proof that the cur¬ 
rent drawn by a device is unaffected by other devices connected in 
Miseries) (parallel) with it. Hence, to find the current taken by a com¬ 
ponent or device connected across a constant-voltage source, such as a 
battery or the 110-V main, you udmust consider) (need not consider) the 
current taken by other components or devices in parallel. 

Fig 6 

light in 
John’s room 

2. If the TV set in Fig. 6 has an equivalent resistance of 55 Q, then the set 
draws a current of w amperes. If the power saw has an equiva¬ 
lent resistance of 20 Í2, it drawsw S'rS_ amperes from the 110-V supply. 
If the lamp filament has a resistance of 110 Í2, it draws w / _ 
ampere(s) from the line. The total current drawn from the house line in 
Fig. 6 when all three devices are in use is therefore w $ < £ amperes. 



Fig. 7 

3. The ammeter in Fig. 7 reads _ 7 amperes. 
4. In Fig. 7 the voltage across Rt is volts, the voltage across R2
is (bi Xà volts, the voltage across R2 is w &¿_ volts, and the volt¬ 
age across R* is <d>_£3?_ volts. 
5. The voltage applied to /? 2 in Fig. 8 wf is)(is not) the battery voltage. 
The current through R2 is <b>_2_ amperes, and the resistance of R2 is. 
«d /¿ ohms. Using Ohm's law, the battery voltage must be M.Wt 
volts. 

Fig. 8 

ANSWERS 

1. (a) Parallel (b) Does not (c) parallel ... We will soon see that com¬ 
ponents do affect each other when connected in series. (d) Need not consider 
2. (a) 2; (b) 5.5; (c) 1 ; (d) 8.5 3. 54... The current through R, is 20 A, through 
R2 is 16 A, through R2 is 10 A, and through Rt is 8 A. The ammeter reads the 
sum of these currents. 
4. (a) 80 (b) 80 (c) 80 (d) 80... The voltages across components in 
parallel are always equal. 
5. (a) Is (b) 3... Ammeter reads the current through R2. (c) 16 
(d) 48... How this value is obtained is discussed in the next topic. 

3 ADDITIONAL PARALLEL CIRCUIT PROBLEMS... In the preced¬ 
ing topic we practiced finding the total current when we knew the battery 
voltage and the resistance of each component. Now we will see how to 
solve parallel-circuit problems no matter what information we have to 
start with, providing it is adequate. No new principles are involved. 
Working any parallel circuit problem involves nothing more than using 
Ohm’s law and Kirchhoff s current law. 



10 Example I... Find the voltage E of the battery and the reading of the ammeter 
A i in Fig. 8. 

Solution. . . On studying the circuit, we notice that both the current through R2 

and the resistance of R2 are known. When we know both current and resistance, 
we can always find the voltage by the Ohm’s law formula £ = / x R. The voltage 
found is the battery voltage because R2 is connected directly across the battery 
terminals. 

E = I2 x R2 = 3 A x 16 Í2 = 48 V 

Hence, the battery voltage must be 48 V. 

The reading of the ammeter A , is the sum of the currents through the four parallel 
branches. Hence, we must first find the unknown branch currents, which is easy 
now that we know the battery voltage. 

E 48 V 
1212 

= 4A 

h E 

R> 

48 V 
24 12 

= 2A 

E 
R. 

48 V 
812 

= 6A 

The reading of the ammeter is 

/i+/2 + /j + /4 = 4A+3A + 2A + 6A= 15 A 

Example 2. .. Find the resistance of Rt in Fig. 9. 

Solution. .. First we will find the current through R3 by using Kirchhoffs cur¬ 
rent law, and then we will find the resistance of Rt by using Ohm’s law. But before 
we can use Kirchhoffs current law, we must first know the current through R, and 
«2-

E 

R, 

h E 

Ri 

36 V 
412 

= 9A 

36 V 
612 

= 6A 

By Kirchhoffs law the total current / (which the ammeter shows to be 18 A) is 
equal to the sum of the three branch currents. The sum of/, and/2 is 9 A + 6 A = 
15 A. The current through/j must then be 18 A - 15A = 3A. 

Check. ../ = /| + /2 + /s = 9 A + 6A + 3 A = 18 A, which is the reading 
of the ammeter. 

Now to find the resistance of R}: 

R E 36 V no a 3 = ~r~ = . = 12 12, ans. /] 3 A 
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18 A 

Fig. 9 Illustration for Example 2: find the resistance of R 3. 

WHAT HAVE YOU LEARNED? 

1. Ammeter A in Fig. 10 reads amperes 

Fig. 10 

2. The three resistors in Fig. 11 are in (parallel ¡(series). They are in 
parallel if, and only if, you can take each resistor in turn, trace through 
that resistor starting at point B, and return to point C without passing 
through either of the other two resistors. 

3. The resistance of R2 in Fig. 11 is 2- / ohms 

Fig. 11 

4. The voltage of the battery in Fig. 12 is volts 

5. The switch in Fig. 13 is called a double-pole double-throw (DPDT) 
switch. It has two switch blades B and E, which always move together. 
When the switch is thrown to the right, blade B makes an electrical con¬ 
nection with contact C and blade E makes a connection with contact F. 



12 i¿ A 5 A 

Fig. 12 

When the switch is thrown to the left, B makes contact with A and E 
makes contact with D. Trace around the circuit to find the current path 
or paths when the switch is thrown to the right and again when the switch 
is thrown to the left. Start at the negative battery terminal and, for each 
switch position, find all the paths that can be followed that will bring you 
back to the positive battery terminal. 
(a) What lights are on when the switch is to the right? Z^ Ÿ"Z / 
(b) When the switch is to the right, are the “on” lights connected in series 
or in parallel? 
(c) What lights are on when the switch is to the left? Z /-A L ? 
(d) When the switch is to the left, are the “on” lights in series or in 
parallel? />/(>//<£/ 

Fig. 13 

ANSWERS 

1. 27 A ... The battery voltage is 36 V (2 A x 18 ß); /| is 9 A; is 12 A; and 
is 4 A. In finding the total, don’t forget the 2 A of /4. 

2. Parallel ... Each of the three paths in Fig. 14 passes through one and only one 
resistor. 
3. 24 ... R| draws 4 A and Ry draws 3 A for a total of 7 A for the two. Hence, 
Ri must draw 12 A - 7 A = 5 A. R2 = E/h = 120 V - 5 A = 24 ß. 
4. 80 ... Ri and Ry together draw 8 A. Hence, R2 must draw 4 A so the total of 
the branch currents will be 12 A. E - / x R = 4 A x 20 ß = 80 V. 
5. (a) ¿i and Ly will be on ... See Fig. 15(a) for the current path. Note that the 



Fig. 14 

path shown by the dashed line is the only possible way to trace around the circuit 
from negative battery terminal to positive terminal. (b) Series (c) L\ and 
¿2 will be on ... See Fig. 15(b) for current paths. Tracing from the negative 
battery terminal, upon reaching point H. there are two different paths we can 
follow that will bring us back to K and the positive battery terminal. One path 
is shown by the dashed line and the other by the solid line. (d) Parallel 

(a) (b) 

Fig. 15 

4 ELECTRONS START MOVING IN ALL PARTS OF THE CIRCUIT 
AT THE SAME TIME ... We have in the preceding pages analyzed series 
and parallel circuits by tracing the path taken by electrons leaving the 
negative plate of the battery until they get back to the positive plate. This 
is the usual method of circuit tracing because it is convenient but some 
additional explanation is needed so you won’t be misled about the nature 
of electron action when current flows. 

If you suppose that electrical action literally starts at the negative battery 
terminal, you assume in Fig. 16(a) that, after switch 5 is closed, light 
Li will not come on until the electrons leaving the negative terminal have 
time enough to travel to Lt and that L2 will not come on until a fraction 
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(c) 

AB C D E 

(d) 

Fig. 16 Current flow is like the movement of a continuous chain. 

of a second after L\ comes on. This idea of how current works is all 
wrong. For one thing, the electrons move along a wire very slowly, 
seldom over an inch a minute. Thus if Lx were 20 ft away from the battery 
and if we had to wait for the electrons to get from the negative terminal to 
Lx, it would be several hours after the switch was closed before the light 
came on! 

What actually happens is that, when the switch is closed, the electrons 
start moving in all parts of the circuit almost instantly. The action is like 
that of the endless chain in Fig. 16(b). Although the chain may be pulled 
slowly, the links start moving everywhere in the chain almost the moment 
the operator starts pulling (not instantly, because the slack must first be 
taken out from between the links). Notice that the chain has no beginning 
and no end. 

Current flow acts like the chain. Whether the switch is open or closed 
in Fig. 16(c), there are free electrons everywhere in the wire and the con¬ 
ducting parts of the components. These electrons correspond to the links 
of the chain. When the switch is closed, all the free electrons start moving 
almost at once, forming an endless chain of electrons moving slowly 
around the circuit. An important thing to note in (c) is that there is 
neither beginning nor end to the moving chain of electrons—you can’t put 



your finger on a particular spot in the circuit and say that this is where 
the current starts. Only for convenience do you start tracing through a 
circuit at the negative battery terminal not because the current starts 
there. 

To see why the free electrons are "hooked" together like the links in a 
chain, so that one can’t move along the wire without all the rest also 
moving, consider the short section of wire diagrammed in Fig. 16(d). 
Since every electron has a negative charge, all electrons repel one another, 
and therefore they try to get as far away from each other as they can. 
They are farthest away from each other when they are equally spaced 
along the wire. Suppose that electron C in (d) is pushed to the right from 
its normal position, as shown, say by the battery pumping action. That 
will make all the other electrons in the wire also move, and here's why. 
Electron C moving over close to /) greatly increases the repulsive force 
between C and D (the closer like electric charges are to each other, the 
stronger the force of repulsion between them). Consequently, electron D 
is pushed over toward E, which in turn repels E to the right, and so on. 

Looking at the electrons to the left of C, the distance between B and C has 
increased as C has moved to the right. That reduces the repulsion between 
B and C. As a result, electron A is pushing harder in trying to move B to 
the right than C is pushing in trying to push B to the left. Consequently, 
electron B moves to the right, which in turn weakens the repulsion 
between B and A and allows A also to be pushed to the right by the elec¬ 
tron to its left. 

Because of the time required for this electron jockeying to take place, 
there is a slight time delay after the switch is closed before all the elec¬ 
trons in the circuit are in motion. This delay corresponds to the time 
required to get the slack out of the chain in Fig. 16(b) before all the links 
move. The delay in a typical electrical circuit is extremely slight, a few 
millionths of a second or less. But slight as it is, it can be important, as 
you will see in later lessons. 

COMBINED RESISTANCE IN SERIES AND 
PARALLEL CIRCUITS 

A circuit can be simplified and made easier to understand if it is redrawn 
with several components replaced by a single equivalem component. The 
principle of equivalent components will be used in this part of the lesson 
to find the combined resistance of circuit components in series or parallel. 
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Fig. 17 The current in a series circuit must make its way through all the re¬ 
sistances in the circuit. 

HOW EQUIVALENT CIRCUITS MAKE ELECTRONICS EASY . . . 
The series circuit of Fig. 1 is redrawn in Fig. 17 with resistance and volt¬ 
age values shown. It is hard for current to get through the extremely fine 
wire that forms the filament in a light bulb. Therefore a light bulb has 
resistance (opposes current flow) just as regular resistors do. In this case, 
the filament resistance is 6 Í2 . 

Let’s find out what the ammeter A in Fig. 17 will read. Since this is a 
series circuit, every electron going around the circuit must pass through 
the 2-fl, the 4-Í2, and the 6-Í2 resistance. Each one of these resistances 
opposes (tries to stop) the current. Since the electrons must struggle 
through all three resistors, the going is a lot harder (which means the 
resistance is higher) than if the electrons had but one resistance to go 
through —the more obstacles there are in an obstacle course, the tougher 
it is to get around the course. 

Since the electrons in Fig. 17 must first make their way through 2 Í2 of 
opposition, then 4 Í2 of opposition, and finally 6 S2 of opposition, the 
total opposition to current flow is 2 12 + 4 Í2 + 6 Í2 = 12 Í2. If we had 
one 12-Í2 resistor in the circuit instead of the three resistances shown, the 
current read by ammeter A would be the same as it is in the actual circuit. 
That being the case, we draw an equivalent circuit (see Fig. 18) in which 
the three actual resistances are replaced by a 12-Í2 equivalent resistance. 

An equivalent circuit is a simplified circuit that has the same perform¬ 
ance—in regard to the aspects in which we are interested as the original 
circuit. Top-notch technicians use lots of equivalent circuits because such 
circuits make it so much easier to understand what is going on. 

By using Ohm’s law, we can find at once the reading of ammeter A in Fig. 
18(b): 



(a) Actual circuit (b) Equivalent circuit 

Fig. 18 Simplifying a circuit by the use of an equivalent circuit. 

24 V 
12« 

= 2 A 

Since the ammeter in Fig. 18(b) reads 2 A, the ammeter in (a) will read the 
same thing. If the two ammeters did not read the same thing, the circuits 
would not be equivalent. 

FINDING CURRENT AND TOTAL RESISTANCE IN A SERIES 
CIRCUIT . . . The total, combined, resistance of two or more resistances 
is a single resistance of such value that, when used in place of the original 
resistances, it will keep the circuit current the same. The total, or com¬ 
bined, resistance is the equivalent resistance of the circuit resistances. The 
total resistance in Fig. 18(a) is 12 Q, because if we replace the three re¬ 
sistances with a 12-Q resistance, as in (b), the circuit current does not 
change. 

When resistances are in series, the total resistance is easy to find. It is 
simply the sum of the individual resistances. 

Example 1 ... In Fig. 19(a) the three resistors R¡, R2, and Rt, shown connected 
in series, have values of 20, 30, and 40 Q, respectively. Their total resistance 
R, is_ohms. 

Solution . .. 

R, = Rt + R2 + Ry - 20 Í2 + 3OS2 + 40« = 90Q,ans. 

Explanation .. . The answer shows that the three resistors in series could be 
replaced by a single 90-Q resistor, as shown in Fig. 19(b). 

Example 2 ... If the three resistors shown in Fig. 19(a) are connected across a 9-
V battery, the total current is_amperes. 

Solution .. . The total current is 



(a) (b) 

Fig. 19 The total resistance of resistors in series equals the sum of the resistances 
of the individual resistors. 

/ E 9 V n i a 
‘ = ~R 

Explanation .. . Since the current through each element in a series circuit is the 
same, the current through Rt, R2, R}, and the battery is 0.1 A. 

Example 3 ... A vacuum-tube filament is connected in series with a resistor. The 
color code on the resistor, green-blue-black, shows that the resistance Rr of the 
resistor is 56 Í2. By measuring with an ohmmeter, you find that the total resistance 
of the filament and resistor in series is 87 S2. The resistance Rt of the filament is 
_ ohms. 

Solution . .. R, = Rt + Rr

87 Q = R¡ + 56 H 

R, = 31 Q, ans. 

Explanation .. . Since 87 Q is the combined resistance of the filament and resistor 
in series, 87 minus the resistance of the resistor, 56 Í2, is the resistance of the 
filament. 

Check ...31 Q + 56Q = 87 Í2. 

WHAT HAVE YOU LEARNED? 

1. Three resistors with values of 15, 22, and 19 Q are connected in series 
to an 84-V battery. 
(a) Draw the circuit and mark the voltage and resistance values on it 
that’s the way to start working any electronics problem. 
(b) Find the total resistance. 



19 (c) Draw the equivalent circuit electronics gets easy when you get in the 
habit of drawing equivalent circuits. 
(d) Use Ohm’s law to find the circuit current. / ÍA 

2. If a relay coil has a resistance of 20 Í2, how much resistance must you 
connect in series with it so that the total circuit resistance is 50 Í2? JO -S'— 

3. A series circuit is operated from an 80-V power source. If we want the 
circuit current to be 4 A, what total value of resistance do we need in the 
circuit? 2 0 

4. If a relay coil requires a current of 1.5 A for proper operation and it is 
to be operated from a 24-V battery, what should the relay resistance be 
for the relay to draw the correct current? / ¿ _/2_ 

5. II the resistance of the relay coil in Problem 4 were actually only 10 $2, 
the relay would draw {too much >1 too little) current when operated from a 
24-V battery. 

6. Referring to Problem 5, you could decrease the current through the 
relay down to what it should be by io> i increasing) (decreasing) the total 
circuit resistance. To do so you would connect a resistor in <b> {series i 
(parallel) with the relay coil. 
«> Draw a diagram oQhe circuit and mark battery voltage and coil re¬ 
sistance. a I n 
««i Draw an equivalent*circuit showing the proper value of equivalent -I 
(total) resistance for the circuit current to be the correct value of 1.5 A. ~T~ / 
<•> What must be the value of the resistance placed in series with the relay 
coil? ¿7 SI' 

7. Three resistors are connected in series. One resistor is color-coded 
brown-black-brown (io) —X̂ 6— ohms). The second is color-coded 
brown-brown-brown (»> 0_ohms). The third resistor is not 
color-coded. You measure the total resistance of the circuit, which is 
340 ohms. The resistance of the unmarked resistor is <0 /3 à ohms. 
The correct color code for this resistor is <a> 

8. In Fig. 1, it Ri is 10 Q, is 2012, and the lamp is 50 Í2, the combined re¬ 
sistance of the circuit is w_% O_ ohms. If the battery voltage E is 
160 V, the circuit current is <b>-_ amperes. The current through 
R, is . amperes; the current through Ä2 is .d. amperes; 
and the current through the lamp is i.> Z- amperes 

9. Show by a diagram how to connect three equal resistors together in 
such a way that the combined resistance of the three equals 3 times the 
resistance of each. 

Io -o tn-n inJY. 
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20 10. A fixed resistor of 10,000 ß is connected in series with a variable 
resistor with a minimum value of 100 ß and a maximum of 5000 ß. The 
minimum resistance this combination can have is w/^LQsî._ ohms, and 
the maximum value it can have is (i» i^QUO ohms. If this combination is 
connected across a 250-V power supply, the minimum possible current is 

A/? milliamperes and the maximum possible current is (d>_ 
milliamperes. 

ANSWERS 

I. (a) See Fig. 20, left-hand diagram. (b) 56 ß (c) See Fig. 20, right-hand 
A' X4 V 

diagram. (d) 1.5 A ... ! = — = = 1.5 A 

2. 30 ß ... See Fig. 21. 

Fig. 21 
equivalent circuit 

3. 20 ß ... Use the Ohm’s law formula, R = — = V. = 20 it. 
/ 4 A 

E 24 V 4. 16 ß ... R = — - = 16 ß. 
/ 1.5 A 

5. Too much ... The less the resistance, the more the current, because resistance 
opposes current flow. 
6. (a) Increasing (b) Series (c) See Fig. 22, left side (d) See Fig. 22, 
right side. (e) 6 ß ... R\ and the relay coil must have a total resistance of 
16 ß as shown in the equivalent circuit. R\ = 6ß, since 10ß + 6ß = 16ß. 
7. (a) 100 (b) 110 (c) 130 ... The combined resistance of the known re-
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actual circuit 
Fig. 22 

equivalent circuit 

sistors is 210 «. Total resistance is 340 «, so the resistance of the unmarked 
resistor is 340 — 210 = 130 «. (d) Brown-orange-brown 
8. (a) 80 (b) 2 (c), (d), (e) 2 ... Ina series circuit, the current through one 
component is equal to the current through each of the other components. 
9 AAAAAAAA/V . If the value of each resistor is 10 Q, the total resistance 
is 30 « or 3 times the resistance of each individual resistor. 
10. (a) 10,100; (b) 15,000 
(c) 16.7 ... Remember that the current is least when the resistance is highest, 

which is when the resistance is 15,000 0. Then the current is I = — = 250 V _ 
R 15,000« 

0.0167 A = 16.7 mA (multiply by 1000 to change amperes to milliamperes). 
(d) 24.8 . .. The current is greatest when the resistance is least. 

F 250 V 
I = — = = 0.0248 A = 24.8 mA. 

R 10,100« 

RESISTANCE IN PARALLEL CIRCUITS . . . The combined or joint 
resistance of two or more resistances in parallel is a single resistance of 
such value that, when it is used in place of the original resistances, it will 
keep the circuit current the same; it is the equivalent resistance of the 
circuit resistances. 

To find the joint resistance of the three branches in Fig. 5 with all switches 
closed, use Ohm’s law to find what equivalent resistance we can use in 
place of the three resistances so that the reading of ammeter A will not 
change. Ammeter J reads II A. 

n E 40 V 1 n 

Thus we can replace the three resistances of Fig. 5 with an equivalent 
resistance, as shown in Fig. 23. The value of this combined or joint re¬ 
sistance is 3.64 «. 

We shall next see how changes in the individual resistance values affect the 
combined resistance. We have learned that in series circuits the combined 
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original circuit equivalent circuit 

Fig. 23 The combined resistance of 20, 10, and 8 Í2 in parallel is 3.64 0. 

resistance is the sum of the resistances of the individual components. In 
other words, in a series circuit as shown in Fig. 24(a), adding resistive 
components increases the amount of opposition, or resistance, to current 
flow. 

In parallel circuits, the situation is quite different. Each additional 
branch, as shown in Fig. 24(b), is another path along which current can 
flow. Thus, adding a resistance in parallel decreases the total resistance of 
the circuit. 

Fig. 24 Effect of adding resistance in series and parallel circuits. In the series 
circuit (a), adding resistor R 3 increases opposition, or resistance, to the 
flow of current. In the parallel circuit ( b) , adding the branch with resis¬ 
tor R3 adds another path along which current can flow and thereby 
decreases opposition, or resistance, to the flow of current. 

Example 1 ... In Fig. 25 five resistive components are shown connected in paral¬ 
lel. R i = 5 Í2, Ri = 8 Q. Æj = 10 0, RA = 16 Í2, and Ä5 = 20 0. Is the com¬ 
bined resistance of the circuit, as measured between points A and B, more or less 
than 5 fl? 

Solution .. . The combined resistance is less than 5 fl. 



2: Ao 

r2 Ri 

Explanation ... In this example, the lowest resistance is 5 Í2. Each resistor 
connected in parallel across the 5-S2 resistor is another path along which current 
can flow, and each resistor therefore decreases the total resistance below 5 0. You 
can always be sure, without even performing any calculations, that the combined 
resistance of a parallel circuit is less than the resistance of the branch that has 
the lowest resistance. 

Bo 

Fig. 25 Circuit with five resistive parallel branches. The total resistance of a 
parallel circuit is always less than the resistance of the branch that has 
the lowest resistance. 

Now let us see what happens in a circuit when one resistor is connected in 
parallel with a second, equal resistor. In Fig. 26(a) a 100-Q resistor is 
connected across a 300-V battery. The current is 

/i = 
_£ 

«I 

300 V =
100 S2 

In Fig. 26(b) a second 100-Q resistor R2 is connected in parallel with the 
first. Notice that this second resistor is connected across the battery 
terminals in the same way the first resistor is. In other words, the voltage 
across R2 is 300 V. The current i2 through R, is 

h = 300 V 
R2 I00S2 

Remember that the total current is the sum of the branch currents; in this 
case the total current /, is 

(a) (b) 

Fig. 26 When a parallel resistor is added to the circuit shown in (a), total current 
increases as shown in ( b). 



24 It = I \ + 12 = 3A + 3A = 6A 

Thus, placing the second resistance in parallel with the first increases the 
amount of current drawn by the circuit from 3 to 6 A. In this particular 
example, where the resistances of the two branches are equal, adding the 
second equal resistor doubles the total current. 

What happens to the combined resistance? Using Ohm’s law for resist¬ 
ance, we find 

In Fig. 26(a) 

In Fig. 26(b) 

300 V = 
h 3 A 

50 Q 300 V 
6 A 

Thus, adding the second equal resistor in parallel with the first halves the 
total resistance while it doubles the total current. 

Rule: To find the combined resistance of equal resistances in parallel, 
divide the value of a single resistance by the number of resistors. 

Example 2 ... In Fig. 27 four 100-0 resistors are in parallel across a 200-V supply. 
The combined resistance of the circuit is (») _ ohms. The total circuit cur¬ 
rent / is (b)_ amperes. If the four resistors were in series rather than in 
parallel, the combined resistance would be w_ ohms and the total cur¬ 
rent would be (d)_amperes. When the resistors are connected in parallel, 
the current through any one of the four resistors is (•)_ amperes. When 
the resistors are connected in series, the current through any one of the four 
resistors is m_amperes. 

Solution ... 

, , „ 100 Í2 (a) R, = —-— = 25 il, ans. 4 

(b) I - - 200 V 
25 Í2 

= 8 A, ans. 

(c) R, = Rf + R2 + R) + Rt = 4 X 100Q = 400ii,a»5. 

(d) I = £ 200 V 
400 Q 

= 0.5 A, ans. 

(e) The total current, 8 A, divides evenly among the four equal resistors. Hence, 
the current through any one of the resistors is 8 -s- 4 = 2 A, ans. 

(f) From (d) the current is 0.5 A, ans. 



:ig. 27 Illustration for Example 2. 

2 

When a number of unequal resistances are in parallel, as in Fig. 28, the 
combined resistance is found by the formula 

R, = -!-
‘ + » + • + « + « 
A I i\ 2 K 3 A4 A? 

Fhus, the resistance of a parallel circuit is equal to the reciprocal of the sum 

:ig. 28 Parallel circuit containing five resistive branches. 

Example 3 ... A parallel circuit consists of four resistive branches: R\ = 3 ß, 
R2 = 5 ß, Ry = 20 ß, and R* = 50 ß. The total resistance of the circuit is 
_ ohms. 

Solution... R, = -
' _1_ I I 1 

R, + R2 + Ry + R* 

1 
I 1 1 1 
3 5 + 20 + 50 

I I 
0.333 + 0.2 + 0.05 + 0.02 “ 0.603 

Explanation .. . Four resistive components are in parallel. Therefore, there are 
'our terms in the denominator of the equation for resistance. To solve, we substi-



26 tute numerical values into the equation, convert to decimals, and complete the 
operations indicated. 

Example 4 ... In Fig. 28, if £ = 22 V, Æ, = 2 SI, R2 = 4 SI, R} = 5 SI, 
R^ = 10 SI, and R¡ = 20 SI, / = _amperes. 

Solution ... R,= —-¡ - ¡-— 

_ 1_ 
1 1 1 1 J_ 
2 4 5 + 10 20 

= -!- = —— = 0 909 SI 
0.5 + 0.25 + 0.2 + 0.1+ 0.05 1.10 

E 22 V For the circuit, I =- = = 24.2 A, ans. 

For the special case of two resistive components in parallel, we can use a 
simpler formula: 

o _ 1^2 

' Ri + R2

That is, the resistance of a circuit consisting of two resistances in parallel 
is equal to the product of the two resistances divided by their sum. 

Example 5 ... A parallel circuit consists of a 5-SÎ resistance in parallel with a 
20-SI resistance. The resistance of the parallel combination is ohms. 

R R^ 
Solution ... By the formula R.= -!—-— 

Ri + Rt 
D 5 X 20 100 . „ R.= - = - = 4 SI, ans. 

5 + 20 25 

Example 6 . . . Three resistors with values of 5, 20, and 50 SI are connected in 
parallel. By using the special parallel resistance formula for two resistors, find 
the total resistance of the three resistors. 

We may now consider the circuit having only two resistors in parallel. One 
resistor is the 50-SI resistor, and the other is 4-ÍI equivalent resistor. Applying 
the special parallel resistor formula for two resistors again, we have 

„ 4 X 50 200 , _ „ 
. Ri - - =-= 3.70 SI, ans. 

4 + 50 54 

Solution . . . The parallel resistance of the 5SI and 20 SI resistor is equal to 

= 22O = 4Q
5 + 20 25 



Fig. 29 

WHAT HAVE YOU LEARNED? 
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1. Three resistors with values of 3, 5, and 15 0 are connected in parallel. 
Their combined resistance is less than (o>_^2— ohms. Calculation 
shows the combined resistance to be d>)- ohms. 

2. Two resistors with values of 10 and 25 Í2 are connected in parallel. 
By using the formula for resistance of two resistors in parallel (R = 
m 7 ^^t»u find their combined resistance is _/7_ ohms. As 
a quick check, you realize that the resistance must be less than «-
ohms; therefore, the answer to (a) is reasonable. 

3. Two 100-Ü resistors are connected in parallel. Their resistance is 
0 ohms Three 100-Q resistors are connected in parallel. Their 

combined resistance is ¡b> 77 ohms. Four 100-Q resistors are con¬ 
nected in parallel; their combined resistance is w 7-/_ ohms. 

4. Figure 29 shows five resistors connected in parallel. Use the general 
formula for resistors in parallel to find the combined resistance of the 
parallel combination of resistors: 

5. The total current through the parallel combination in Problem 4 is 
amperes. (Use the combined resistance and Ohm’s law for cur¬ 

rent.) 

6. The total current through the parallel combination in Problem 4 is 
W_ amperes. (First determine the current through each individual 

resistor and then sum up the individual currents.) 
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7. Four light bulbs, each with a resistance of 160 0, are connected in 
parallel across a 120-V source. Their combined resistance is «»JLQ-
ohms. The current drawn by each light bulb is <«— amperes, and 
the total current is w—Si amperes. 

8. Two resistors, 40 and 80 Í2, are connected in parallel. Their combined 
resistance is less than >.> M 0_ ohms. The combined resistance is 

ohms. 

9. Three resistors, 40, 90, and 75 Í2, are connected in parallel. Their com¬ 
bined resistance is & ohms. If connected across a potential of 
100 V, the parallel combination will draw w amperes. 

10. When charging a storage battery, it is necessary to insert a resistance 
of 20 Í2 in series with the battery to limit current to the proper value. 
The resistance is made up of light bulbs, each with a resistance of 140 Q, 
connected in parallel. How many bulbs should be used to produce the 
required resistance? 5 * 

ANSWERS 

1. (a) 3 .. . Combined resistance is always less than the least of the resistances. 

(b) 1.67 ... R, = --!- j-

+ +

i 

0.333 + 0.200 + 0.0667 0.600 

2. (a) R ' x (b) 7.14; (c) 10 3. (a) 50; (b) 331; (c) 25 
Rt + Ri 

4. (a)0.2; (b) 0.0714: (c)0.0476; (d)0.04; (e)0.01 ; (g) 2-71

5. 44.3... 120 V + 2.71 Q = 44.3 A. 
6. 44.3 ... /1 = 24 A, /2 = 8.57 A, /3 = 5.71 A, /< = 4.8 A. /5 - 1.2 A; then 
24 + 8.57 + 5.71 + 4.8 + 1.2 = 44.3 A. 
7. (a) 40; (b) 0.75; (c) 3 8. (a) 40; (b) 26.7 9. (a) 20.2; (b) 4.95 
1 A C ’ 40 12 -jrx q IO. Seven ... —-— = 20 12. 

8 CONDUCTANCE ... So far in our discussion of d-c circuits, we have 
studied only resistance, which is a measure of the opposition of a circuit 
to the flow of current. Resistance is, of course, usually represented by the 
letter R and is measured in ohms. 



Now let us turn our attention to a new quantity, conductance, which is a 
measure of how easy it is for a current to flow through a circuit. Con¬ 
ductance is usually represented by the letter G and is measured in mhos. 
Notice that “mho" is “ohm” spelled backwards. 

Conductance G is the reciprocal of resistance R. That is, 

Thus, the conductance of a 100-ß resistor is 

G = — = — = 0.01 mho 
R 100 

Since conductance is the reciprocal of resistance, resistance is also the 

reciprocal of conductance. Therefore, R = -L-. This means that we can 
G 

easily convert back to resistance. For example, if G = 0.01 mho, 

which checks our previous calculation. 

WHAT HAVE YOU LEARNED? 

I. The unit of conductance is the <»> ., and the symbol for con¬ 
ductance is ibi G Conductance is the reciprocal of w _, and 
therefore the formula for conductance is (dl ~ _ 

2. The greater the conductance, the easier it is for a current to flow 
through a circuit. Therefore, a circuit with a conductance of 0.05 mho 
will have w(more) I jess) current for a given voltage than a circuit with a 
conductance of 0.5 mho. The greater the circuit resistance, the m ? ^5 
the circuit conductance. The greater the circuit conductance, the 
the circuit resistance. 

3. If the resistance of a circuit is 25 ß, its conductance is «» —*Q — 
mhos. If the resistance of a circuit is 10 ß, its conductance is • / 
mhos. If the conductance of a circuit is 0.02 mho, the resistance of the 
circuit is ui Q_ohms. 

4. Suppose 12 V is applied to a circuit and the current is 6 A. The circuit 
conductance is mhos. 

29 



30 ANSWERS 

1. (a) Mho; (b) G; (c) resistance; (d) G = 2. (a) Less; (b) less; (cHess 
A 

3. (a)0.04 . .. T = 0.04 mho (b)0.1 (c) 50 = 50 S2 
25 0.02 

4. 0.5 ... R = — = 2R;G = -L = -L = 0.5 mho 
/ A 2 

VOLTAGES IN SERIES CIRCUITS 

The voltages across the components of a series circuit are not equal to the 
circuit power source voltage, nor are these voltages generally equal to 
each other. Series circuits are much used in electronics where a voltage 
lower than the power supply voltage is needed. Connecting components 
in series will never produce a voltage higher than the power supply voltage 
in a d-c circuit. In an a-c circuit, however, it sometimes will, as you will 
see in a later lesson. 

VOLTMETERS AND THEIR USE ... As preceding illustrations have 
shown, an ammeter is connected in series, so that the current being 
measured must pass through the ammeter. The needle deflection is pro¬ 
portional to the amount of current passing through the meter. In other 
words, we hook up an ammeter in just the same way we would a water 
flow meter, as shown in Fig. 30(a). The water in the system must flow 
through the flow meter, just as the current in (b) must flow through the 
ammeter. 

But notice in Fig. 30(a) that we don’t connect a water pressure gage so 
that the water flows through it. If we tried to, no water could flow, since 
water can’t get through a pressure gage. The gage consists of a diaphragm 
that is distended by the water pressure. This bulging out of the diaphragm 
pushes against the pressure-indicating needle. 

Since a voltmeter measures the electrical equivalent of pressure, it can 
not be connected in series like an ammeter. If it were connected in series, 
only negligible current would get through, because a voltmeter has an 
extremely high resistance. As shown in Fig. 30(b), a voltmeter must be 
connected in parallel with the voltage to be measured. That is, one of the 
voltmeter test leads is connected to each side of the voltage being meas¬ 
ured. In Fig. 30(b) we connect the leads to the two battery terminals and 
thus measure the battery voltage. 

In using an ammeter be extremely careful that you don't connect it as you 
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(a) (b) 
F.g. 30 Water flow measurements and corresponding electrical measurements. 

would a voltmeter. An ammeter has a very low resistance, and so it would 
draw a huge current if connected across a voltage source. As a result 
the ammeter would burn out instantly; see Fig. 31. When the ammeter is 

ammeter 

Fig. 31 If this were a voltmeter, it would be connected 
meter connected this way will burn out at once. 

correctly, but an am-
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(d) 

Fig. 32 Although there is only one voltage source, many different voltages exist 
in this circuit. 
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properly connected as in Fig. 30(b), the resistance of the load R limits 
the current from the battery so that the ammeter will not burn out unless 
the current taken by the load is greater than the meter is designed to 
measure. 

By "load” (a term used a lot in electronics) we mean the device to which 
the voltage source is furnishing power. Although we represent the load in 
Fig. 30(b) by a resistance, it could be a toaster, an amplifier, a transistor, 
or anything at all that you are using the battery to supply current to. The 
value of the resistance R is the equivalent resistance of the actual load, 
whatever the load might be. 

A RESISTOR CAN HAVE A VOLTAGE ... A voltmeter connected 
across the power source in a circuit, such as the battery of Fig. 32(a), 
reads the voltage of that source. What may be more surprising is that a 
circuit component that is not generating electricity can also have a volt¬ 
age. For example, if the voltmeter is connected across Rt, as in part (b) 
of the figure, it will read 11 V, although the resistor is obviously not a 
source of power. 

This brings us again to the idea of an equivalent circuit. The resistor R, in 
Fig. 32(b) is equivalent to an 11 -V battery, because the voltmeter reading 
is the same as it would be if we replaced R, with an 11 -V battery. The 
lamp, the relay, and R, also have voltages across them, and therefore 
can be looked at as equivalent voltage sources. 

You don’t need a voltmeter to find out what the voltage is across Rt—just 
use Ohm’s Law. E = I x R = 0.5 A x 22 « = 11 V. Ohm’s law tells 
you what ingredients you must have to get a voltage across a component 
or part of a circuit that doesn’t have a battery or other power source 
in it—the ingredients are current and resistance. Any component or part 
of a circuit that has resistance will have a voltage across it if there is 
current flowing through it. 

The voltmeter in Fig. 32(c) is connected to points F and D, and therefore 
it measures the voltage across R, and R2 in series. Since resistances in 
series add, the R^Ri combination is equivalent to a single resistor of 
28 Q connected between Fand D in place of R\ and R?. By Ohm's law the 
voltmeter will read E = 1 x R = 0.5 A x 28 12 = 14 V. 

A voltage divider, much used in electronics, makes practical use of the fact 
that a resistor can be used as an equivalent voltage source. A voltage 
divider consists of two or more resistors in series across a power supply. 
It is used to obtain a voltage lower than that of the power supply. If we 

3. 
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(a) Voltage-divider circuit (b) Equivalent circuit, 
assuming transistor 
draws only a small 
current 

Fig. 33 A voltage divider for obtaining a 12-V output from a 24-V battery. 

have a 24-V battery and we needed 12 V to power a transistor, we could 
use the voltage-divider circuit of Fig. 33(a) to get the needed 12 V. The 
equivalent circuit in (b) shows how the voltage across R2 is equivalent to 
a 12-V battery, so that the transistor operates as if it were actually used 
across a real 12-V battery. 

An equivalent circuit is often equivalent only under specified conditions. 
In the equivalent circuit, Fig. 33(b), it is assumed that the current drawn 
by the transistor is small compared with the 0.5 A through R,. Since the 
transistor only draws 0.01 A, this requirement is met. A more elaborate 
equivalent circuit, which you must get further along in your study of 
electronics to understand, is needed if a heavy current is to be taken from 
the voltage-divider output. This discussion is only a preview of voltage 
dividers. Later lessons will explain them fully. 

WHAT HAVE YOU LEARNED? 

1. Even though the load on a circuit might be a transmitter, it can be 
represented,by a resistance, such as R on Fig. 30(b). The value of R is 
the (o) E-lMfTVtlfl&T— resistance of the transmitter. If the load were 
six vacuum-tube heaters connected in parallel, each with a resistance of 
18 fi, then the value to show for the load resistance R would be tb> 3 
ohms. 

2. The voltmeter in Fig. 32(d) reads volts 

3. If the voltmeter leads in Fig. 32 are connected to points D and E, the 
voltmeter will read 3 volts. 
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4. If the voltmeter is connected to points E and C, it will read 
volts. 

5. The voltage across the lamp in Fig. 32 is volts 

6. Ifthe voltmeter is connected to points B and C. Fig. 32, it will read 
volts 

7. Add the voltages found across each of the four components in Fig. 32. 
Is the sum equal to the battery voltage? ‘ 

8. In Fig. 34 voltmeter F, reads <<•>_ b ï volts, voltmeter V2 reads 
rb> volts, and voltmeter F, reads ¡u volts 

9. Add the voltmeter readings in Fig. 34. 
voltage? 

Is the sum equal to the supply 

10. The lamp in Fig. 34 will burn at proper brilliancy if it is manufactured 
to be used on volts, 

ANSWERS 

1. (a) Equivalent (b) 3 ... The combined or equivalent resistance of six 18-Í2 
resistors in parallel is 18/6 = 3 U. 
2. 20 ... The equivalent resistance between points F and C is 22 0 + 6 Q + 
12 Q = 40 0, E = I X R = 0.5 A x 40 0 = 20 V. 
3. 3 4. 9 . .. The equivalent resistance between points E and Cis6S2 + 
12Ö = 18ß. £ = / x Ä - 0.5 A x 18 0 = 9 V. 
5. 4 6. 0 ... To have a voltage between points B and C, you must have a 
current flowing between the points and you must have resistance between the 
points. You have current, but no resistance. It is true that the wire connecting 
point B to point C would have a slight resistance, but this can be neglected. 
7. Yes. The sum is 24 V, which is the same as the battery voltage ... The voltage 



36 across the lamp is 4 V; the voltage across R¡ is 11 V; the voltage across R2 is 3 V; 
and the voltage across the relay coil is 6 V. 4 V + Il V + 3 V + 6 V = 24V. 
In any series circuit the sum of the voltages must equal the supply voltage. 
8. (a) 68 .. . First find the circuit current. 272 ñ + 160 (2 + 48 Í2 = 480 Í2, the 
total resistance. / = E/R = 12OV/48OÍ2 = 0.25 A. F, reads the voltage across 
R. which will be E = 1 x R = 0.25 A x 272 $2 = 68 V. (b)40 (c) 12 
9. Yes... 68 V + 40 V + 12 V = 120 V. See discussion for Problem 7. Seeing 
if the sum is equal to the supply voltage is a good way to check your work. 
10. 40 .. . Even though the power supply is 120 V, a 120-V bulb would burn 
dimly here because the voltage across the lamp is only 40 V. 

i -1 POLARITY OF SERIES CIRCUIT VOLTAGES ... The polarity of 
the voltages connected with a series circuit, so far ignored, will now be 
considered. D-c voltmeters always have their leads marked ( + ) and (-). 
To read the voltage of a battery (or other voltage source) the ( + ) lead of 
the voltmeter must connect to the positive battery terminal and the nega¬ 
tive lead to the negative terminal, as in Fig. 32(a). If the voltmeter is 
connected with the leads reversed, the meter needle will try to swing back¬ 
wards which it can’t do and no meter reading will be obtained. When 
using a voltmeter, you can determine the polarity of any circuit voltage. 
Connect the voltmeter, and if no reading is obtained, reverse the leads. 
When a reading is obtained, the ( + ) and (—) markings on the meter indi¬ 
cate the polarity of the voltage being measured. 

In Fig. 32(b) the polarity of the voltage across R¡ is left end positive and 
right end negative, as determined at once by merely looking at the volt¬ 
meter. The polarity of the voltage between points F and D in Fig. 32(c) is 
point F positive with respect to point D. which is negative. 

You don't have to use a voltmeter to find the polarity of the voltages 
across the components in Fig. 32. Just notice which way the current 
flows through the components. The current always enters a passive com¬ 
ponent at the negative terminal and leaves at the positive terminal. A passive 
component is one that is not actually a voltage source, although it may 
have a voltage across it and therefore be equivalent to a voltage source. 
A resistor is an example of a passive component. The lamp, the relay 
coil, R i, and R2 are passive components in Fig. 35. The current enters the 
relay coil at the bottom and leaves at the top. Therefore, the bottom of 
the coil is negative with respect to the top, as marked in the drawing. 
Similarly, the polarities of the lamp and Rt and R, are as marked. 

An active component is one that directly supplies operating power to the 
circuit. Batteries, generators, power supplies, and wall outlets are ex¬ 
amples of active components. There would be no current in Fig. 35 if it 
weren't for the battery. Hence, the battery is an active component and all 
the other components (which would have no voltages of their own if it 



Fig. 35 Polarity of components in a series circuit. 

were not for the battery) are passive components. 

Since an active component is a voltage source, it has its own polarity 
determined by its design, and its polarity, unlike the polarity of a passive 
device, does not depend on the direction of current flow. Whereas it is 
the current direction that determines the polarity of a passive device, it is 
the polarity of an active device that determines the current direction. If 
there is only one active component in the circuit, the current direction, as 
you have previously learned, is from the negative terminal through the 
rest of the circuit and back to the positive terminal, as shown in Fig. 35. 

If there is more than one active circuit component, the current doesn’t 
always flow in the direction indicated in the preceding paragraph. In 
Fig. 36(a) an additional battery E2 has been added to the circuit. Battery 
E2 is pushing the current clockwise around the circuit, while Ei is pushing 
in the opposite direction. The higher voltage, of course, wins out in this 
tug of war, so that the current direction is as shown. Although the current 
through Et is opposite in direction to that of Fig. 35. the battery polarity 
does not change. 

The result of active voltage Et in Fig. 36(a) “bucking” active voltage E2 is 
a net voltage of 30 V - 24 V = 6 V. Hence, the circuit of Fig. 36(a) can 
be simplified by replacing the two batteries with a single equivalent volt¬ 
age source of 6 V, £ in Fig. 36(b). 

If we were to reverse the polarity of £, in Fig. 36(a). the two battery volt¬ 
ages would add. Then the voltage of the equivalent battery E in Fig. 36(b) 
would be 30 V + 24 V = 54 V. You can easily tell if the voltages of two 
active components add or subtract. Just note which way each active 
voltage is trying to push the current. If both voltages are pushing in the 
same direction, the two voltages add. Another way to tell is to remember 
that, for the voltages to add, the positive terminal of one cell must be 
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(a) Actual circuit (b) Equivalent circuit 

Fig. 36 When voltage sources buck, polarity of the higher active voltage de¬ 
termines the current direction. 

connected to the negative terminal of the other cell. In making this check 
ignore all passive components between the terminals. For example, in 
Fig. 36(a) notice that the ( + ) terminal of E, connects to the ( + ) terminal 
of E, (pay no attention to the lamp in between). Hence, the two cells are 
bucking each other. 

WHAT HAVE YOU LEARNED? 

I. In Fig. 37(a) the voltmeter reads w _volts. The voltage across 
across the light bulb is <b> volts. 

2. In the circuit shown in Fig. 37(b) the total circuit voltage is <°i J 
volts. The voltage to the radio receiver is <b> volts 

3. To connect two voltages in series so that the voltages add, connect the 

Fig. 37 
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ANSWERS 

• .. JOU V - 45 V = 255 V 
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E is the voltage actually applied to the 

6. 150... 400 V - 250 V = 150 V. 
7. (a) See Fig. 39(a). (b) See Fig. 39(b). 8. See Fig. 40. 

£ 
5. 3 ... Use the formula / = —, where 

R 
bulb, which is 30 V. I = — = 3 A 

10 

Fig. 40 

12 KIRCHHOFF’S VOLTAGE LAW ... The voltages across the com-
ponents in a series circuit can be classified as voltage drops and voltage 
rises. Suppose we trace or walk around a circuit in the direction of cur¬ 
rent flow. Whenever we come to a component across which the voltage 
acts to boost the circuit current up to a higher value, we say the voltage 
across that component is a voltage rise. If the voltage across the com¬ 
ponent acts to decrease the current flow, the voltage across that com¬ 
ponent is called a voltage drop. 

Whenever we come to a resistor in walking around the circuit in the direc-



4 tion of current flow, the voltage across that resistor will be a voltage drop. 
Resistors act to decrease current flow, since resistance is opposition to 
current flow. The voltage across any passive component that you come to 
in walking around a circuit in the current direction will be a voltage drop, 
because all passive components oppose current flow. 

To understand a little better why voltage drops are so named, suppose we 
want to operate a 6-V lamp from a 9-V battery. We can do so by con¬ 
necting in series with the lamp a resistor of such value that the voltage 
across it is 3 V, as shown in Fig. 41. The resistor drops the battery 
voltage 3 V, bringing the 9 V of the battery down to the desired 6 V for 
operating the lamp. However, the 6 V across the lamp is also a voltage 
drop, since the lamp is a passive component. 

Fig. 41 Operating a 6-V lamp from a 9-V battery. 

As we walk around a series circuit in the direction of current flow, any 
active component we come to would ordinarily be a voltage rise, but not 
always. Consider the circuit of Fig. 42. The 100 V of the power supply 
pushes current around the circuit in the direction shown, and it is there¬ 
fore a voltage rise. If we start at the negative terminal of this power 
supply and walk around the circuit, we come first to another active com¬ 
ponent, the 20-V battery E2. Now, E2 is connected "bucking,” so that it 
is trying to push current in the direction opposite to the way we are 
walking. Because of the way it is connected, it reduces the circuit current 
instead of increasing it. Battery E2 is therefore a voltage drop. If we were 
to reverse its polarity, battery E2 would then be a voltage rise. 

Fiq. 42 Both the resistor and are voltage drops. 



42 When you have a series circuit in which two active components are so 
connected that they oppose each other and are trying to force the current 
in opposite directions, you may wonder which way the circuit current will 
flow. The direction is determined by the source with the higher voltage, 
since it overpowers the other voltage source. Thus in Fig. 42 the 100-V 
source, and not the 20-V source, determines the direction in which the 
current will flow. 

The voltage developed by an active voltage source, such as a battery or a 
generator, is often called an electromotive force, abbreviated emf. It is 
also called the battery or generator potential. It is practical for you to 
consider voltage, potential, and emf as meaning the same thing, except 
that voltage across a passive component is not usually called an emf. A 
voltage drop is also called an 1R drop, since its value is equal to / x R. 

Now we get to Kirchhoff’s voltage law, which says that the sum of the 
voltage drops in a series circuit must equal the voltage rises. In Fig. 42 the 
sum of the voltage drops is 80 V + 20 V = 100 V, which is equal to the 
voltage rise. 

When there is only one active voltage in a series circuit, which is most 
often the case, we reduce Kirchhoff’s voltage law to simpler English by 
stating that the sum of the voltage drops must equal the supply voltage. 
In Fig. 41 the sum of the voltage drops is3V + 6V = 9V, which equals 
the supply voltage. 

WHAT HAVE YOU LEARNED? 

1. What must the power supply voltage be in Fig. 43? 

Fig- 43 



2. What voltage rating should the bulb in Fig. 43 have in order to operate 
at normal brilliancy? 

3. The tube used in the circuit of Fig. 43 should have a filament designed 
to operate on / _volts. 

4. If two resistances of equal value are in series across a voltage source, 
the voltage across one resistor is the same as that across the other. If 
R\ = Ri in Fig. 44 and if the voltage across Rt is 15 V, then the voltage 
across R? is <°i I ¿ volts and the voltage of battery E is <t» — 
volts. If two identical light bulbs, each rated at 15 V, are connected in 
series, the battery furnishing current to the bulbs should have a voltage of 
(c) 3 O volts if the bulbs are to light at normal brilliancy. 

Fig. 44 

5. Two identical light bulbs, each rated at 115 V, are connected in series. 
The voltage applied to this circuit should be X 3^ volts if the bulbs 
are to burn at normal brilliancy. 

6. Tube filaments are often operated in series. Figure 45(a) shows four 
identical filaments, Ft, F2, F¡, and F^ in series. If the proper operating 
voltage for each filament is 6.3 V, then the proper power supply voltage E 
is (o) 2 Ç revolts. If the actual power supply voltage is greater than this 
value, which is often the case, a resistor R, as shown in Fig. 45(b), can be 
connected in series to provide proper operation. If the voltage across R is 
20 V, then the power supply voltage E should be <t» H $ i 2- volts for 

power 
supply 

43 

Fig- 45 
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Fig. 46 

collector 

40 V 

proper voltage on the tube filaments. If the power supply voltage is 30 V, 
then the value of R should be adjusted until the voltage across it is 
w_^4 S volts for proper voltage on the tube filaments. 

7. In Fig. 46 the collector-to-emitter circuit of a transistor is shown in 
series with R and across the 40-V battery. Voltmeter V reads the collector¬ 
emitter voltage. If the voltage across R is 12 V, the voltage between 
collector and emitter is ÍÜ volts. 

ANSWERS 

1. 120 V. .. The sum of the voltage drops is 68 V + 40 V + 12 V = 120 V. 
Since this must equal the source voltage, the power supply voltage must be 120 V. 
2. 40 V ... The voltage rating of the bulb should be that of the actual voltage 
across the bulb, and not the voltage of the power supply. 
3. 12 4. (a) 15; (b) 30; (c) 30 
5. 230 ... The applied voltage must be the sum of the voltages across the com¬ 
ponents, or 115 V + 115 V = 230 V. 
6. (a) 25.2 ... Applied voltage must be the sum of the voltages across the com¬ 
ponents: 4 X 6.3 V = 25.2 V. 
(b) 45.2 ... The power supply voltage must equal the voltage across the filaments 
plus the voltage across R: 25.2 V + 20 V = 45.2 V. 
(c) 4.8... 30 V - 25.2 V = 4.8 V. 
7. 28 ... The sum of the voltages around the series circuit must equal the supply 
voltage: 40 V - 12 V = 28 V. 

13 FIGURING VOLTAGES IN SERIESCIRCUITS. . . No new principles 
are involved in this topic. The only tools needed for any of the problems 
that follow are Ohm’s law and Kirchhoff’s voltage law. But tools are use¬ 
less until you develop skill in using them, and that is the purpose of the 
examples and problems that follow. 

Example 1 ... If R in Fig. 45(b) is 80 Q and the current through filament Ft is 
0.5 A, the voltage drop across R is_volts. 

Solution .. . Since the current through all parts of a series circuit is the same, the 
current through R is also 0.5 A. Then 



E = / X R = 0.5 A X 80« = 40V.anv 4Í 
Example 2 ... Assuming a current of 0.5 A, what value should R in Fig. 45(b) 
have in order that the voltage across it will be 20 V? 

Solution ... 
R = — 

20 V 
0.5 A 

40 «, ans. 

Example 3 ... A vacuum-tube filament is rated at 6.3 V and 300 mA. You want 
to operate the tube filament from a 12.3-V supply. To apply the correct voltage 
across the filament, you connect a resistance of _ ohms in series with the 
filament. 

Solution .. . / = 300 mA = 0.3 A. Then 

E, = 12.3 - 6.3 = 6V 

R, = Er
I 

- = 20 U. ans. 
0.3 A 

Explanation .. . Since current in all parts of a series circuit is of the same value, 
the current through the resistor is 300 mA. The voltage across the filament 
should be 6.3 V; therefore, voltage across the resistor should be 12.3 V 6.3 V = 
6 V. The value of the resistor is calculated from Ohm's law. 

Example 4... A 1000-« resistor R\ is connected in series with a 3000-« resistor 
Ri and the combination is placed across a 400-V source, as shown in Fig. 47. 
Current in the circuit is <□)_ milliamperes. Voltmeter E, reads (b>_ 
volts, and voltmeter C2 reads «_ volts. 

Solution... R = Rt + Rí = 1000Í2 + 3000« = 4000«. 

(a) 1 = 0.1 A = 100 mA. aw. 

(b) Voltage across R । is E| = IR] = 0.1 A x 1000S2 = lOOV.an.v. 

(c) Voltage across R2 is E2 = IR 2 = 0.1 A x 3000« - 300 V, ans. 

Fig. 47 



Fig. 48 The sum of the voltage drops across R , and Rj equals the supply voltage. 

Explanation .. . The total resistance in a series circuit is equal to the sum of the 
resistances. Ohm’s law for current gives us 0.1 A as the current through the circuit. 
Ohm’s law for voltage gives the voltage drop across each resistor. 

Notice that the ratio of the voltages across the two resistors (100 to 300, or 1 to 3) 
equals the ratio of the values of the two resistors (1000 to 3000, or 1 to 3). Notice 
also that the sum of the voltage drops across the two resistors equals the supply 
voltage (100 V + 300 V = 400 V). 

Example 5 ... Figure 48 shows two resistors in series across a 300-V source. 
Circuit voltages are indicated by three voltmeters. Since the voltage drop across 
Ri is greater than the drop across R b the resistance of Ri is <o>_ 
than the resistance of Rt. If the current through R2 is 100 mA, the resistance of R2 is 
IM_ohms. The resistance of Rt is w_ohms. 

Solution ... (a) Greater 

(b) Ri = 200 V 
100 mA 

200 V 
0.1 A 

= 2000 SI, ans. 

(c) /?, = — = -æ V- = 1000S2,an.r. 
/ 0.1 A 

Explanation .. . The resistance of R2 is greater because the voltage drop across 
it is greater, and the resistance of a component in a series circuit is directly pro¬ 
portional to the voltage drop across it. The resistance of R2 is found by the 

Ei formula/?, = — • Because / is the same value for/?., we are able to determine the 
/ 

resistance of R, also. 

WHAT HAVE YOU LEARNED? 

1. Three resistors /?,, R2, and R¡, of 10, 30, and 20 Í2, respectively, are 
connected in series across a 240-V supply. The current through R\ is 



i») — ï- amperes; that through R2 isw __ amperes; and that 
through R) is w_ amperes. The voltage drop across Rt is 
W) V — volts; that across R2 is o J 2-0 volts; and that across 7?, is 
(•)_$ 0 volts. The total voltage drop across the three resistors, <«> -2 
volts, equals the S/»^g ¿voltage, 
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2. A light bulb with 200 Q resistance is designed to operate at 115 V. It 
is desired to operate the bulb from a 230-V line. To prevent the bulb from 
burning out, a 3OO-S2 resistor is connected in series with it to drop the 
voltage across it to a lower value, (a) Draw a diagram of the circuit, 
(b) What is the voltage drop across the resisting (c) What is the voltage 
across the buinT (d) Will the bulb burn normally, burn dimly, or burn 
out? 

3. In Problem 2, what value of resistance can be used to set the voltage 
drop across the bulb at 115 V? 2 Co -O— 

4. Three identical light bulbs are operated in series across 120 V. What is 
the voltage across each bulb? ^0 \J 

û . 
^A 5. Two light bulbs, one with a resistance of 140 Í2 and one with a re¬ 

sistance of 200 Q are connected in series across a 240-V line. The voltage 
across the bulb with a resistance of 140 Q is ^^-^/volts, and the 

4 voltage across the other bulb is B volts. 
A 

■jl 7 6. The filaments of five identical tubes are connected in series. Each fila¬ 
ment requires 6.3 V for proper operation. What voltage is required to 
operate the group of tubes? 3 

- ip 0 7. Each of the filaments described in Problem 6 draws 0.3 A. If the 
required voltage is obtained from a 110-V line by using a dropping re¬ 
sistor, what value of resistance is required? 2-^2 < 

8. The heater of a 5OC5 tube operates at 50 V and draws 150 mA. (a) Can 
it be operated in series with a 12BE6 tube that also draws 150 mA, but at 
only 12.6 V? V£ S_(b) If so, what voltage is required across the two 
tubes in series? ¿2, £ . (c) What value of dropping resistor is required if 
operation is from a 110-V line? 

ANSWERS 

1. (a) 4; (b) 4; (c) 4; (d) 40; (e) 120; (f) 80; (g) 240; (h) source 
2. (a) See Fig. 49. (b) 138 V; (c) 92 V; (d) Burn dimly ... The bulb will burn 
dimly because the voltage across it is less than 115 V. 
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Fig. 49 

3. 200 Í2 ... Half of the supply voltage is desired across the bulb. Hence, the 
resistance of the dropping resistor should equal the resistance of the bulb. 
4.40 V 5. (a) 98.8; (b) 141 6.31.5 V 
7. 262 0 ... The voltage must be dropped from 110 V down to 31.5 V, a drop of 

78.5 V. The value of resistance is R - / = 262 12 
I 0.3 A 

8. (a) Yes ... In a circuit with 150 mA flowing, the correct voltage appears across 
each tube. (b) 62.6 V 
(c) 316 Í2 ... The voltage must be dropped 110 V - 62.6 V = 47.4V: 

R 
! 

47.4 V 
0.15 A 

= 31612 

LESSON 2323-1 

SERIES AND PARALLEL D-C CIRCUITS 

EXAMINATION 

Circle the number of the correct answer for each question that follows. When you 
are finished, transfer the answers to the answer sheet by putting X's in the proper 
squares. When the graded answer sheet is returned to you, correct in this book any 
questions you may have missed. By doing so, you will have a record of the correct 
answers to all questions for review purposes. 

1. If a vacuum tube that has a filament rated at 0.25 A and 5 V is to be 
operated from a 6-V battery, what is the value of the necessary series 
resistor? 

(1) 2.5 12 (2) 20« 04Ü (4) 24 12 

b' 3
2. What value of resistance should be connected in series with a 6-V 

I 0 battery that is to be charged at a 3-A rate from a 115-V d-c line? 
3 (1)2« (2)38.3« (3) 18 12 036.3« 

3. A relay with a coil resistance of 500 « is designed to operate when 
0.2 A flows through the coil. What value of resistance must be con-



nected in series with the coil if operation is to be from a 110-V d-c 
line? __ 

(1) 100Í2 (2) 550 fl (^50 fl (4) 500 fl 

4. Define the term “conductance.” 
(1) The change in current accompanied by a change in voltage 

The ability of a circuit to conduct current 
(3) The ability of a circuit to resist current 
(4) The change in voltage accompanied by a change in resistance 

5. What is the unit of conductance? 
(1) Ohm (2) Volt (3) Coulomb Mho 

6. What is the conductance of a circuit if 6 A flows when 12 V is applied 
to the circuit? 
(1) 72 mho 0.5 mho (3) 0.2 mho (4) 2 mho 

7. If resistors of 5, 3, and 15 fl are connected in parallel, what is their 
combined resistance? 

0)1.67 « (2) 5.89 fl (3) 2.34 fl (4) 4.59 fl 

8. What is the combined resistance of a parallel circuit consisting of one 
branch of 10 fl resistance and one branch of25 fl resistance? 
(1) 5.39 fl (2) 3.92 fl (3) 7.38 fl ^7.14 fl (5) 35 fl 

9. If the voltage applied to a circuit is doubled and the resistance of the 
circuit is increased to three times its former value, what will be the 
final current value? Hint: Assign values and work out problems to 
see how the current is affected. 
(1) Double the original value 
(2) One-third the original value 
(3) Six times the original value 
(Tj) Two-thirds of the original value 

10. You need an 8-fl resistor but have only a 10-fl, a 12-fl, a 16-fl, an 
18-fl, and a 24-fl resistor. You can get the 8-fl you need by con¬ 
necting two of the resistors you have in parallel. Which would be the 
larger of the two resistors you would use? 

(1) 24 fl 0 18 fl (3) 16 fl (4) 12 fl 

11. Refer to Question 10. Which would be the smaller of the two resistors 
you would use? 

(1) 18 fl ß 16 fl (3) 12 fl (4) 10 fl 
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Fig. 50 

12. The reading of ammeter A । in Fig. 50 is 6 mA. What does ammeter 
A 4 read? 
(1) 3mA 0) I' mA (5) 16mA (7) 36mA 
(2) 6 mA (4) 15 mA (6) 18 mA (8) None of the above 

13. What value must R in Fig. 51 have if ammeters A} and A2 read the 
same? 

(1) 10Í2 @I2Q (3) 15Í2 (4) 20» (5) 50» 
(6) Value depends upon battery voltage, which is not given. 

I > 

batteries 
Fig. 51 

14. Many electronic technicians do not have an ammeter that will 
measure currents greater than one ampere. However, it is easy for 
them to measure a larger current if they need to do so. To measure 
the current taken by the motor in Fig. 52, the technician inserts a 
1.2-» resistor in series with the motor. He then measures the 
voltage across that resistor, which is 2.6 V. How much current does 



Fig. 52 

2.6 V 

the motor draw? 
(1) 0.461 A (3) 1.92 A (5) 2.6 A (7) 24 A 
(2) 1.2 A 2.17 A (6) 9.58 A (8) 44.2 A 

15. One way to make a light dimmer for two lights is to install a switch 
such that the lights are connected in parallel when the switch is 
thrown one way and in series when it is thrown the other way. The 
lights will be dim when 
(ï) they are connected in series. 
(2) they are connected in parallel. 

16. To make the light dimmer of Question 15 we use what is known as a 
double-pole double-throw switch, shown in Fig. 53. Such a switch 
has two moving blades, A and B. When the switch is thrown to the 

Fig. 53 

Dashed line means that the switch blades 
move in unison. 

(d) 
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52 right, blade A makes contact with C and blade B makes contact with 
D. When thrown to the left, blade A contacts E and B contacts F. 
In which part of the figure is the switch so connected that lights L\ 
and ¿2 are in parallel when the switch is thrown one way and in series 
when it is thrown the other way? 

Q (a) (2) (b) (3) (c) (4) (d) 

17. The tube heaters in a TV set are sometimes connected in series and 
sometimes in parallel. You can tell if a heater is working by the glow 
in the tube from the red-hot heater or by feeling the tube to see if it 
is hot. You pull one tube from a set that is working OK and note 
that all the other tubes cool off. This probably indicates that 
O the heaters are connected in series. 
(2) the heaters are connected in parallel. 
(3) pulling the tube caused the fuse to blow. 

18. A certain clothes dryer has four heating elements, which are in paral¬ 
lel as shown in Fig. 54 when set for maximum heat. Heater resistance 
values are as shown. Since the customer’s complaint is that the 
clothes are slow in drying, it is likely that one of the elements is 
either burned out or not getting current. The ammeter reads 16 A. 
Which element is faulty? _ 

(1) R\ (2) «2 ®R> (4) R^ 

Fig. 54 

19. What is the voltage-divider output in Fig. 55? Assume the current 
taken by the load on the voltage divider is low compared to the cur¬ 
rent through Ri. 
015 V (2) 20 V (3) 25 V (4) 30 V (5) 40 V (6) 50 V 

/5 40 V^Z 
voltage -
divider 
output 

Fig. 55 



20. In which direction is the current flowing around the circuit of Fig. 
56(a)? 

(1) Clockwise Counterclockwise 

21. What is the polarity of the voltage across R2 in Fig. 56(a)? 
0 Upper end of R2 positive, bottom end negative. 
(2) Upper end of R2 negative, bottom end positive. 

22. The two batteries in Fig. 56(a) are shown replaced by an equivalent 
battery in Fig. 56(b). What are the voltage and polarity of the 
equivalent battery? 
(1) 6 V, right terminal positive 
© 6 V, right terminal negative 
(3) 30 V, right terminal positive 
(4) 30 V, right terminal negative 

23. What do we mean when we refer to replacing Ei and E2 in Fig. 56 
by an equivalent battery? 
/n) The equivalent battery is one in which the voltage and polarity are 
such that the current value and direction and the voltmeter readings 
will be the same in (b) as in (a). 
(2) The current and its direction will be the same in (b) as in (a), but 
the voltmeter readings may be different. 

24. What is the voltage across R, in Fig. 56? 
0 2V (2)4V (3)6V (4) 8 V (5) 12 V (6) 15 V (7) 26 V 

25. What is the circuit current in Fig. 56? 
00.1 A (2) 0.2 A (3) 0.3 A (4) 0.6 A (5) 1.5 A 

26. What is the resistance of R2 in Fig. 56? 
(1)0.411 (2)1012 (3)2012 0 4012 (5) 80 12 

END OF EXAM 
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A chat with your instructor 

You have already learned the relationship between voltage, current, and 
resistance in series and in parallel circuits. In this lesson we continue to 
explore this relationship, particularly as it applies to circuits made up of a 
combination of series and parallel circuits. 

One of the important purposes of this lesson is to give you a better under¬ 
standing of the meaning of voltage or potential. You need this extra 
training because it is not as easy to understand voltage as it is to under¬ 
stand current and resistance. “Voltage” is surely the term most used in 
electricity and electronics, and so you can see that the better you under¬ 
stand it, the easier electronics will be for you. 

Since this lesson is a continuation of the study of d-c circuits started in 
Lesson 2323, you may need to review that lesson either before starting 
this one or while studying it. 

When you have finished this lesson, your study of d-c circuit theory will be 
complete and you will be ready for new areas of learning in electronics. 

Voltage, Current, and 
Resistance in D-C Circuits 

SERIES-PARALLEL CIRCUITS 

You have learned how to figure voltage, current, and resistance values 
associated with series circuits and with parallel circuits. Very often a 
circuit is neither all series nor all parallel, but is a combination of the two. 
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(o) A series-parallel 
circuit 

( b ) Equivalent circuit ; 
Ra is the combined 
resistance of R| and 
R2

Fig. 1. A series-parallel circuit and its equivalent circuit. 

If you go about it right, analyzing such circuits is nearly as easy as 
analyzing simple series or parallel circuits, although more steps are re¬ 
quired. The proper procedure is to progressively simplify the circuit by 
replacing the series and parallel branches within the complex circuit with 
equivalent values. 

SERIES-PARALLEL CIRCUIT WITH RESISTANCE VALUES 
GIVEN . . . Figure 1(a) shows a series-parallel circuit. Resistor R¡ and 
R2 are connected in parallel, and this combination is connected in series 
with R3. To find the total resistance of the circuit, first find the combined 
resistance of R¡ and R2, shown in Fig. 1(b) as R„ and then find the total 
series resistance of Ra plus R3. 

Example 1 ... In Fig. 1(a), if Rt is 23 12 (ohms), R2 is 30 12 and R3 is 25 12, 
the total resistance of the circuit is _ ohms. 

Solution . . . 

R{R2 23 X 30 690 
Ra -- 1312 

Ri + R2 23 + 30 53 

Ra + R} = 1312 + 2512 = 3812, ans. 

Example 2 ... In Fig. 2(a) the total current /, is (o)_ amperes, voltmeter 
Kn reads (b)_ volts, voltmeter K3 reads (c)_ volts, the voltage 
across R\ is (d)_ volts, and the voltage across R2 is (e)_volts. 
The current /| through resistor R\ is (f)_ amperes, and current ¡2 is 
(a)_amperes. 



lent with Ro equal to Rj and R? combined. 

Solution . . . The resistance values are the same as in Example 1, where the total 
resistance was found to be 38 S2. 

Ei 26 V (g) / ±2 = =_ = 0.87 A, ans. 
F " R 2 30n 

Check ... By Kirchhoff's current law, the total current /, should equal the sum of 
the currents in the parallel branches: 

I, + l2 = 1.13 A + 0.87 A = 2 A 

T , supply voltage £ 76 V 
(a) Total current /, = -;- = = 2 A, ans. 

total resistance 38 S2 

(b) Figure 2(b) shows the circuit equivalent to the circuit shown in Fig. 2(a). 
Now, Ra is equal in value to R\ and R2 combined, and so voltmeters F 12 and Va 
will read the same, since they are across equivalent values. By Ohm's law, the 
voltage Ea, which is the reading of Fo, is 

Ea = la X Ra = 2 A X 13 H = 26 V, ans. 

(c) £3, the voltage across £ 3 is 

£3 = /j X £3 = 2 A X 25 Q - 50V,anr. 

Check ... By Kirchhoff's voltage law the sum of the voltage across Ra and £3 
should equal the supply voltage: 

£„ + £3 = 26 V + 50 V = 76 V, which is the supply voltage. 

(d), (e) The reading of C|2 is the voltage across £, and is also the voltage across 
£2. Hence, the voltage across each is 26 V, ans. 

(f) Since the voltage across £ , is 26 V, the current through £ । is 

, £, 26 V 
/, = — = - = 1.13 A, ans. 

£, 23 Q 

which is the same as 



(a)Resistors in 
series-parallel 

Fig. 3 Four resistors in series-parallel. In the equivalent circuit, R l3 is the com¬ 
bined resistance of R, and R3 and R 34 is the combined resistance of R 3 

and R4. 

A summary of the proper use of Ohm’s law will be useful. You have 
seen that Ohm’s law can be used for parts of a circuit as well as for the 
entire circuit. The important thing to remember when applying Ohm’s 
law to a part of a circuit is that the voltage, current, and resistance used 
with the formula must be the voltage across that part of the circuit, the 
current through that part of the circuit, and the resistance of that part of 
the circuit. For example, in finding the current through Rt in part (f) 
of Example 2, we used the voltage across Rt and the resistance of Rt. 

HINTS ON SOLVING SERIES-PARALLEL CIRCUITS .. . Sometimes 
the easiest way to analyze a series-parallel circuit is to redraw it. For 
example, the circuit shown in Fig. 3(a) contains four resistors in series-
parallel. The circuit is redrawn in Fig. 3(b). Resistors R{ and R2 are in 
parallel, and resistors Rt and R4 are also in parallel. The two parallel 
combinations are connected together in series. 

To solve for the total resistance of such a circuit, first solve for the re¬ 
sistance of each parallel combination and then solve for the resistance of 
the series combination. 

Example I ... In Fig. 3(a), if R} = 30 Q. R2 = 60 fl, Ry = 50 fl, and R, = 
25 fl, the total resistance of the circuit is_ohms. 

Solution . . . The combined resistance Rl2 of R¡ and R2 can be found by using 
„ RxR2 30 X 60 1800 „„„ , 

the formula, Ri2 = - = - = - = 20 fl. Similarly, the value 
R\ + R2 30 + 60 90 

Rm of R} and R4 in parallel is 16.7 fl. Thus, in Fig. 3(c), R^ = 20 fl and 
Rm = 16.7 fl. The total circuit resistance is 20 fl + 16.7 fl = 36.7 fl, azis. 



In the example on page 2 you were required to find all the currents and 5 
voltages associated with the circuit. Often you will be asked to find just a 
single voltage or current at some point in the circuit. The beginner is apt 
to find such a problem more difficult than if he were asked to find all 
the voltage and current values. The reason is that he looks for some 
shortcut way to find the value asked for without bothering to find the 
voltages and currents that the problem does not ask for. When finding a 
specific voltage or current in a series-parallel circuit, it is generally neces¬ 
sary to also find most of the other voltages and currents. Whether ab¬ 
solutely necessary or not, doing so makes it possible to use Kirchhoff’s 
voltage and current laws to check your work. 

In working a series-parallel circuit, don't pay much attention at first to the 
specific current or voltage that is asked for. Instead, study the circuit to 
see what voltage or current you can readily find. After you find that 
value, mark it on your circuit drawing. This gives you more information 
on the drawing, so that you will be able to see some other value that can 
be found easily. By proceeding in this way, you will soon have all the 
voltage and current values, and thus you will have the value asked for in 
the problem. 

Don't forget to use equivalent circuits where they are applicable, because 
they can often make the hardest-looking circuit really simple. After you 
have found all circuit values, it is important that you check them for 
consistency by using Kirchhoff's voltage and current laws or by some 
other way that is suitable for the problem. 

Example 2 . . . Find the current I4 through R4 in Fig. 4. 

Fig. 4 Circuit of Fig. 3 with a voltage source added. 

Solution . . . Find all current and voltage values. Then you will have I4 and will 
also be able to check your work. The combined resistance and equivalent circuits 
have already been found in Example 1, so the next step is to find the total current 
I: 



6 1 = 4.36 A 

(a) 

160 V 
E 

Fig. 5 Steps in the solution to the circuit of Fig. 4. 

£2, Rj< and £4. the current through each of these resistors 

h 

voltages across Rt, 
can now be found. 

£i 

R, 

En 

Ri 

, E 160 V 
/ - — -- 4.36 A 

R, 36.7 Q 

This value of / has been marked on the equivalent circuit shown in Fig. 5(a). The 
voltages across R n and R M can now be found: 

En = / X £12 = 4.36 A X 20 Í2 = 87.2 V 

£34 = / X £34 = 4.36 A X 16.7 Q = 72.8 V 

Check . . . £, 2 + = 87.2 V + 72.8 V = 160 V, which equals the supply 
voltage. 

Since £12 is equivalent to R । and R2 in parallel, the voltage across Rt and 
£2 is £12. the voltage across Ri2- We can now draw the diagram of Fig. 5(b), 
showing all currents and voltages known so far. Since this new diagram gives the 

= 2.91 A 
30 n 

^-1.45 A 
60 » 

En 

Rt

En 

Ri 



E} E» 
Rj R}

E^ _ Ey^ 

«7 «7 

72.8 V 
50 12 

1.46 A 

72,8 V 
2512 

= 2.91 \.ans. 

Check . . . Notice that the current from the negative side of the battery divides 
upon reaching R\ and R^ Fig. 5(b), part of the current going through Rt and part 
through R2. Hence, the sum of /, and /2 should equal the current coming from the 
battery. Similarly, the sum of and /4 should equal the battery current. 

/, + 12 = 2.91 A + 1.45 A = 4.36 A = / 

¡3 + h - 1.46 A + 2.91 A = 4.37 A = /.approximately 

The reason that /3 and /4 do not exactly add up to 4.36 A, the value of /, is that 
slight errors are made in rounding off values to three significant figures while 
working the problem. A slight discrepancy in the third significant figure often 
occurs in checking. 
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WHAT HAVE YOU LEARNED? 

1. It is desired to operate two 6.3-V filaments in series. One filament 
requires 0.3 A, and the other requires 0.4 A. Would the two filaments 
operate properly in series across 12.6 V? (»> f _ The resistance of the 
first filament is (b)__ ohms; that of the second is (o s ohms. 
The total resistance of the two in series is (d) 3 5 ohms. When the two 
filaments are connected across 12.6 V, the current through them is (e) > 
amperes. By Ohm's law, the voltage across the first filament is (f) 7.^ 
volts and that across the second is (9) jfe^^Xrolts. To make these fila¬ 
ments operate correctly, a resistor can be placed in parallel with one fila-

p at 

ohms. 

63-V 

filament 

resistor 
added so 
that fila¬ 
ments will 
operate in 
series 

15 
C V 

0 3-A 
filament 

f J 

men¿ as shown in Fig. 6. The resistor must draw (^^1._ am, 
(¡I volts. Therefore, the value of the resistor should be (p 

in 

0 
A 

I 4

ï 0_ 

« ° 
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2. If several vacuum-tube filaments are to be operated in parallel con¬ 
veniently, each of them must require the same (»> Ve i To be 
operated in series, each of them should require the same (b) 

3. Four methods of connecting three resistors for different total resistance 
are shown in Fig. 7. Suppose all resistors are 100 12. The total resistance 
in Fig. 7(a) is (□> > ohms; that in Fig. 7(b) is (h> ohms; that 
in Fig. 7(c) is (o -7 ohms; and that in Fig. 7(d) is (d) A 7 <^ohms 
Thus to connect three resistors of equal value in such a way that the total 
resistance is one-third the resistance of one of them, you would connect 
them as shown in (-) 7 _ ; if one and one-half times the value of one, 
as shown in (f>_7</3 ; if two-thirds the value of one, as shown in 
(a) 7 _; and if three times the value of one, as shown in (h) 7 

4. Suppose, in Fig. 1(a), that the values of Rt. R2, and R} are 14, 18, 
and 22 12, respectively. Suppose also that this series-parallel circuit is con¬ 
nected to a 90-V source. The combined resistance of Rt and R2 is 
(a)_2_ ohms. The combined resistance of R,, R2, and R, is (b> 

' c ohms. The 90-V source supplies m_ amperes to the circuit. The 
4 7 current through R, is <d>__ amperes. The voltage drop across R} is 
5 t (.) volts; that across R, is (*) />0^ volts; and that across R2 is 

(0) /' i % & volts The current through Rt is th) A S amperes, and that 
“ through Ry is n) / > amperes 

5. Suppose, in Fig. 1(a), the value of R} is 27 (2, the value of R2 is 34 (2, 
and the value of R2 is 58 12. If the circuit is connected to a 100-V source, 
the current through R2 is (a)_ amperes, the current through R} is 
(b)_ amperes, and the current through R2 is (q_amperes. 

6. In Fig. 1(a) the value of Rt is 5 12, that of R2 is 20 12, and that of 
R2 is 6 12. The circuit is connected to a voltage source. The current 
through Æ ] is 3 A. The voltage across R, is (a)_ volts, and the volt-



age across R2 is <b)_ volts. The current through R2 is (c)_ 
amperes, and the current through Ry is <d>_ amperes. The voltage 
across Ry is (e)_ volts. The source voltage is (f>_ volts. 

7. In Fig. 1(a), R, is 240 ß, R2 is 80 ß, and Ry is 650 ß. The circuit is 
connected to a voltage source. The current through R{ is 30 mA or 
(a)- amperes; the current through R2 is <b)_ milliamperes; 
and the current through Ry is <c>_ milliamperes. The voltage across 
Rt is (d)_ volts; that across R2 is (e)_ volts; and that across 
Ry is (t)_ volts. 

8. Suppose that a resistor of 32 ß is in parallel with a resistor of 36 ß and 
that a 54-ß resistor is in series with the pair. When 350 V is applied to 
the combination, the current through the 54-ß resistor is (O)_ 
amperes and the voltage drop across the 54-ß resistor is (b>_ volts. 

9. A 242-ß resistor is in parallel with a 180-ß resistor, and 420-ß resistor 
is in series with the combination. A current of 22 mA flows through the 
242-ß resistor. The current through the 180-ß resistor is_ milli¬ 
amperes. 

10. Two 24-ß resistors are in parallel, and a 42-ß resistor is in series with 
the combination. When 78 V is applied to the three resistors so con¬ 
nected, the voltage drop across the 42-ß resistor is _ volts. 

11. A 19-ß resistor is in parallel with an 18-ß resistor, and in series with 
the two is a 14-ß resistor. When 70 V is applied to this combination, the 
current through the 19-ß resistor is_amperes. 

ANSWERS 

1. (a) No.. . . One filament requires more current than the other. If the two fila¬ 
ments were connected in series, the current would have to be the same in both. 

(b) 21. . . Of course we use Ohm’s law, R = —, to find the resistance. Since 
I 

the resistance of the first filament is wanted, make sure that the value you use for 
£in the formula is the voltage across the first filament (6.3 V) and that the value 
you use for / is the current required by the first filament (0.3 A) So, 

(c) 15.75 . . . You may prefer to round this off to three significant figures and 
call it 15.7 or 15.8 ß, and it is OK to do so. However, when the first significant 
figure is a 1, you will increase your accuracy a little if you keep four significant 
figures. But as long as you keep at least three significant figures, your answer will 
beaccurateenough for practical purposes, and it would never be considered wrong. 

9 



10 (d) 36.8 . . . 21 ß + 15.75 ß = 36.75 fl. Now, you can use this value if you want 
to, but you will save yourself some work in the following steps if you round it off 
to three significant figures, which would make it 36.7 or 36.8. Of course, this will 
make your final answer less accurate, but the difference is so slight that it is not 
worth the extra work of using four significant figures. There is nothing wrong with 
using 36.75, but only a beginner would use it. 
(e) 0.342 . . . We want to find the current through the two filaments if connected 

E 
in series, and the formula to use is Z = —. The voltage to use in this formula is 

12.6 V, since that is the voltage across the two filaments in series. Now, since 
we use for E the voltage across the two filaments, we must use for R the resistance 
of the two filaments, which from part (d) is 36.8 fl. Never forget that the values 
you use for both E and R must refer to the same part of the circuit. For example, if 
you use for E the voltage across both filaments, you can’t use the resistance of only one 
of the filaments for R. Remembering this will spare you a lot of mistakes in using 

E P 6 V 
Ohm’s law. / = — = —-- = 0.342 A. If you use 36.7 or 36.75 for R, you will 

R 36.8 ß J

get 0.343 A, and that answer is just as good as 0.342. Two persons won’t generally 
get exactly the same answer to a problem with several steps, because they will not 
round off in the same manner as they go. Consequently, don’t expect the answers 
you get to agree exactly with our answers, although they should be close to ours, 
(f) 7.18 ... In using the formula E = 1R, keep in mind that you can’t use just 
any values for I and R. We want to find the voltage across the first filament. That 
means we must use for / the current through the first filament, 0.342 A, and we 
must use for R the resistance of the first filament, 21 fl. E = IR = 0.342 x 21 = 
7.18 V. Now maybe you got 7.16, 7.17, or 7.19 V because you rounded off a little 
differently and so used a slightly different value for /. If so, don’t let that worry 
you.Those valuesareallcloseenough that any of them can be considered as correct. 
When you went to school, you may have learned that if, say 86.5 was the book 
answer, then 86.4 or any other close-by value was dead wrong. As engineers see it, 
all answers near 86.5 (say, 86.3, 86.4, 86.6, and 86.7) are equally correct. Until 
you start thinking like engineers about this matter, you are going to waste a great 
deal of time trying to get your answer to jibe exactly with the book answers. 
(g) 5.4 .. . Because the voltage across this filament is less than the 6.3 V required 
for proper operation, the filament will not reach a high enough temperature, and 
as a result the tube will work poorly. You found in part (f) that the first filament 
has 7.18 V across it. Thus the first filament will get too hot and eventually burn 
out. 
(h) 0.1 ... Looking at Fig. 6 we see that our basic problem is that the lower 
filament needs 0.4 A for proper operation, while the upper filament only needs 
0.3 A. We can lick this problem by connecting a resistor as shown across the upper 
filament and giving it the proper resistance value for it to draw 0.1 A. The resistor 
and the upper filament together use 0.3 A + 0.1 A = 0.4 A. Thus they can be 
used properly in series with the lower filament, since the current requirements are 
now the same. Remember that current flow is similar to water flow. Suppose the 
lower filament was a water pipe that could carry 0.4 gal of water per minute and 
that the upper filament was a pipe that could carry only 0.3 gal per min. In order 
to keep the flow of water (current) through the lower pipe at 0.4 gal per min, we 
would have to put an additional pipe across the first one to carry the additional 0.1 
gal per min. All of the water through the first two pipes would then flow through 
the lower pipe. Similarly, all of the current through the two upper resistances 
must flow through the lower resistance. 



(i) 6.3 .. . The voltage across the resistor will be the same as the voltage across 
the filament because the two are in parallel. Using the resistor has equalized the 
voltages across the filaments, so that each is 6.3 V. 

E 6.3 
(j) 63 . . . R - — - — = 63 12. Remember that to find the current through the 

resistor R, we must use for / in the formula the current through R. Don’t use 
0.3 A or 0.4 A for I. because the current through the resistor is 0.1 A. 
2. (a) Voltage; (b) current 
3. (a) 300; (b) 150; (c) 33.3; (d) 66.7; (e) c; (f) b; (g) d;(h) a 
4. (a) 7.88; (b) 29.9; (c) 3.01: (d) 3.01; (e) 66.2; (f) 23.8; (g) 23.8; (h) 1.70 
(i) 1.32 . . . The circuit of Fig. 8(a) is as described in Problem 4. To find the 
combined resistance of R, and R2 in parallel, we have 

/?i X Ri 

Ky + «2 

14 X 18 
14 + 18 

7.88 (2 

where Re is the equivalent resistance of the two. We can now draw the equivalent 
circuit, replacing the parallel combination of Rt and R2 with a single resistor of 
7.88 Si, as shown in Fig. 8(b). Since Re is in series with R}, the combined resistance 
is R, = R, + R} = 7.88 + 22 = 29.9 Si, where R, is the total resistance of the 
circuit. To find the current supplied by the source, we use Ohm’s law; / = E/R,= 
90/29.9 = 3.01 A. The current through R} is, of course, the total current from the 
source, that is, 3.01 A. The voltage drop across R} is determined by Ohm’s law to 
be £ = IR } = 3.01 x 22 = 66.2 V. The voltage drops across Rt and R2 are equal 
because the two resistors are in parallel, and they can be found by subtracting the 
drop across R} from the source voltage: 90 - 66.2 = 23.8 V. Finally, by using 
the voltage drop across each resistor, we can compute the current through each. 
/, = Et/R, = 23.8/14 - 1.70 A. I, - E2/R2 - 23.8/18 - 1.32 A. 

Fig. 8 

5. (a) 1.37 (b) 0.763 (c) 0.606 . . . The first thing to do when a circuit is 
involved is to draw the circuit. Then add to the drawing all pertinent data that are 
given. This is shown in Fig. 9. There are various ways to do this problem; only 
one way will be shown. Find the equivalent resistance of R¡ and R2: 

Rt x R2

+ ^2 
27 x 34 
27 + 34 

15.05 12 

R, = 15.05 12 + 58 12 = 73.05 12, or 73.0 to three significant figures. Next, find 
the total current through the circuit. To do this, divide the total voltage by the 
total resistance: 
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Fig. 9 Fig. 10 

Now find the voltage across the parallel combination. The total current is flowing 
through R}. The voltage drop across R} is E = 1.37 A x 58 ß = 79.4 V. Hence, 
the voltage across the parallel combination is 100 V - 79.4 V = 20.6 V. The 
current through the resistors is then 

= 2Œ6_V = 0 763 A and _ 2Œ6_V _ Q A 
27 ß ’ 34« 

As a check, the sum of the currents through R\ and R2 should equal the current 
through R}: 0.763 A + 0.606 A = 1.369 A. Rounded off to three significant 
figures, this becomes 1.37 A, which is the same as the value found above for /,. 
Since it is not likely that you rounded off exactly as we did at every step in the 
solution, your figures may vary slightly from our figures above. Don’t waste time 
worrying about that. Instead, heed the discussion about significant figures in the 
answer to Problem 1. Also, in checking your answer, the sum of the two branch 
currents may not be precisely the same as the current through R} because of slight 
errors in rounding off. 
6. (a) 15; (b) 15; (c) 0.75; (d) 3.75; (e) 22.5 
(f) 37.5. . . Refer to Fig. 10. The voltage across R} is found by Ohm's law to be 
£ = /Ä = 3Ax50 = 15 V. Since R2 is in parallel with Rt, the voltage 
across it is also 15 V. The current through R2 is I = E/R = 15V/20ß = 0.75 A. 
The current through R2 must be the sum of the currents through Rt and R2, or 
3A + 0.75 A = 3.75 A. Since we know the current through R} and the resistance 
of Ry, we can find the voltage across R^, E = 1R = 3.75 A x 6 « = 22.5 V. 
Finally, the source voltage is the sum of the voltages across the parallel branch and 
the series branch, or 15 V + 22.5 V = 37.5 V. 
7. (a) 0.03; (b) 90; (c) 120:(d) 7.2; (e) 7.2; (f) 78 8. (a) 4.94; (b) 267 
9. 29.6 . . . Refer to Fig. 11. First find the voltage drop across the 242-ß resistor. 
E = IR = 0.022 A x 242 ß = 5.324 V. The same voltage must appear across 
the 180-ß resistor, so the current through the 180-ß resistor is / = E/R = 
5.324 V/180 ß = 0.0296 A. In this problem we do not have to consider the value 
of the series resistor, because we know the voltage across the resistor in parallel 
with the 180-ß resistor. 
10. 60.5 11. 1.46. .. See Fig. 12; 

19 x 18 
R = - = 9.243 ß R, = 14 ß + 9.243 ß = 23.243 ß 

19+18 



Fig. H 

Voltage drop across the 14-SI resistor is 

E - 3.012 A X 14» = 42.168 V 

Voltage drop across the parallel resistor is 

E = 70 V - 42.170 V = 27.830 V 

The current through the 19-» resistor is 

/, = - 3.012 A 
23.24 » 

27,83 V 
19» 

1.46 A 

O SERIES-PARALLEL CIRCUITS WITH MANY COMPONENTS . . . 
A series-parallel circuit can have more branches than the circuits we have 
studied so far, but it is worked by the same general method. The follow¬ 
ing examples will illustrate the procedure. 

Example I . . . What is the combined resistance of the network of Fig. 13? 

Fig. 13 Diagram of four-component series-parallel circuit. 
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(a) (b) 

Fig. 14 Equivalent circuits for Fig. 1 3. 

each other, their combined 

7.17 S2 *12 = 

Solution . . . Since R\ and are in parallel with 
resistance is 

In Fig. 14(a) the circuit is redrawn with Rt and R2 replaced by the equivalent 
resistor R^- R\i is seen to be in series with Ry, so that the combined resistance 
of these two is 7.17 Í2 + 26 Q = 33.17 Q. An equivalent circuit is again drawn 
[see Fig. 14(b)]; in it /?| 23 replaces Ri2 and R} in Fig. 14(a). Figure 14(b) is 
a simple parallel circuit the combined resistance of which is 

RtR2 16 X 13 
Rt + R2 ’16+13 

123^4 

^123 + Ri 

33.17 X 22 
33.17 + 22 

13.23 SI, ans. 

Example 2... In Fig. 13 the total current flowing through the combination, as 
shown by the ammeter J, is 10 A. How much is the impressed voltage, emf? What 
is the current through Rt? Through R22 Through /?3? Through What is 
the voltage drop across R\1 Across R^ 

Solution . . .The combined resistance from Example 1 is 13.23 Í2, and since the 
current is 10 A, the impressed voltage is 10 A x I3.23Q = 132.3 V,ans. 

In Fig. 14(b) the current through /?u3 is 132.3 V/33.17 fi = 4 A. In Fig. 14(a) the 
voltage drop across /? l2 is 4 A x 7.17 (2 = 28.7 V. in Figure 13 the current 
through Rt is 28.7 V/16S2 = 1.793 A. ans. 

The current through R2 is 28.7 V/13 Si = 2.2\A,ans. 

The current through Ry is the same as the current through R(23 , which is 4 A, ans. 

The current through Ry is 132.3 V/22 Si = 6.02 A, ans. 

Check on Current Distribution . . . The 10 A from the source must pass 
through Rt, R2, or Ry. Hence, the sum of the currents through these three re¬ 
sistors should equal the total current. 1.793 A + 2.21 A + 6.02 A = 10.023 A. 
The slight discrepancy is due to the calculations being accurate to only three 
significant figures. 



The voltage across R, is 1.793 A x 16 Í2 = 28.7 V, ans. 15 

The voltage across R2 is 2.21 Ax 13 12 = 28.7 V. (This is a check on Et, since 
Et and E2 should be equal). 

The voltage across R5 is 4 A x 26 0 = 104 V, ans. 

Voltage Check . . . The voltage across Rt plus the voltage across R¡ should 
equal the impressed voltage. 28.7 V + 104 V = 132.7 V. This is close enough to 
verify the accuracy of the computations. 

WHAT HAVE YOU LEARNED? 

1. Two resistances of 28 and 25 0 are connected in parallel; in series with 
this combination is connected a 38-12 resistance; in parallel with this total 
combination is connected a 24-12 resistance. The total current flowing 
through the combination is 75 mA. What is the current value in the 25-12 
resistance? 

ANSWERS 

I. 12.6 mA . . . Figure 15 shows the progressive steps in working the problem. 
Part (a) shows the circuit. In parts (b), (c), and (d) the components are com¬ 
bined to form simpler and simpler equivalent circuits until in (d) the entire re¬ 
sistance network is reduced to the single equivalent 16.34-12 resistance. Now 

Fig. 15 (cont'd. on p. 161 
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Ohm's law can be used to find the battery E voltage to be 1.225 V. Part (e) is part 
(c) redrawn, but since E is now known, the currents through R ,24 and Ry can now 
be found, and they are as shown. At this point make your first check by adding the 
two branch currents: 23.9 mA + 51.0 mA = 74.9 mA. Although this sum does 
not exactly equal the total current of 75 mA, it is close enough. The discrepancy 
results from rounding off in the calculations. 
In Fig. 15(f) part (b) is redrawn, with the information in parts (d) and (e) added. 
The voltage drops across the resistances are calculated by E = I x R, and the 
results are as marked on the figure. We now make our next check by seeing if the 
sum of the voltages across Ri2 and R4 equals the applied voltage E. 0.315 V + 
0.908 V = 1.223 V. The slight difference between this sum and 1.225, the value of 
E, is again due to rounding off. 
Part (g) of Fig. 15 is the original drawing with all known values added. All that 
remains is to find the value of the current through Rt and through R2. The sum 
of these two currents should equal the current through Rj, and as your last check 
you should see that it does. 

USING COPPER WIRE 

Most wire used forelectrical conduction is copper. You should be familiar 
with the way of designating different wire sizes and with the use of a wire 
table to answer copper wire problems. 

4 COPPER WIRE SIZES . . . Copper wire intended for use as a conductor 



AWG 6 8 10 12 14 16 18 20 22 24 26 28 
number 17 

is sized in accordance with American Wire Gage (AWG) numbers. Some 
wires used in electronics are shown in actual size in Fig. 16. Notice in 
particular that the larger the gage number, the smaller the wire. Although 
wires as small as No. 40 (0.003 in.) are commonly used in electronics, they 
are not shown in Fig. 16 because they are too small to distinguish in print. 

A popular size of hookup wire for electronics circuitry is No. 22. It is 
large enough to have adequate mechanical strength and to be easy to 
handle. In compact transistor circuitry where space is limited, wire as 
small as No. 32 is used. Wire smaller than that would be too fragile for 
hookup or other unprotected use. Most hookup wire used today has 
plastic insulation. 

Although No. 22 hookup wire might carry a current of an ampere or more 
without damage to the insulation, larger wire is often used for currents 
over 100 mA to keep the power and voltage loss in the wire low. Of 
course, the less protected the wire is the larger it must be. For example, 
a wire smaller than No. 18 is unsuitable for a power cord that must carry 
more than 3 A. 

The national electric code does not allow the use of wire smaller than 
No. 14 for building or workshop wiring. Wire of this size should not be 
fused for over 15 A. Number 12 workshop wiring can be fused for 20 A, 
and No. 10 can be fused for 30 A. Good technicians see to it that their 
workship wiring is not overfused. 

Wire intended for coil winding is called magnet wire. Since the wire is 
not subject to physical damage, the insulation can be thin so that it does 
not require excessive coil space. For insulation, magnet wire is commonly 
coated with either enamel or an equally thin film of some plastic material, 
such as polyester. Magnet wire sizes from No. 20 to No. 40 are in com¬ 
mon use. 



18 C COPPER WIRE TABLE ... Useful reference material on copper wire is 
given in Table 1. Wire diameter is usually given in mils, a mil being one¬ 
thousandth of an inch. Thus the diameter of a No. 18 wire, given in the 
table as 40.3 mils, is 0.0403 in. In winding a coil, it is necessary to know 
how long a winding form is needed to hold the desired number of turns. 
The column headed “turns per linear inch” gives this information. Thus a 
form 2 in. long will hold a single-layer winding of 2 x 37 = 74 turns of 
No. 22 enamel-covered wire. 

Since the resistance of wire is inversely proportional to its cross-sectional 
area, the cross-sectional area of wire is of particular interest. If we double 
the cross-sectional area of a conductor, we halve the resistance of the con¬ 
ductor; if we reduce the cross-sectional area to one-third of its original 
value, we increase the resistance to three times its original value. 

Don’t confuse cross-sectional area with diameter. Two conductors are 
shown in Fig. 17; conductor B has twice the diameter of conductor A. But 
the area of the end of B is four times the area of the end of A. The cross-
sectional area of a conductor varies with the square of the diameter. If the 
diameter is tripled, the area becomes nine times its previous value, etc. 
This is because the area of any circle is equal to one-fourth of -n (pi) 
times the square of its diameter. 

The square of the diameter of a wire in mils is called the circular-mil 
(CM) area of the wire. If the diamter of a wire is 42 mils, its area will 

the area is the 

(a) 

Fig. 17 Although the diameter of the circle in ( b) is only twice that of the circle 
in (a), the area of the circle in (b) is four times that of the circle in (a). 
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Copper Wire Table 

Gage 
No.. Diam.. 
AWG mils* 
I 289.3 
2 257.6 
3 229.4 
4 204.3 
5 181.9 
6 162.0 
7 144.3 
8 128.5 
9 114.4 
10 101.9 
11 90.74 
12 80.81 
13 71.96 
14 64.08 
15 57.07 
16 50.82 
17 45.26 
18 40.30 
19 35.89 
20 31.96 

25 17.90 
26 15.94 
27 14.20 
28 12.64 
29 11.26 
30 10.03 
31 8.928 
32 7.950 
33 7.080 
34 6.305 
35 5.615 
36 5.000 
37 4.453 
38 3.965 
39 3.531 
40 3.145 

Circular¬ 
mil 
area 

83690 
66370 
52640 
41740 
33100 
26250 
20820 
16510 
13090 
10380 
8234 
6530 
5178 
4107 
3257 
2583 
2048 
1624 
1288 
1022 
810.1 
642.4 
509.5 
404.0 
320.4 
254.1 
201.5 
159.8 
126.7 
100.5 
79.70 
63>2I 
51X13 
39 75 
31 52 
25.00 
19.83 
15.72 
12.47 
9.88 

Turns per 
LinearIncht 
(enamel-

covered wire) 

7.6 
8.6 
9.6 
10.7 
12.0 
13.5 
15.0 
16.8 
18.9 
21.2 
23.6 
26.4 
29.4 
33.1 
37.0 
41.3 
46.3 
51.7 
58.0 
64.9 
72.7 
81.6 
90.5 
101 
113 
127 
143 
158 
175 
198 
224 
248 
282 

Feet per lb 
(bare wire) 

3.947 
4.977 
6.276 
7.914 
9.980 
12.58 
15.87 
20.01 
25.23 
31.82 
40.12 
50.59 
63.80 
80.44 
101.4 
127.9 
161.3 
203.4 
256.5 
323.4 
407.8 
514.2 
648 4 
817.7 
1031 
1300 
1639 
2067 
2607 
3287 
4145 
5227 
6591 
8310 
10480 
13210 
16660 
21010 
26500 
33410 

Ohms 
per 

1000 ft. 
25 C 
0.1264 
.1593 
.2009 
.2533 
.3195 
.4028 
.5080 
.6405 

0.8077 
1.018 
1.284 
1.619 
2.042 
2.575 
3.247 
4.094 
5.163 
6.510 
8.210 

10.35 
13.05 
16.46 
20.76 
26.17 
33.00 
41.62 
52.48 
66.17 
83.44 
105.2 
132.7 
167.3 
211.0 
266.0 
335.0 
423.0 
533.4 
672.6 
848.1 
1069 

Current¬ 
carrying 
capacity 

at 1500 CM 
per AJ 

5.5 
4.4 
3.5 
2.7 
2.2 
1.7 
1.3 
LI 
0.86 
.68 
.54 
.43 
.34 
.27 
.21 
.17 
.13 
.11 
.084 
.067 
.053 
.042 
.033 
.026 
.021 
.017 
.013 
.010 
.008 

0.006 

* A mil is 1/1000 (one thousandth) of an inch. 
+The figures given are approximate only, since the thickness of the insulation varies with the manu¬ 
facturer. 

t The current-carrying capacity at 1000 CM per ampere is equal to the circular-mil area (column 3) 
divided by 1000. 

be 42 X 42 = 1764 CM. The resistance of a conductor is inversely pro¬ 
portional to its circular-mil area. 

Example ... A certain wire with a diameter of 204 mils has a resistance of 18 fi. 
What will be the resistance of another wire of the same length and of the same 
material, but with a diameter of 74 mils? 



20 Solution . . 

2O42 = 41.600 CM 

742 = 5480 CM 

41,600 R_ 
5480 " 18 

R = 136.7 0, ans. 

Explanation . . . The diameters are squared in order to obtain the circular-mil 
cross-sectional area of the wire. An inverse proportion is then formed and solved. 
An inverse proportion is used because the resistance varies inversely as the cross-
sectional area. 

Since magnet wire is used for winding coils in which the closeness of the 
turns prevents free dissipation of heat, the current-carrying capacity of 
magnet wire is much less than that of hookup wire or other wire with its 
surface exposed to the air. A rule of thumb for determining the current¬ 
carrying capacity of wire wound into a multilayer coil is one ampere per 
1000 CM. For example, the table shows the circular-mil area of No. 18 
wire as 1624 CM. Therefore, 1.6 A is a reasonable estimate of the maxi¬ 
mum current that a coil wound with No. 18 wire can carry. 

It is useful to remember that wire area doubles for every three gage 
numbers. Thus a No. 20 wire has twice the circular-mil area of a No. 23 
wire, and therefore half the resistance. 

WHAT HAVE YOU LEARNED? 

1. The copper wire table shows that the diameter of No. 24 wire is 20.1 
mils. What is the diameter of the wire in inches? 

2. Having found the diameter of No. 24 wire in Problem 1, find the 
circular-mil area of the wire. Compare your answer with the value given 
in the copper wire table. 

3. You must run hookup wire between two points in a circuit that are 5 ft 
apart. The wire will be carrying 0.2 A, and the voltage loss in the wire 
must not exceed 5 mV. What is the smallest size wire you can use? Use 
the column "Ohms per 1000 ft” in Table 1 to find the resistance of various 
sizes of wire. 
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0.5 A 

Fig. 18 The voltmeter reading depends upon where the meter is connected. 

ANSWERS 

„ E 0.005 V 
E - --—- = 0.025 Í2 

/ 0.2 A 

The maximum resistance per foot would be 0 = 0.005 Í1 or 1000 x 0.005 = 

5 0 per 1000 ft. Looking in Table 1, we find that No. 16 is the smallest wire that 
has a resistance not exceeding 5 Í2 per 1000 ft. 

I. 0.0201 in. 2. 404.01 CM . . .20.1 2 = 404.01. This is the same as the value 
given in Table I. 
3. No. 16 ... By Ohm’s law the maximum resistance the 5-ft length of wire can 
have would be 

UNDERSTANDING POTENTIAL BETTER 

Until you get a clear mental grip on the meaning ol potential or voltage, 
you cannot clearly understand much about electronic circuits. Since every 
electronic circuit involves voltage, it is not hard to see why this is true. 

VOLTAGE IS ALWAYS RELATIVE . . . What is the voltage at point F 
in Fig. 18? To find out, we can use a voltmeter, one lead of which is, 
of course, connected to point Fas shown. But a voltmeter has two leads, 
and where do we connect the other lead? If we connect it to point E. the 
voltmeter will read 11 V. If we connect it to point D. the meter will read 



22 14 V; if we connect it to point C, 20 V; and so on. In other words, to ask 
what the voltage is at point F is meaningless unless we specify the other 
point of measurement. 

For all practical applications, voltage or potential is a relative matter; 
that is, we can state the voltage at some point in a circuit only by com¬ 
paring that point with some other point. In Fig. 18, we can say that the 
voltage at point F is 14 V with respect to point D, 20 V with respect to 
point C, or 11 V with respect to point E. To say that the voltage at point 
Fis so many volts means nothing at all unless a reference point is stated 
or implied. 

When we say that the voltage across F, in Fig. 18 is 11 V, we mean that 
the voltage at point F with respect to point E is 11 V (or the voltage at 
point E with respect to F is 11 V). When we say that the voltage of the 
battery in Fig. 18 is 24 V, we mean that the voltage at point A with respect 
to point B is 24 V. However, you should not say that the voltage at point 
J is 24 V unless you are sure that the person you are talking to under¬ 
stands that you mean the voltage at point A with respect to point B, 
the negative battery terminal. For example, the voltage at point A with 
respect to point D is not 24 V, but 18 V. 

7 POLARITY WITH RESPECT TO REFERENCE POINT . . . More often than not you will want to know not just the numerical value of the 
voltage between two points but also the polarity of that voltage. A volt¬ 
age at a given point in a circuit is positive if it is more positive than the 
reference point. The voltage at point F in Fig. 18 is + 14 V with respect to 
point D. We can tell this by the fact that the plus lead of the voltmeter 
must be connected to the point at which we want the voltage, point F, in 
order that the voltmeter will read forward. The voltage at point D is 
- 14 V with respect to point F because to measure the voltage at point D 
you must connect the negative voltmeter lead to point D in order to get a 
forward reading. 

The voltage at some point in a circuit could be either positive or negative, 
depending upon what is used as the reference point. Point F is +14 V 
with respect to point D, but point F is —4 V with respect to point G. 
Not only voltage but also polarity at a point is meaningless unless the 
reference point with which a comparison is being made is specified or 
otherwise understood. 

8 GROUND AS THE REFERENCE POINT FOR VOLTAGE MEASUREMENTS ... As will be discussed in the next topic, most 
practical electronic equipment has some point in the circuitry grounded. 



(chassis) connection 

Fig. 19 Voltage measurements often use ground as the reference point. 

Very frequently the metal chassis to which the ground connection is made 
is used as the reference point to which voltage measurements are made. 
For example, the voltage with respect to ground at point F in Fig. 19 
is -i- 20 V. The voltage to ground at point D is + 6 V. 

The voltages marked on a manufacturer’s circuit diagram can usually be 
assumed to be with respect to ground if not otherwise stated. However, 
look in the corner of the drawing for a legend that gives the reference 
point used for the voltage measurements. For tubes, the cathode is often 
used as the reference point to which the voltages of the other pin elements 
are measured. Tube pin voltages in tube reference manuals are nearly 
always with respect to cathode. 

WHAT HAVE YOU LEARNED? 

1. In Fig. 18 the voltage and polarity at point E with respect to point C 
are_ 

2. In Fig. 18 the voltage and polarity at point C with respect to point D 
are (o)_ The voltage across the relay coil is (b)_ volts. The 
voltage and polarity at point D with respect to point C are (c)-

3. In Fig. 18 the voltage at point B with respect to point C is _ 
volts. 

4. In Fig. 18 the voltage and polarity of point A with respect to point E 
are_ 

23 
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Fig. 20 0.5 A 

5. In Fig. 19 the voltage and polarity to ground of the positive terminal of 
the battery are (a)_ and the voltage and polarity to ground of the 
negative battery terminal are <b>_ 

6. In Fig. 20 the voltage and polarity to ground of the positive terminal 
of the battery are (□)_ and the voltage and polarity to ground of the 
negative battery terminal are (b)_ The voltage across the battery in 
both Fig. 19 and Fig. 20 is (c) _ volts. 

7. In Fig. 20 the voltage and polarity to ground at point F are (o)_; 
at point E they are (b)_; at point D they are «_ ; and at 
point C they are (d)_ volts. 

ANSWERS 

I. + 9V. . . The resistance between points E and C is 18 0. E = I x R = 0.5 x 
18 0 =9 V. To find the polarity, remember that the end of a passive component 
from which the current leaves is positive with respect to the end the current enters. 
Hence, to get a forward reading with the voltmeter, the positive lead of the meter 
must be connected to point E. Hence, point E is 9 V positive with respect to C. 
2. (a) -6V (b) 6 . . . We have no basis for calling this voltage either positive 
or negative, since nothing is said about which end of the relay is the reference end. 
However, if we are interested in polarity, we can say "the voltage across the relay 
coil is 6 V, end D being positive with respect to end C.” (c) +6V 
3. 0 4. +15V 5. (a) + 24 V; (b) 0 V 
6. (a) 0 V (b) - 24 V . . . Your voltmeter is, of course, measuring the voltage 
across the battery when the leads are connected at point B and at ground in Fig. 
20. Fora forward meter reading, the negative lead of the voltmeter must be con¬ 
nected to point B, the negative battery terminal. Hence, point B is - 24 V with 
respect to ground. (c) 24 
7. (a) -4 V . . . The current direction through the lamp is from F to ground. 
Since the lamp is a passive component, the current enters at the negative side 
(point F) comes out at the positive side, which is connected to ground. Hence, 
point Fis negative with respect to ground. 
(b) - 15 V;(c) - 18 V;(d) -24 V 
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Fig. 21 The use of grounding to reduce the amount of wiring. 
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9 THE USE OF GROUNDS IN ELECTRONICS . . . Most electronics 
circuitry is built up on a metal chassis. Some of the wiring leads are 
usually soldered or otherwise connected directly to the chassis. Such leads 
are said to be grounded. Grounding is used for one or both of two reasons: 

1. To reduce the amount of wiring by using the metal chassis itself as a 
conductor. 

2. To reduce noise or hum and prevent interaction with nearby circuits 
and thus improve performance. 

The simple circuitry of Fig. 21 illustrates the use of grounds to reduce the 
amount of wiring required. The three pilot lights Lt, L2, and Ly are turned 
on an off by the three associated switches S|, S2, and S3. In (a) each of the 
three lamps has its own independent wiring. In (b) the amount of wiring 
required is reduced to just a single wire to carry all three currents from 
the negative side of the battery to the lamps. A conductor used as a path 
for a number of different currents is called a common conductor. It is 
sometimes drawn heavier than the other wiring, as it is here, so that it is 
easily identifiable, and also because a heavier wire is actually sometimes 
used as the common conductor. 



26 In Fig. 21(b) the common conductor is shown as grounded. In this par¬ 
ticular circuit the ground serves no purpose whatever. None of the cur¬ 
rents associated with the operation of this circuit flow through the ground 
connection. However, if this were an amplifier circuit, the ground would 
probably be useful. Circuits are seldom in a world all by themselves. 
They are likely to be close to other circuits from which they pick up un¬ 
wanted voltages, or they may pick up static from the electrical equipment 
operating elsewhere in the room. To be sure, these pick-up voltages are 
very weak at the moment they are picked up. However, after being ampli¬ 
fied by the amplifier they can become strong enough to be heard in the 
output, thereby reducing the quality of reception. If the common con¬ 
ductor is grounded, the shielding action of the metal chassis will reduce 
the pickup of stray signals. 

In Fig. 21(c) the common conductor is eliminated and the metal chassis 
is used instead to carry the current from the negative side of the battery 
to the lamps. The dashed arrows show the current path through the 
chassis. This method requires minimum wiring and is therefore widely 
used. In some cases, as in a high-fidelity audio amplifier, the use of the 
chassis to carry signal currents may cause instability. In those cases a 
common conductor, grounded at a single point as in (b), is used instead. 

Figure 22(a) shows a simple vacuum-tube circuit drawn without using a 
a ground. Points A, B, D, E, and F are all connected together by the 
bottom horizontal wire. If we solder points A. B. D. E. and F to the 
chassis, they will all be electrically connected without the need for the 
horizontal wire. The circuit will then be as shown in Fig. 22(b), which is 
electrically identical with (a). We sometimes draw vacuum-tube and 
transistor circuits without a ground as in (a) to make it easier for you to 
trace the circuit action. The practical version of such circuits is likely to 
have one or more grounds, as in (b). 

Fig. 22 Two electrically identical circuits. 



Fig. 23 Ground or other reference point is always considered as zero voltage. 
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■1 Q VOLTAGES MEASURED TO THE SAME REFERENCE POINT . . . 
It is often useful to measure all voltages in an electronics circuit with 
respect to the same reference point, and then ground is generally the 
reference point used. The common reference point is always considered 
as being at zero voltage, and the voltages at other points are either positive 
or negative depending on whether they are higher (that is, more positive) 
or lower (less positive, or more negative) than the reference point. 

Figure 23 shows the voltage around a circuit measured to ground for 
three different positions of ground. Notice that, regardless of the circuit 
point that is grounded, ground is considered as at zero volts. Notice also 
that the marked voltage values are all different in the three circuits 
because different points are grounded. When the reference point is 
changed, as by grounding a different point, all voltage values measured to 
the reference point will be changed. Notice further that a point that is 
positive when measured to one reference point may be negative when the 
reference point is changed. Thus point D is positive in (a) and negative 
in (b) and (c). 



28 When voltages are marked as in Fig. 23, we often want to know the volt¬ 
age drop across a certain component. We find it by subtracting the voltage 
shown for one end of the component from the voltage shown for the other 
end. Thus in Fig. 23(a) the voltage drop across R2 is simply 9 V - 6V = 
3 V. The top end of R2 will be positive because the voltage at E is more 
positive than at D. To find the voltage drop across R2 by using the volt¬ 
ages in Fig. 23(b), we have 0 V - (- 3) V = 3 V. (Remember that to sub¬ 
tract a negative number, we change its sign and then add.) The voltage 
across R2 from Fig. 23(c) is (- 15 V) - (- 18 V) = - 15 V + 18 V = 3 V. 
Hence, no matter where the reference point is, the voltage drop across 
R2 is 3 V. We can, of course, further check this voltage drop value by 
Ohm’s law: E2 = I x R2 = 0.5 A x 6 Q = 3 V. 

The voltage between points F and D in Fig. 23 is, from part (a) of the 
figure, 20 V - 6 V = 14 V. From (b) this voltage drop is (+ 11 V)-
(- 3 V) = + 11 V + 3 V = 14 V. By means of part (c) we get the same 
14-V drop, as follows: (- 4 V) - (- 18 V) = -4 V + 18 V = 14 V. 

We can easily tell from Fig. 23(a) that for the 14-V drop between points F 
and D, point F is positive with respect to D, since F is at a higher (+20 V) 
potential than D (+6 V). Part (b) of the figure also shows point F at a 
higher potential than point D. In part (c) it may not be so clear that point 
F is at a higher potential than point D, but mathematically it is. With 
negative numbers the value nearest zero is the greater; hence -4 is a 
greater number than — 18. Think of a thermometer and you won’t get 
mixed up on this- 4° is higher up the scale than — 18°. 

WHAT HAVE YOU LEARNED? 

1. Figure 24 is Fig. 15(g) redrawn with a ground added. Mark on the 
figure the voltages with respect to ground at points A, B. C, D, F, G, and 
H. Be sure to show the polarity of each voltage. 

2. Figure 25 is the same as Fig. 24, except that the ground has been 
changed to a different place. Mark on the figure the voltages with respect 
to ground at points A, B, C. D, F, G. and H, being sure to also mark the 
polarity of each voltage. 

ANSWERS 

1. See Fig. 26. 2. See Fig. 27. 
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Fig. 28 A typical electronic diagram with some of the voltages and polarities 
marked. 

READING VOLTAGE AND POLARITY MARKINGS ON 
DIAGRAMS . . . The circuit diagram of Fig. 28 has some voltages and 
polarities shown on it, such as might be found on a practical manu¬ 
facturer’s diagram. Our purpose in this topic is to clarify the meaning of 
these voltage and polarity markings. Since voltages and polarities mean 
nothing except with respect to some other point in the circuit, you must 
be able to tell the intended reference point or points before you can make 
any use of the voltage values marked on schematic diagrams. 

When one lead of a component has a plus sign marked on it and the other 
lead has a minus sign, the side of the component marked + is at a higher 
potential than the side marked —. For example, in Fig. 28 the upper end 
of R i is at a higher potential (is more positive) than the lower end of that 
resistor or, to say it another way, the upper end of R, is positive with 
respect to the lower end. Looking at other components, we see that the 
right end of Rs is negative with respect to the left end, the right plate of 
capacitor C2 is positive with respect to the left plate, and the top lead 
from the power supply Vcc is negative with respect to the bottom lead. 

Notice in the figure that the left end of R$ (marked +) is connected to 
the bottom end of R । (marked -). This does not mean that the left end of 
Rs is positive with respect to the bottom end of Rt. Since the two points 
are separated only by hookup wire they must be at the same potential. 
The + and - markings refer only to the components to which they are 
attached, and they have no meaning with respect to some other com¬ 
ponent. 



A voltage value marked in the center of a component means the voltage 
drop across that component. For example, the diagram shows the voltage 
drop across Æ» to be 3.8 V. Notice that this voltage has neither a + or 
- sign in front of it, since polarity has no meaning unless we know which 
end of the component is considered to be the reference end. The voltage 
drop across Rs is shown as 4.1 V, and the polarity markings show that the 
left end of the resistor is 4.1 V positive with respect to the right end. 
Similarly, the diagram shows the upper end of V cc to be 12 V negative 
with respect to the bottom end. 

Voltages marked at points on the wiring (that is, not in the middle of a 
component), refer to voltage readings with respect to some common refer¬ 
ence point. This common reference point may be considered to be ground 
if nothing is said to the contrary. Thus in Fig. 28 the - 1.3 V marked 
on the wiring means that, at the point where this voltage value is shown, 
the voltage with respect to ground is - 1.3 V. Similarly, the -8.2 V in¬ 
dicates that the collector lead of the transistor is -8.2 V with respect to 
ground. 

■«Q VOLTAGES BETWEEN UNCONNECTED POINTS ARE MEAN-
ING LESS . . . We have emphasized that voltage at a given point can have 
meaning only with respect to another point. However, there must be an 
electrical path between the two points involved or again the voltage will 
have no meaning. In Fig. 29(a) there is no electrical connection between 
the left and right circuits. Consequently, to speak of the voltage at point 
A with respect to point B has no meaning. The voltmeter connected 
between these two points will either read zero or (if it is an extremely 
sensitive meter) some unpredictable value. 

Fig. 29 Voltage between two points has no meaning unless the two points are 
somehow connected. 
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(b) 

Fig. 30 Grid-voltage in a vacuum-tube circuit. 

In Fig. 29(b) a wire has been added at the bottom to connect the two 
parts of the circuit together. Now we can properly speak of the potential 
between points A and B, and the voltmeter will read 9 V. 

In a vacuum tube, such as the one shown in Fig. 30(a), the grid is elec¬ 
trically insulated from the rest of the tube elements. Therefore the shaded 
area is not electrically connected to the rest of the circuitry. For the tube 
to operate right, the voltage on the grid with respect to cathode must be 
- 6 V. But when there is no electrical path between grid and cathode, grid 
voltage with respect to cathode voltage is meaningless. Hence, when the 
tube is connected as in Fig. 30(a), it cannot be expected to work right 
In Fig. 30(b) a wire has been added at the bottom to connect the screen 
area with the cathode. Now the voltage on the grid is - 6 V with respect 
to cathode, so that the requirement for proper tube operation is met. 

WHAT HAVE YOU LEARNED? 

1. The voltage of +150 V marked on Fig. 31 means that (the voltage drop 
across R3 is 150 V )( the screen is + ¡50 F with respect to ground). 



Fig. 31 
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2. The voltage from point B to ground in Fig. 31 is (75 V)( +171 V). 

3. The voltage at the positive terminal of the power supply Em, in Fig. 31 
is ( + 250 V with respect to ground)) +250 V with respect to the negative 
terminal ). 

4. Figure 32 (does))does not) show that point B is positive with respect to 
point A. 

5. Does any current flow through R2 in Fig. 32? 

Fig. 32 

ANSWERS 

1. The screen is + 150 V with respect to ground. 2. + 171 V 
3. + 250 V with respect to the negative terminal. . . Since the negative terminal is 
at - 4 V with respect to ground, the positive terminal is at + 246 V with respect to 
ground. 
4. Does not . . . The - sign at point A and the + sign at point B refer to the 
polarity of batteries E, and E2, respectively, and they do not in any way suggest 
that point B is positive with respect to point A . 
5. No. . . For current to flow through/?2 there would have to be a complete elec¬ 
trical loop so that the current flowing through R2 could return to its starting point. 
If a wire were run between points C and D, then current would flow through R2. 
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a voltage source has voltage 
(desirable) and also resistance 
(undesirable) 

12 V 

^Im¬ 
perfect 
battery 

R¡ 

resistance 
within battery 

(no resistance) 

equivalent 
circuit 

Fig. 33 The equivalent circuit for a power source is a perfect battery with a 
resistance in series to represent the internal resistance of the power 
source. 

PRACTICAL VOLTAGE SOURCES 

An ideal power source has no resistance, but any practical power source, 
such as a battery or a generator, does have resistance. Although the 
resistance of a power source can sometimes be neglected, it is often of 
great importance because it affects the performance of the circuit using 
the power supply. 

■j o EQUIVALENT CIRCUIT FOR A VOLTAGE SOURCE ... The value 
of the resistance of a power source can range from negligibly low to very 
high. It is useful to represent a practical source of power by an equivalent 
circuit made up of a perfect voltage source with a resistance in series, 
the value of the series resistance being the internal resistance of the power 
source. Figure 33 is a representation of a battery by an equivalent circuit. 
The materials from which a battery are constructed, like all other con¬ 
ducting materials, have resistance. This resistance is shown as R, in the 
equivalent circuit. The 12 V shown for the perfect battery in the equiv¬ 
alent circuit is the voltmeter reading when no current is being drawn from 
the battery. Because of the internal resistance Rh the voltage of a prac¬ 
tical battery goes down a little when current is drawn from the battery. 

When we measure battery voltage with a voltmeter across the battery term¬ 
inals, as in Fig. 34 we measure the true battery voltage E less any voltage 
loss across the internal resistance R¡. If the switch S is open, so that there 
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complete battery terminals 
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Fig. 34 Because of the voltage loss across R¡, the reading of the voltmeter is 
less than 12V when switch S is closed. 

is no current drain from the battery (and hence no current through Ä,), 
the voltage drop across R, is negligible, and therefore the voltmeter reads 
12 V, the true voltage developed within the battery. 

Suppose that, when switch S is closed in Fig. 34, the load Ri to which the 
battery is connected draws 4 A. Then 4 A flows through the internal 
resistance R¡. The voltage drop across R, is E = I x R = 4 A x 0.5 ß = 
2 V. The voltmeter reads the voltage E minus the voltage drop across R^ 
or 12 V - 2 V = 10 V. Thus the effect of the internal resistance is to 
cause the battery voltage to drop when the battery is loaded. The greater 
the current taken from the battery, the more this voltage drop will be. 

CHECK BATTERY CONDITION ... As ordinary dry cells or storage 
batteries become discharged their internal resistance increases. With con¬ 
tinued discharge of a dry cell the internal resistance eventually becomes so 
high that the cell is useless and must be replaced. Storage batteries must 
be recharged before they reach this degree of discharge; otherwise, they 
will be damaged. 

The end of the useful life of dry cells used to power electronic equip¬ 
ment, such as portable radios, is often indicated by noisy reception. As 
the internal resistance increases, battery-generated noise increases. Noise 
is caused by small random variations in the internal resistance. If the 
internal resistance is high, the varying voltage drop across the small re¬ 
sistance changes may be sufficient to be heard in the receiver. 

A battery is checked by using a voltmeter to read the battery voltage 
while the battery is delivering normal current to its load. If the voltage 
read is considerably lower than for a new battery, the battery should be 
replaced, or recharged if of the storage type. Never attempt to find the 
condition of a battery by reading its open-circuit voltage. The open-circuit 
voltage is the voltage when the battery is furnishing no current, which is 
why open-circuit voltage readings are useless for determining the condi¬ 
tion of a battery. 



36 Consider the circuit of Fig. 34. If the switch S is open so that the volt¬ 
meter is reading the open-circuit voltage of the battery, the meter reading 
will be the same regardless of the internal resistance Rh Remember there 
is no voltage loss across R, unless the battery is delivering current. When 
S is open, the voltmeter is reading the generated voltage E, which is 12 V. 
As the battery becomes discharged, this voltage does not generally change. 
Thus the voltmeter is apt to read 12 V regardless of the condition of 
charge of the battery, as long as switch .S' is open. When switch S is 
closed, the greater the R¡, the less the voltmeter will read, so that the 
voltmeter reading then indicates the charge condition of the battery. 

HIGH-IMPEDANCE AND LOW-IMPEDANCE SOURCES . . . Bat¬ 
teries, generators, and 115-V building outlets are sources of electric power 
for operating electronic equipment. Part of this power is converted within 
the electronic equipment to other voltages. For example, many pieces of 
electronic gear have one or more oscillators, which convert the d-c voltage 
from the battery or other original power source into alternating voltage 
of whatever frequency is desired. Since the oscillator is generating some¬ 
thing different, we look at an oscillator as another power or voltage or 
signal source. A tube or transistor takes a very weak signal, such as one 
picked up by a receiving antenna, and makes it into a much stronger 
signal. We also look at tubes and transistors when they are used in this 
manner assignai or voltage generators, since they replace the original 
weak signal with a much stronger signal. 

Thus we see that there are many signal or voltage sources in electronic 
equipment. Signal sources are often classified as “high impedance” or 
“low impedance,” and you should know the difference between the two. 

Figure 35 shows equivalent circuit diagrams for both d-c and a-c voltage 
sources. Although a battery is used to represent the voltage E in part (a) 
of the figure, this does not imply that a battery is actually used. These are 
equivalent circuits, and a battery with suitable resistance in series is 
equivalent to any d-c voltage source. 

equivalent equivalent 
R¡< circuit for R¡< circuit for 
< d-c voltage < a-c voltage 

source | source 

symbol for 
a-c generator 

(a) (b) 

Fig. 35 Equivalent circuits for d-c and a-c sources. 
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(a)High impedance source (b)Low impedance source 

O.O6 mA 

(c)High impedance 
source shorted 

I 
60 mA 

-o 

(d)Low impedance 
source shorted 

Fig. 36 Effects of high and low source impedances on voltages and currents. 

If the internal resistance R, is low in either (a) or (b) of Fig. 35, the 
circuit represented is said to be a low-resistance or a low-impedance 
source. If R, is high, the circuit represented is a high-resistance or high-
impedance source. Of course, the source need not be either high-resistance 
or low-resistance; it can very well be some value in between. Perhaps the 
first question to come to mind about high- and low-resistance sources is 
what value of R, represents a high resistance and what value a low re¬ 
sistance. A voltage source is a high-resistance source if a great drop in 
voltage occurs when an attempt is made to draw appreciable current from 
the source. A low-resistance source is one such that its voltage does not 
change very much when it is furnishing current. 

Some characteristics of high-and low-resistance sources are shown in Fig. 
36. In (a), the high-resistance source, notice that the source voltage drops 
from an open-circuit value of 12 V down to only 0.571 V when furnishing 
current to a 10,000- fl load. For the same load the voltage of the low-
resistance source, part (b), drops very little from 12 V down to 11.76 V. 
Also notice the much lower current delivered to the load by the high-
resistance source: 0.0571 mA by the high-resistance source against 1.176 
mA by the low-resistance source. 

Varying the load resistance does not affect the current from a high-
resistance source very much. Notice in Fig. 36(c) that short-circuiting the 
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high-resistance source produces a current of only 0.06 mA, which is only 
little more than the current of 0.0571 mA for a load of 10,000 12. Shorting 
a low-resistance source, as in part (d) of the figure, greatly increases the 
current, from 1.176 mA in Fig. 36(b) to 60 mA in (d). 

Sources of power should be considered as being of low resistance unless 
otherwise stated or unless you know from its nature that the supply would 
be of high resistance. Specifically, you should normally assume that the 
supply resistance is so low that the voltage drop due to current drawn 
from the supply is negligible. That is not to say that high-resistance 
sources are unimportant. You will hear of them from time to time 
throughout your study of and career in electronics, and unless you under¬ 
stand what is meant by a high-resistance supply you will not be able to 
understand many important circuit principles. 

POWER IN D-C CIRCUITS 

WORK, POWER, AND ENERGY . . . Before we can discuss the next 
important part of this lesson, power in d-c circuits, it is important that 
you know the difference between work, power, and energy. 

In a scientific sense, work is the overcoming of opposition. A man does 
work when he lifts a crated television set from the warehouse platform 
into a truck or when he drags the crate along the platform. But the man 
does no work at all, in the scientific sense of the word, no matter how 
hard he pushes or pulls if he does not lift or move the crate. If the re¬ 
sistance offered by the crate to being moved is not overcome, no work is 
done. 

Work is measured by the product of a force times the distance through 
which the force moves. In a mechanical system, the most common unit 
of work is the fool-pound. 

In an electrical system, work is measured in watthours or kilowatt-hours. 
One kilowatthour of work in an electrical system equals approximately 
2,660,000 ft-lb (foot-pounds) of work. 

The work done by a man carrying a 50-lb audio amplifier up a flight of 
stairs 12 ft high is 50 lb x 12 ft = 600 ft-lb. From the standpoint of 
work done, it makes no difference whether the man does the job in an 
hour or in a minute. 
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But the amount of power required to do the job does depend on time. 
The amount of power required to do a job in one minute is 60 times the 
power required to do it in one hour. The term “power” includes the idea 
of time. Power is the speed, or rate, of doing work. Then, 

work , power = —- or work = power x time 
time 

The popular unit for measuring power in mechanical systems is the horse¬ 
power. If a machine can do 33,000 ft-lb of work in one minute, its power 
is one horsepower. 

The practical units of power in electrical circuits are the watt and kilowatt. 
One kilowatt (abbreviated kW) equals 1000 watts (abbreviated W). 
Horsepower and watts are related as follows: 

1 hp = 746 W 1 kW = 1.34 hp 

The work done in an electrical circuit, in kilowatthours, equals the power 
in kilowatts times the number of hours. For example, if the power re¬ 
quired to operate a motor is 2 kW and the motor operates for 7 hr, the 
work done is 2 x 7 = 14 kWhr (kilowatthours). 

Energy is the capacity to do work. For example, if a battery is able to do 
1 kWhr of work before it must be recharged, the energy stored by the 
battery is 1 kWhr. The difference between work and energy is that work 
is what has been done by a device and energy indicates the amount of work 
that a source of energy is able to do. There are many types of energy. A 
moving car, for example, has mechanical energy. A charged battery has 
chemical energy. A hot stove has heat energy. 

An important concept about energy is that, when work is done, the energy 
used to do the work is never used up; it is simply changed from one form 
to another. For example, suppose a charged battery causes current to 
flow in a circuit. Chemical energy of the battery has changed to electric 
energy in the circuit. Suppose the electric energy of the circuit causes 
a vacuum-tube filament to heat up; now the electric energy has changed to 
heat energy. When someone talks into a microphone and thus generates 
an input signal to an amplifier, the acoustic energy of the sound waves 
is changed into electric energy. 

POWER IN ELECTRIC CIRCUITS ... The units of power in elec¬ 
tric circuits are the watt and the kilowatt. One kilowatt equals 1000 W. 
Power, in watts, is the product of the voltage, in volts, times the current, 
in amperes. 

3S 
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/ E 

These are the basic formulas for power. However, two other formulas 
derived from Ohm's law are also very useful for calculating power. Ac¬ 
cording to Ohm's law, E = IR. Therefore, by substituting for E in the 
basic power formula, we get 

P = El - (IR) X I 

P = ÍR 

And Ohm’s law for current is / = —. By substituting for / in the basic 

power formula, we get 

P = El = E X 

Remember these three formulas. They are the three important formulas 
for calculating power: 

pl 
P * El P = 1-R and P - — 

R 

18 POWER CALCULATIONS IN D-C CIRCUITS ... The total power in 
a circuit can be calculated easily if any two of three quantities, voltage, 
current, or resistance, are known. For example, if a vacuum tube draws 
300 mA (0.3 A) at 300 V, the power furnished by the power supply can be 
calculated by using the formula P = EI = 300 x 0.3 = 90 W. 

Example ... A 300-0 resistor is connected in series with the plate of a vacuum 
tube. The power source delivers 500 V at 100 mA to the combination. The power 
used by the resistor is (a)- watts. The voltage across the resistor is 
(b)-volts. The voltage drop across the vacuum tube is (C;_volts. 
The power used by the vacuum tube is (d)_watts. 

Solution . . . 
(a) P = PR = (0.I)2 x 300 = 0.01 x 300 = 3W.ans. 
(b) E = 1R = 0.1 A x 300 U = 30 V, ans. 
(c) 500 V - 30 V = 470 V, ans. 
(d) P = El = 470 V x 0.1 A - 41 W. ans. 



41 Explanation . . . Always be careful to use only quantities that apply specifically 
to the component. In this example, the current of 100 mA does flow through the 
resistor, but the entire 500 V does not appear across the resistor. Therefore, we 
use the formula P = R to calculate the power used by the resistor. 

Suppose 100 V is applied across a 5000-12 resistor. We would simply use 
the formula 

100 X 100 10,000 = 2 W 
5000 5000 

WHAT HAVE YOU LEARNED? 

I. A light bulb is used across a 120-V line, and it draws 60 mA. The 
power used by the light bulb is _ watts. 

2. A light bulb is stamped “60 W,” and it is a 120-V bulb. This bulb 
normally draws _ amperes from the line. 

3. The filament of an 834 tube is operated at 7.5 V, and it draws 3.25 A. 
The power used for heating the filament of this tube is _ watts. 

4. The current through a 15,000-12 resistor is 7 mA. The voltage across 
the resistor is (O>_ volts. The power dissipated by the resistor is 
(b)_watts. 

5. It is desired to operate the screen grid of a vacuum tube at 150 V, which 
must be obtained from a 250-V supply by using a dropping resistor in 
series with the grid. The screen grid draws 10 mA. The voltage across the 
dropping resistor is <O)_volts. The value of the dropping resistor is 
(b)_ ohms. Power dissipated by the resistor is _ watt(s). 

6. In Fig. 37 the voltage across Z?, is (a)_ volts. Since R, and R2 are 
in parallel, the voltage across R2 is (b)_ volts. The current through 
R2 is (c)_ amperes, and the current through R3 is (d)_ 
amperes. Power dissipated by Rt is (e)_ watts; that by R2 is 
(t)_watts; and that by R} is (9)_watts. Voltage supplied 
by the battery is (h)_ volts. Power supplied by the battery is 
(i)_watts. 

7. A television set is rated at 115 V, 450 W. A check with an ammeter 
shows that the set is drawing 2.8 A from the line. Is this normal? 
(a)_ If not, what current should the set draw? (b>_ 
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Fig- 37 

1. 7.2 . . . P = El = 120 Volts X 0.06 A = 7.2 W 

3. 24.4 . . . P = El = 7.5 V x 3.25 A - 24.4 W 

4. (a) 105 (b) 0.735 ... Use F = I2R. P = IE, or P ~ — 
K 

5. (a) 100; (b) 10,000; (c) 1 
6. (a) 15; (b) 15; (c) 0.75; (d) 3.75; (e) 45; (f) 11.25; (g) 84.4; (h) 37.5; (i) 141 
7. (a) No; (b) 3.91 A 

WATTAGE RATINGS OF RESISTORS . . . Resistors are rated not 
only for value of resistance but also for how much power they can dis¬ 
sipate safely. When current flows through a resistor, heat is generated at 
a rate proportional to the power dissipated in the resistor. This heat must 
be carried off by the surrounding air as fast as it is generated. If it is 
not, the resistor will become excessively hot and will disintegrate. The 
maximum amount of power that a resistor can handle without excessive 
heating is called the wattage rating of the resistor. The wattage rating 
of any resistor must, of course, be at least as great as the actual wattage 
being dissipated by the resistor. 

The wattage rating of a resistor and the actual wattage being dissipated 
by the resistor are two entirely different things. For example, consider a 
resistor that has a wattage rating of 10 W. This means that the resistor is 
capable of dissipating 10 W. It does not mean that the resistor is dissi¬ 
pating 10 W. For example, if a 2O-Í2 resistor is carrying 300 mA, the 
actual power dissipated is only O.32 x 20 = 1.8 W. Since this is much less 
than its wattage rating, the resistor will not overheat. 

Ratings assume ideal ventilation, which is seldom found in practice. 
Therefore it is a good idea to calculate the power that the resistor in ques-
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20 per cent but by 44 per cent. 
certain application, the resistor must have a sufficient wattage rating to 

lion must dissipate and then use a resistor rated to dissipate I '/, to 2 limes 

7 " C1"C,"a,i°,'s sh°" >h»> « «*«or must sipate /2 W in a certain application, use a 1 - W resistor. 

LL3, it "°” ,hr°Ugh ° "t® r'SÍS,Or- ,he P°w" «¡»¡PMed i" lhe 
; ¡“’ —-- watts. It the current is now doubled lo 6 A the 

power dissipated .s », - walls. when the current is doubled', .he 

If the curr nt J “ T P°Wer d¡SSÍPated — as the square 
ani .h a' 'f in a Cert3Ín circui’ * held constant and the current is doubled, power will increase to 4 times its or"e nä 
va ue.If the current increases by just 20 per cent, wattage increases not just by 

If a resistor is subject to overcurrent in a 

WHAT HAVE YOU LEARNED? 

de linë T tO Charge a 25'V St°rage battery at a 5’A rate from a 100-V d-c line. You connect a resistor in series with the battery in order to drop 
the line voltage down to the 25 V required to charge the batten The 
voltage across the res.stor is (o)- volts, and the resistor should 
have a resistance of (b)- ohms. The power dissipated in the re-
s|s or is (c) - watts. You should use a resistor with a rating of about 
<d)-watts. 

Identical resistors may be connected in either series or parallel to increase 
he power dissipaUon capability. Whether connected in series or in paral 

°f the grOUp ÍS equal to that of a s'ngle resistor 
multiplied by the number of resistors. Thus two 10-W 50-12 resistors 
tonnected in series will be equivalent to a 20-W, 100-12 resistor. When the 

SX, 25~ COnneCted in para"c1’they wi " be equiva,ent ‘° a

stand the highest wattage to be dissipated. The formula P = shows 

that the power dissipated by a resistor also varies as the souale of the 

pe/cent A8ainVîh agC 2° pOWer inCreases by 44
resistor For m COnsideration ^n selecting a resistor. For small increases in current and voltages (not over 20 ner 
ent), you can assume the percentage increase in wattage to be twice the 
percentage mcrease in current or voltage. Thus a resistor subject to a 10 

Z thX^ needS a 20 Per Cent ,arger Wattage lha" —d other-



44 power increases to (c> _ times the original value. If the current is 
tripled, the power will increase to (d) _ times its original value. If 
the current is cut in half, the power will reduce to (e)_ its original 
value. 

3. If 3 A flows through a 10-12 resistor, the voltage across the resistor is 
(a)_ volts. If this voltage is doubled, the current will also 
(b)_ We found in Problem 2 that doubling the current 
increases the power dissipation by 4 times. Since doubling the voltage 
doubles the current, doubling the voltage also increases the power dissipa¬ 
tion by (c)_ times. If the voltage is reduced to one-third its 
original value, the power dissipation will be reduced to (d)_ 
of its original value. 

4. If 3 A flows through a 10-12 resistor, the power dissipation has been 
found in Problem 2 to be 90 W. If the resistance is doubled to 20 12 and 
the current is kept at 3 A, the power dissipated will be (o)_ watts. 
Hence, doubling the resistance (b)_ the power dissipated. 
If the resistance is reduced to one-third its original value and the cur¬ 
rent is held constant, the power dissipated will be reduced to (c)_ 
its original value. 

5. If 30 V is connected across a 10-12 resistor, the power dissipated is 
(o)_ watts. If the resistance is doubled to 20 12, the power dissipated 
will be (b)_ watts, assuming the voltage stays at 30 V. If the volt¬ 
age does not change, reducing the resistance by one-half will (e>_ 
the power dissipated. 

ANSWERS 

1. (a) 75 . . . 100 V - 25 V = 75 V, the amount that the voltage is dropped. 
E 75 V 

(b) 15. . .R = — = ■ = 15 12 (c) 375; (d) between 560 and 750 

2. (a) 90; (b) 360; (c) four;(d) nine; (e) one-quarter 
3. (a) 30; (b) double; (c) four;(d) one-ninth 
4. (a) 180; (b) doubles; (c) one-third 5. (a) 90; (b) 45; (c) double 



LESSON 2324-1 45 

VOLTAGE, CURRENT, AND RESISTANCE 
IN D-C CIRCUITS 

EXAMINATION 

Circle the number of the correct answer for each question that follows. When you 
are finished,transfer the answers to the answer sheet by putting X's in the proper 
squares. When the graded answer sheet is returned to you, correct in this book any 
questions you may have missed. By doing so, you will have a record of the correct 
answers to all questions for review purposes. 

1. In which network of Fig. 38 is the total resistance equal to two-thirds 
the resistance of one unit? Each resistance has the same value. y 

2. In which network of Fig. 38 is the total resistance equal to 3 times the 
resistance of one unit? 3 

In \vhich network of Fig. 38 is the total resistance equal to 1 ’/2 times 
the resistance of one unit? Hint: Assume each resistance to be 10 Í2 
(or some other convenient value), and work out total resistance for 
each of the networks. 

In which network in Fig. 38 is the total resistance equal to one-third 
the resistance of one unit? / 

Fig. 38 



5. What is the difference between electric power and electric energy? 
( 1 ) Power is expressed in watts, energy in kilowatts. 
(2) Energy is work that is done, while power is the ability to do work. 

t
 Power is work that is done, while energy is the ability to do work. 
Energy is the capacity to do work, while power is the rate of doing 
work. 

6. What is the unit of electric power? 
(1) Ohm (2) Mho (3) Ampere (4) Volt 0) Watt 

7. What is the formula for determining the power in a d-c circuit when 
the current and voltage are known? 

' (1) P = — (2) P = IR (3) P = ÍR 
R 

(4) P = & P - EI 

8. What is the formula for determining the power in a d-c circuit when 
the voltage and resistance are known? 

0 P = y (2) P = IR (3) P = ÍR 

E1(4) P = (5) p = EI 

9. What is the formula for determining the power in a d-c circuit when 
the current and resistance are known? 

(1) P = y (2) P = IR P = I2 R 

E2 ■> (4) P = (5) P = E2

10. What is the heat dissipation of a 2O-S2 resistor that has a current of % 
A passing through it? 
(I)5W (2) 2.5W (3) 80W 0 I'/.W 

1. If two 10-W 500-12 resistors are connected in parallel, what is the 
power-dissipation capability of the combination? 
(1) 10W (2) 100W (3)5W é?20W 

12. If the value of a resistance, across which a constant voltage is applied, 
is doubled, what will be the resultant proportional power dissipation? 

Doubled (3) One-quarter 
<2) Four times One-half 



13. If the value of a resistance to which a constant voltage is applied is 
/ halved, what will be the resultant proportional power dissipation? 

O  Doubled (3) One-quarter 
(2) Four times One-half 
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NOTE: Many of the following problems involve several steps. Even though you 
work the problems correctly, your third significant figure may frequently vary 
slightly from the choice we intend as the correct answer. This is because different 
practices in rounding off the intermediate steps will give slightly different results. 
If you, forexample, obtain an answer of 4.17 and one of our choices is 4.19, this 
should be taken as the answer, assuming, of course, you have not made a mis¬ 
take. However, the variation should not be more than 2 or 3 in the third sig¬ 
nificant figure. If you obtain 4.17 and our nearest choice is 4.10, you should re¬ 
check your work. 

14. You want to replace the four resistors of Fig. 39 with a single resistor. 
What value should it be? It will be helpful to redraw this circuit so 
that the components in parallel and those in series will be more ap¬ 
parent. Notice that some of the choices are close together in value. 

15. 

CH 

You want to replace the four resistors of Fig. 40 with a single resistor. 
What value should it have? Choose from the selections for Question 
14. Again your calculations must be accurate. 

Fig. 40 



16. If the transistor 
the transistor? 
(1) 5 V 0 11.4 V 
O 18.6 V 

in Fig. 41 draws 5 mA, what is the voltage across 

(4) 20 V 
(5) 23.6 V 
(6) 30 V 

(7) 50 V 
(8) None of the above 

17. The current through R^ in Fig. 42 is 6 mA. What is the lowest wattage 
rating that resistor R, should have, allowing 
Calculated value as a safety factor? 
O 0.216 W (3) 1.44 W (5) 
(2) 0.726 W (4) 2.16 W (6) 

(7) None of the above 

50 per cent over the 

7.26 W 
144 W 

18. What is the lowest wattage rating that resistor R2 in Fig. 42 should 
have, allowing 50 per cent over the calculated value as a safety factor? 
-(1) 0.036 W 
(2) 0.072 W 
d  0.108 W 

(4) 0.132 W 
(5) 0.288 W 
(6) 0.430 W 

(7) 1.452 W 
(8) None of the above 

. OC^ X</^° 

(4) 0.108 W 
(5) 0.162 W 
(6) 0.363 W 

(1) 0.027 W 
0.072 W 

(3) 0.0495 W 

19. What is the lowest wattage rating that resistor in Fig. 42 should 
have, allowing 50 per cent over the calculated value as a safety factor? 

(7) 0.544 W 
(8) None of the above 

Fig. 42 



Fig. 43 
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20. Figure 43 shows a series-parallel circuit with ammetersand voltmeters 
«— connected to measure current and voltage in various parts of the 

circuit. Voltmeter reads 36 V, and ammeter A, reads 4 A. What 
does ammeter /1 4 read? 
( 1 ) 2 A 0 4A (5) 8 A 
(2) 3 A (4) 6 A (6) 12 A 

(7) None of the above 

What does voltmeter F, in Fig. 43 read? 
(1) 18 V 36 V (3) 48 V (4) 72 V 

(5) Can’t be determined with information given 
(6) None of the above 

22. What does ammeter A 3 in Fig. 43 read? 
(1) I A $ 3 A (5) 6 A 
(2) 2 A (4) 4 A (6) 12 A 

(7) None of the above 

^24. What does ammeter A, in Fig. 43 read? 
AWelect'ons f°r Question 22. 

Choose an answer from the 

24. What is the resistance of R in Fig. 43? 
(1)9 fl (2) 12« Q  36« (4) 72 fl 

(5) Can't be determined from information given 
(6) None of the above 

2ÿ, What does voltmeter K, in Fig. 43 read? 
(1) 36 V (3) 80 V 0 116 V 
(2) 44 V (4) 100 V 

(6) Can’t be determined from information given 
(7) None of the above 



50 26: What is the value of the power dissipated by resistor Rt in Fig. 43? 
(1) 48 W (3) 192W (5) 472 W 
0 108 W (4) 348 W 

(6) None of the above 

27. The resistance per foot of copper wire A is half that of wire B if 
(1) wire A has twice the diameter of wire B. 
(2) wire A has one-half the diameter of wire B. 

wire A has twice the cross-sectional area of wire B. 
(4) wire A has one-half the cross-sectional area of wire B. 

28. The cross-sectional area of wire is generally measured in 
< (1) inches. (4) square mils. 

(2) mils. $ circular mils. 
(3) square inches. 

29. The wire that would be twice as good a conductor as a No. 18 wire is S No. 15 wire. (3) No. 17 wire. (5) No. 20 wire. 
No. 16 wire. (4) No. 19 wire. (6) No. 21 wire. 

30. One reason for grounding electronic equipment is 
^á^so that there will be a reference point to which voltage measure¬ 

ments can be .made. 
(2) to increase the life of the battery used to power the circuit. 

to reduce the amount of chassis wiring required. 
(4) to make it possible to use a lower-voltage source of power. 

31. To check the condition of a dry cell, you should 
^''(l) disconnect the battery from its load and measure its voltage. 

measure the voltage while the battery is delivering power to its 
normal load. 

(3) measure the load current. 
(4) divide the battery voltage by the load current. If this quotient is 

less than 10, the battery is near the end of its life. 

32. As a dry cell nears the end of its useful life, 
^/(l) its open-circuit voltage decreases. 
• its internal resistance decreases, 

its internal resistance increases. 
(4) its open-circuit voltage goes down and its internal resistance 

remains the same. 

33. If the voltage of a source drops greatly when supplying appreciable 
current, then 



( 1 ) the voltage source is worthless for the purpose, 
the source is a high-resistance type. 

4$ the source is a low-resistance type. 
(4) the source is probably short-circuited. 

34. In Fig. 44 the voltage at point A with respect to ground is 
(I) -75V. (4) +30V. +75V. 
(2) -45 V. (5) +45 V. © + 90 V. 
(3) + 15 V. 

35. In Fig. 44 the voltage at point C with respect to ground is 
^-90V. (3) — 10 V. (5) +10V. (7)+75V. 
Ö-15V. (4) 0 V. (6) + 15 V. (8) +90V. 

36. If you hold the leads of a voltmeter between points B and C in Fig. 44, 
the voltmeter will read 
(1) 0 V. 30 V. (5) 75 V. 
(2) 15 V. 45 V. (6) 90 V. 

Fig. 44 
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END OF EXAM 
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A chat with your instructor 

Audio amplifiers are designed to amplify frequencies from approxi¬ 
mately 20 to 20,000 cps. The name “audio” comes from the fact that 
amplifiers of this type were first used exclusively for amplifying 
sound signals. They now have many uses that do not involve sound, 
such as amplifying instrument readings or the outputs from servo 
systems. 

Audio amplifiers are the most widely used of all electronic devices. 
They are found in the smallest transistor radios and hearing aids and 
in the largest military electronic equipment; they are integral parts 
of every TV set and of every satellite. In fact, wherever information 
such as sound, pressure, light intensity, or a meter reading is repro¬ 
duced electronically, you are almost sure to find an audio amplifier. 

Because the input signal to an amplifier is quite small, the audio am¬ 
plifier must fill two functions: (1) It must amplify the low voltage of 
the input signal to a suitable value. (2) It must amplify the low 
power of the input signal to a high enough level to operate the loud¬ 
speaker. 

The analysis of the audio amplifier will therefore be subdivided into 
two parts: voltage amplifiers and power amplifiers. Since audio am¬ 
plifiers and equipment are most commonly used for the amplification 
of sound, a good starting point is a brief study of sound waves. 



2 

Audio Amplifiers 
and Equipment 

SOUND WAVES ... Air presses up, down, and sideways on every¬ 
thing it comes in contact with—walls, ceilings, and floors; hands, eyes, 
and ears—with a force that is normally 15 lb per sq in. 

Any sound that is created, whether it is speech, music, ringing of a 
bell, or just noise, disturbs this air pressure and sets up sound waves. 
The louder the sound, the greater the change in air pressure, or the 
greater the amplitude of the sound wave. 

Sound waves travel outward from the source in all directions, alter¬ 
nately rising and falling much as waves on the surface of a pond rise 
and fall after a stone has been thrown into the water. 

We can represent a cycle of air-pressure changes by the pressure ver¬ 
sus time curve shown in Fig. 1. When these varying air pressures 
strike the listener’s ear, they register as sounds. 

If a sound causes air pressure to rise and fall 100 times per second, it 
is said to have a frequency of 100 cps (cycles per second). The note of 
a whistle which produces 10,000 cycles of pressure variations in one 
second has a frequency of 10,000 cps. 

normal 
atmospheric 
pressure 

Fig. 1 Sound waves. Sound is transmitted as pressure changes through air. 



The audio-frequency range is generally considered to extend from 20 
to 20,000 cps, although sound waves above 15,000 cps are not audible 
to most people. 

3 

For most practical purposes, the frequency of a sound determines its 
pitch. Thus, a note of 100 cps, which is toward the low end of the 
audio-frequency range, would be recognized as a note of low pitch. A 
note of 10,000 cps, which is in the upper range of most men’s hearing, 
would be heard as a sound of high pitch. 

WHAT HAVE YOU LEARNED? 

1. Sound travels by means of- in air pressure. 

2. (a) The louder the sound, the - the change in air pres¬ 
sure. (b) The louder the sound, the greater the - of 
the sound wave. 

3. The pitch of a sound corresponds to the ---of the 
sound wave. 

4. Assume an average person can hear sounds over a frequency range 
extending from 50 to 13,000 cps; then a 75-cps signal would have a o 
_ pitch and a 12,000-cps signal would have a (b> -
pitch. 

5 When struck, a certain piano key produces a pitch of 2000 cps 
with overtones at the second (4000 cps), third (6000 cps), and fourth 
harmonics. To amplify the sound without distortion, an amplifier 
must have a frequency range of at least - cps to -
cps. 

ANSWERS 

1. Changes 2. (a) Greater; (b) amplitude 
3. Frequency 4. (a) Low; (b) high 
5. 2000 cps to 8000 cps ... The frequency of the fourth harmonic is 8000 cps. 
Therefore, the frequency of the sound caused by striking the piano key ranges 
from 2000 to 8000 cps, and the amplifier must be able to pass all of these fre¬ 
quencies without distortion. 



INTERSTAGE COUPLING METHODS 

1 he stages of a complete audio amplifier can be divided into two 
types, voltage or current amplifier stages and power amplifier stages. 
The purpose of a voltage or current amplifier stage is to increase the 
amplitude of the signal voltage or current. With transistors the cur¬ 
rent amplitude is increased, and with vacuum tubes the voltage am¬ 
plitude is increased. The results are equivalent, since in both cases 
the signal amplitude is increased. The distinguishing characteristic of 
a voltage or current amplifier is that it is not designed to deliver 
more than a small amount of power to its load. 

The purpose of a power amplifier stage is to increase the power in the 
signal. It is used for operating a load that requires considerable power, 
such as for a loudspeaker or for an ultrasonic crystal for industrial 
cleaning. 

2 AMPLIFIER COUPLING ... Because the level of the input signal 
fed to an audio amplifier is generally quite low, one or more stages of 
voltage or current amplification are needed before sufficient signal 
amplitude can be obtained to drive a power amplifier stage. 

You are already familiar with the basic circuits of the voltage or cur¬ 
rent amplifier stage. The problem now is how to interconnect two or 
more stages in order to obtain the necessary gain. 

The coupling network must perform two functions: (1) It must trans¬ 
fer the output signal, or a-c component, from one stage to the input 
of the next stage. (2) It must block d-c voltages in one stage from in¬ 
teracting on the next stage. 

input signal from microphone 
or other pickup, from detector 
stage of receiver, etc. output signal to speaker 

or other load 

audio 
amplifier 1 

coupling 
network 

audio 
amplifier 2 

Fig. 2 Amplifier coupling. The coupling network between two amplifiers must (a) 
transfer the output signal from amplifier 1 to the input of amplifier 2 and 
(b) prevent the interaction of d-c voltages between the two stages. 



Some of the signal is shunted off 

Fig. 3 Impedance coupling. 

Figure 2 illustrates the function of the coupling network. Four baste 
coupling methods are used to perform these functions. They are (1) 
resistance (RC) coupling, (2) transformer coupling (3) impedance 
coupling, and (4) direct coupling. Each of these methods will be dis¬ 
cussed in later topics. 

3 IMPEDANCE COUPLING ... In Fig. 3 the signal is transferred from 
the output of V, to the grid of V2 by means of the coupling network 
consisting of L, Cc, and R2. It is called impedance coupling because of 
the use of the inductor L in the plate circuit of the tube. 

The operation of the circuit shown in Fig. 3 is largely familiar to you 
from a preceding lesson, but it will be reviewed here The signal ap¬ 
plied to the grid of V, is amplified, and the amplified signal passes 
from the plate circuit of V, through capacitor Cc to excite the gn o 
tube V,. The signal, being a-c, passes readily through the coupling 
capacitor Cc but is blocked by inductor L, so that the only path it is 
free to follow is the one to the grid. 

A tube will not operate as an amplifier unless a positive d-c voltage 
is applied to its plate. The use of inductor L makes it possible to ap¬ 
ply this voltage without making an undesired path for the a-c signa . 
Capacitor Cc is necessary to block the d-c voltage so that it will no 



6 reach the grid of V2, since a tube does not amplify properly with a 
positive d-c voltage on its grid. 

Proper tube operation requires that a d-c bias voltage be applied to 
the grid. For this purpose a d-c current path is required between the 
source of bias voltage and the grid. Resistor Ä2 provides this path so 
that the negative d-c bias voltage developed across cathode bias re¬ 
sistor R3 can be applied to the grid of tube V2. 

Resistor R2 is necessary, but it reduces the gain of the amplifier be¬ 
cause some of the signal voltage will be lost through it as shown in 
Fig. 3, thus weakening the signal. By using a high value for R2 (typi¬ 
cally, 1 megohm), the weakening of the signal because of losses 
through R2 is small. 

There is also a loss of signal strength because it is not practical to 
make L a sufficiently large reactance to block nearly all the signal. 
Therefore, much of the signal is shunted through L, and the signal 
reaching the grid of V2 is thereby weakened. The loss of gain because 
of signal loss through L is greater than the loss due to R, because it 
is not practical to use a choke with a reactance as high as the resist¬ 
ance of R2. 

Fig. 4 Two-stage RC-coupled amplifier. 



7 RC COUPLING ... The coupling network of Fig. 4 is the same as the 
impedance coupling network of Fig. 3, except that resistor Ry has 
been substituted for the choke L. This method of coupling is known 
as resistance coupling, or as RC coupling. 

Since Ry of Fig. 4, like L of Fig. 3, offers a high impedance to the a-c 
signal, the principles of operation of the two coupling methods are 
identical. Unfortunately, however, R, also offers a high impedance to 
the d-c current that must be furnished by the power supply Ebb 
through this resistor to the plate of V,. The voltage of Ebb must be 
much higher than required for impedance coupling in order to make 
up for the d-c voltage drop across Ry. 

WHAT HAVE YOU LEARNED? 

1. In Fig. 4, d-c plate voltage is kept out of the grid circuit of the fol¬ 
lowing stage by (a) blocking capacitors - ,- - and 
_ (b) The bypass capacitors that keep the a-c signal out of 
the cathode bias resistors are - , - , and -
(c) The signal coupling capacitors are - ,- - and 

2. In Fig. 4, (a) resistor R2 develops the - for 
V, and (b) resistor _ serves a similar function for V2. (c) The 
purpose of R is to--—-
_ , and (d) resistors _ and - serve a similar 
function, (e) The signal is forced from the plate of V2 through C5 to 
the grid of V3 by the blocking action of - , and (f) resistors 
_ and _ serve a similar function. 

3. In Fig. 4, (a) before signal is applied, the grid potentials of V, and 
V2 with respect to ground are - volts and - volts, 
(b) The grid biases (that is, the grid potentials with respect to cath¬ 
odes) are (negative) (positive) (zero). 

4. (a) In Fig. 4, if capacitor Cy becomes shorted, what effect will this 
have on the circuit? (b) There is some signal loss in Cy, because its 
reactance is not zero. If the value of Cy is reduced, what effect will be 
noted? (c) This effect will be greater at (high) (low) frequencies, (d) 
If the value of Cy is increased, what effect will be noted? 



8 5. In Fig. 4, (a) trace the path for the d-c component of plate current 
for tube V2 and (b) trace the path for the a-c signal component of 
plate current. 

6. The phase difference between the input signal voltage to the grid 
of V, and that to the grid of V3 is _ degrees. 

ANSWERS 

1. (a) C„ C3, and C5; (b) C„ C„ and C„ 
(c) C„ C„ and C5... They couple the a-c signal to the next stage. 

2. (a) Grid bias; (b) Ä5
(c) Conduct the grid bias voltage developed across R2 to the grid of V, 
(d) R. and Ä,; (e) Ä6; (f) R, and R, 

3. (a) Zero, zero ... The grids are connected to ground via the grid resistors R 
and R„ Since there are no currents through these resistors, the IR drop across 
them is zero. 

(b) Negative ... Because the cathodes are at a positive potential with re¬ 
spect to ground, the grids are negative with respect to their cathodes. 
4. (a) The d-c plate potential would be applied to the grid of V2. The resulting 
high positive bias would cause tube V2 to bum out. 

(b) Reducing the capacitance of C, will increase the reactance of C, to a-c 
signals. Therefore, there will be a larger signal voltage drop across C3( which 
will reduce the signal applied to the grid of V, and thus reduce the gain of the 
system. 

(c) Low ... The reactance of a capacitor is greater at low frequencies, which 
results in greater signal loss. 

(d) Increasing the capacitance of C, will reduce the reactance of C, to a-c 
signals. Therefore, C, will present less reactance to a-c signals at low frequency 
and thus improve low-frequency response of the amplifier. 
5. (a) The d-c path is from ground (the negative side of the power supply) 
through Ä5, through the tube, through Ä6 to the positive side of the power sup¬ 
ply, and through the supply back to ground. 

(b) The a-c path is from ground, through C„ and through the tube, at which 
point the current divides. Some current goes through Ä6 and C7 back to ground, 
while the rest flows through C5 and Ä, to ground. Signal current flow reduces 
gain, so that Rk and Ä, are made as high as practical. The less the signal cur¬ 
rent, the higher the signal voltage that reaches the next grid. 
6. Zero ... There is a 180° phase shift between input and output signals of each 
stage. Thus, total phase shift for two stages is 360° (equal to 0°), so that the 
two voltages are in phase. 

COUPLING FOR PENTODE AMPLIFIERS ... RC coupling is 
used equally well with pentodes. The circuit for a multistage pen¬ 
tode 7?C-coupled amplifier, shown in Fig. 5, follows the same general 
principles as those discussed for triodes. In addition, provision must 
be made for the added grids: the suppressor and screen. 
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Fig. 5 A two-stage RC-coupled pentode amplifier. 

This is readily done by tying the suppressor to the cathode and by 
using a suitable screen bias dropping resistor and bypass capacitor, 
Ä3 and C3, for the screen of V,, 

The coupling network between tubes is the same as shown in Fig. 4. 
However, because of the higher internal resistance of the pentode, 
higher values are used for the plate and grid resistors. Plate resistors 
as high as 0.47 megohm and grid resistors as high asseverai megohms 
are used. 

TRANSFORMER COUPLING ... Transformer coupling is some¬ 
times used to interconnect audio amplifier stages. Such a circuit is 
shown in Fig. 6. 

Both the d-c plate current and the a-c signal pass through the pri¬ 
mary. The a-c signal in the primary induces a signal voltage in the 
secondary winding, which is applied to the grid of the following stage. 
Since transformers do not transfer d-c from primary to secondary, the 
d-c plate supply voltage is isolated from the grid ot V2. 

The transformer itself provides a further voltage gain because of its 
step-up action. In fact, of the four coupling methods discussed, trans¬ 
former coupling provides the highest stage gain. Greater gain per 
stage means that fewer amplifier stages are needed for a given overall 
gain as compared, for example, with RC coupling. Practical step-up 
ratios for interstage transformers are limited to about 3 to 1. 
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Fig. 6 Transformer coupling. 

Transformer coupling offers a second advantage. Because the primary 
winding has a very low d-c resistance, there is only a negligible volt¬ 
age drop between the supply voltage Ebb and the plate of the tube. 
Therefore, it is possible to obtain good tube performance with much 
lower supply voltages than are required when RC coupling is used. 
Impedance coupling also has this advantage. 

Transformer coupling also has its disadvantages, however. The trans¬ 
formers needed are heavy, bulky, and quite expensive. Also, far bet¬ 
ter frequency response can generally be obtained with RC coupling. 
Although special high-fidelity transformers are available, a single unit 
may cost more than a 5-tube a-c/d-c radio. 

WHAT HAVE YOU LEARNED? 

1. It is desirable to operate a portable amplifier circuit from a 
45-volt B battery. Two coupling methods suitable for this service are 
-- and__ 

2. In Fig. 6, the tube has a gain of 18 and the transformer has a step-
up ratio of 2.5 to 1. If a steady d-c signal of 2 volts is applied to the 
grid of V„ the signal voltage applied to the grid of V2 is_ 
volts. 



3. In Problem 2, the input signal is changed to 0.8 volt rms at 1000 
cps. The grid input to V2 is then - volts. 

4. The maximum step-up action obtainable with impedance coupling 
is -

5. If Ebh in Fig. 3 is 90 volts, the approximate value for the d-c plate 
potential of V, is - volts. 

ANSWERS 

1. Transformer and impedance ... With these coupling methods nearly all of 
the B battery voltage is applied to the plate, so that a relatively low B battery 
voltage can be used. 
2. Zero ... The d-c signal produces a steady plate current, and no voltage is 
induced in the secondary winding. 
3. 36 volts rms . .. 0.8 X 18 X 2.5 = 36 
4. None . .. Impedance coupling does not use a transformer. 
5. 90 volts ... Because of the low d-c resistance of the choke, the d-c voltage 
drop across the choke is negligible. 

DIRECT COUPLING ... In each of the preceding coupling circuits, 
the gain decreases appreciably for signals of very low frequency, so much 
so that the circuits are not practical at frequencies below 20 cps. With 
EC coupling, this is caused by the increased reactance of the coupling 
capacitor at low frequencies, which, like a high resistance in its path, 
weakens the signal. With transformer coupling, the circuit gain is 
reduced for low-frequency signals because transformers do not operate 
with d-c and operate only poorly at low frequencies. With impedance 
coupling, the reactance of the inductor at low frequencies is too low 
to block the signal, and the output voltage drops off because the in¬ 
creased reactance of the coupling capacitor further weakens the signal 
reaching the following stage. Therefore, none of these coupling circuits 
are suited for amplification of d-c signals or of a-c signals below 20 cps. 

One circuit that is designed particularly for amplification of low-
frequency or d-c signals is the direct-coupled amplifier of Fig. 7. It is 
often called the Loftin- White circuit, after its orginators. 

In Fig. 7 notice that neither transformers nor capacitors are used to 
keep the d-c component of the output signal from V, blocked off from 
the next grid. Consequently, the d-c grid potential of V2 is identical 
to the d-c plate potential of V,, or + 150 volts. Notice also that the 
cathode of V2 is at + 153 volts. Since the voltage on the grid is 3 volts 
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Fig- 7 A direct-coupled amplifier. 

less than the cathode voltage, the tube is operating with a grid bias 
of —3 volts. 

Remember that it is not the voltage on the grid with respect to ground 
that determines the grid bias; rather it is the voltage on the grid with 
respect to the cathode, which in this case is 3 volts. That is how much 
a voltmeter would read when connected between grid and cathode. 

Although this circuit furnishes excellent low-frequency response, it is 
subject to stability problems. A change in power supply voltage, in 
voltage divider values, or in the value of plate load resistor Rl can 
upset the bias of V2 and thereby cause distortion. Consequently, direct 
coupling is used only where the amplification of d-c and very low 
fiequencies is required, as in analog computers. 

WHAT HAVE YOU LEARNED? 

1. An amplifier for an industrial control circuit must amplify both 
k amd¿°W‘fr!qUenCy error voltages. A - -coupled amplifier 

should be used. 

2, Referring to Fig. 7, (a) the grid bias on V, is _ volts, and 
(b) the plate voltage applied to V, is - volts. (c) The plate 
Potential for V, is less than the supply voltage of 250 volts because 
ot the drop across_ 



(d) The grid potential of V2 is _ volts with respect to ground, 
and (e) this high positive grid potential (will) (will not) damage the 
tube, (f) The plate voltage for V2 is - volts, and (g) for this 
same plate voltage and the same drop across the plate load resistor, 
(RC) (direct) coupling can be used with a more economical power 
supply. 

3. Four types of coupling that may be used with audio amplifiers are: 
(o) - , (b) - , (c) - , (d> -

4. The most commonly used of the types of coupling in Problem 3 is 
_ coupling. 

5. The highest voltage gain per stage is obtainable with -
coupling. 

6. The best frequency response is most readily obtained with (□> 
_ coupling, and the second best with <b)-coupling. 

ANSWERS 

1. Direct. .. No other amplifier will amplify a d-c voltage. 
2. (a) — 3 .. . The grid is 3 volts negative with respect to the cathode. 

(b) 147 volts. .. The plate is only 147 volts more positive than the cathode. 
(c) Rl .. . There is a drop of 100 volts across the plate load resistor Rl}. 
(d) +150 volts ... It is the same as the plate potential of V, with respect to 

ground. 
(e) Will not .. . The cathode of V2 is at +153 volts, so the grid bias is again 

— 3 volts, the same as for V,. 
(f) 147 volts. .. The plate voltage is the voltage between plate and cathode, 

which is 300 — 153 = 147 volts. 
(g) RC coupling .. . RC coupling would require a plate supply voltage of 147 

volts for the tube, plus 100 volts across Rl2, or a total of 247 volts. Notice that 
the direct-coupled circuit requires 400 volts for the second tube. 
3. (a) RC; (b) transformer; (c) impedance; (d) direct 4. RC 
5. Transformer ... The transformer supplies a stepped-up voltage gain in addi¬ 
tion to the tube gain. 6. (a) Direct; (b) RC 

TRANSISTOR AMPLIFIER ... Transistor amplifier stages can also 
be operated in cascade when more gain is required than is obtainable 
from a single stage. 

As with vacuum tubes, any of the four basic coupling methods—RC, 
transformer, impedance, or direct—can be used for interconnecting 
the stages. However, RC coupling is again the most commonly used 
circuitry. 
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Fig. 8 Two-stage transistor amplifier using RC coupling. 

With RC coupling, the highest power gain is obtained when the 
transistor is connected in the common-emitter configuration. A two-
stage amplifier of this type is shown in Fig. 8. If NPN transistors are 
used in place of the PNP transistors shown, the polarity of the volt¬ 
age source V«, and also the polarity of all electrolytic capacitors, 
should be reversed. 

Notice the similarity between this circuit and the equivalent vacuum¬ 
tube circuit of Fig. 4. Remembering that the collector in a transis¬ 
tor corresponds to the plate of a tube, the base corresponds to the 
grid, and the emitter corresponds to the cathode, the connections 
and components in the two circuits are the same, except for the addi¬ 
tion of R2 and Rb in the transistor circuit. However, the component 
values in a transistor amplifier are much different than the corre¬ 
sponding tube components. This is because transistors require much 
different values of current and voltage for proper operation than 
tubes require. 

For the same reason, the part played by some of the components in 
transistor circuits is different than the part played by the correspond¬ 
ing components in tube circuits. 

Resistors in a tube circuit that correspond to R, and R,, Fig. 8, are 
used to obtain grid bias. Emitter resistors Ä3 and R, are used for an 
entirely different purpose, namely, for circuit stabilization. Unlike 



tube characteristics, transistor operating characteristics change con¬ 
siderably with temperature variation. Resistors R3 and R, help com¬ 
pensate for these changes, so that the circuit will operate well over a 
wide temperature range. Capacitors C, and C3 serve the same purpose 
as the corresponding cathode bypass capacitors in tube circuits, 
namely, to pass direct to ground the signal component of the emitter 
current so that it does not pass through R3. 

Base-emitter bias for Q, is obtained from the voltage-dividing net¬ 
work consisting of R and R2 in series between battery Va and ground 
with the base connected at the junction of the two resistors. Since R2 

is 10 times the resistance of R„ the base-emitter bias voltage is only 
a small fraction of Va. This method of providing base-emitter bias 
also helps stabilize the circuit against erratic operation caused by 
temperature changes. 

To maintain good low-frequency response in spite of the low input 
resistance of transistor Q2, which is on the order of only 1000 ohms, 
the value of the coupling capacitor C2 must be higher than needed for 
a vacuum-tube amplifier. Values from 2 to 10 /if are common. Because 
of the high values needed, electrolytic capacitors are generally used. 

WHAT HAVE YOU LEARNED? 

1. The polarity of the base potential with respect to ground of tran¬ 
sistor Q, in Fig. 8 is (positive) (negative). 

2. This polarity produces (forward) (reverse) bias of the base-emitter 
junction. 

3. If a positive-going signal is applied at the input of Q,, (a) base cur¬ 
rent (increases) (decreases), (b) collector current (increases) (de¬ 
creases), and (c) collector potential becomes (less) (more) negative. 

4. There is a _ - degree phase difference between the input 
and output signals in the circuit of Fig. 8. 

5. In .RC-coupled transistor circuits, the low input resistance of the 
next stage requires the use of a (large) (small) capacitance value for 
the coupling capacitor. 

6. In Fig. 8, if C2 is an electrolytic capacitor, the left-hand plate 
should have a _ polarity. 

15 



16 7. In the circuit of Fig. 8, if NPN units were used, (a) the emitter 
arrows should point - , (b) the power supply polarity 
(should) (should not) be changed, and (c) capacitor C2 (should) (should 
not) be reversed, (d) The input and output signals would have a 
- -degree phase difference. 

8. Resistor R„ Fig. 8, serves for circuit _ _ 

ANSWERS 

1. Negative ... Through resistor R2 the base is connected to the negative ter¬ 
minal of the power supply. 
2. Forward ... This is a PNP transistor. Negative polarity on the N-type base, 
with positive polarity on the P-type emitter, will cause conduction. 
3. (a) Decreases ... Since the base bias is negative, the positive signal reduces 
the bias and, therefore, the base current. 

( b) Decreases... The transistor is being driven toward cutoff. 
(c) More (negative)... There is less drop across R„ and the collector poten¬ 

tial approaches the full supply voltage. There is thus a 180° phase shift be¬ 
tween input and output. 
4. Zero... In the answer to Problem 3 we noted a 180° phase reversal between 
input and output of one transistor. For a two-stage circuit, the phase shift is 
360°, or back to zero. 
5. Large 6. Negative ... It is connected through R, to the negative side of 
the power supply. 
7. (a) Outward (b) Should ... Ground the negative side and feed the posi¬ 
tive potential to Rt. (c) Should ... The positively marked side should be 
connected to Rt. (d) Zero ... Each transistor still produces a 180° phase 
shift for a total of 360°, or 0°. 
8. Stabilization ... For example, any bias shift that would cause the collector 
current to increase will cause more current to flow through R,. Since this cur¬ 
rent flows down, the emitter becomes more negative. This reduces the forward 
bias and brings the collector current back toward the original value. 

g MULTISTAGE AMPLIFIER PROBLEMS ... In a multistage am¬ 
plifier, certain problems arise that would not occur in a single stage. 
One cause of trouble is the common power supply. To see how trouble 
can occur, let us examine the three-stage amplifier in Fig. 9(a). 

At very low frequencies, the impedance of the power supply filter 
capacitor C, becomes important because the impedance of this filter 
becomes relatively high. For example, at 8 cps, the reactance of the 
capacitor is about 1000 ohms. 

When a signal is applied to the grid of V,, it is amplified by the am¬ 
plifier, resulting in an a-c component in the plate circuit of V3 as 
shown by the double-headed arrows. Although the purpose of Rb} is 
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(a) 

(b) 
Fig. 9 Multistage amplifier and the use of decoupling filters. 

to block this a-c component so it will go through Ct to the next stage, 
it is not practical to make the resistance of Rh, high enough to com¬ 
pletely block the a-c component. The part of the a-c component of 
the plate current that gets through Rh3 takes the path indicated by 
the double-headed arrows. 

Since this current passes through C,, and since C, has considerable 
reactance at low frequencies, an a-c signal voltage will be developed 



18 across C,. This voltage is impressed upon the d-c power supply volt¬ 
age, giving the latter an a-c component at the signal frequency. Since 
the same power supply supplies the V, plate circuit as well as the V3 

plate circuit, the a-c signal that it carries passes through Ä/>, and 
then C2 to reach the grid of V2. This a-c component reaching the grid 
of V2 because of the common power supply may be very small, but 
after it is amplified by V2 and V2 it becomes quite large. This will in 
turn cause a greater a-c voltage to be developed across C, and 
increase the feedback signal to the grid of V2. Consequently the out¬ 
put from V2 increases further, etc. The result is that the amplifier 
oscillates. 

Since the power supply impedance becomes large enough to cause 
significant voltage drops only at very low frequencies, this oscillation 
is sustained only at very low frequencies and results in a “put-put-
put” sound from the loudspeaker. Because of the sound, this mal¬ 
function has come to be called motorboating. 

To prevent this effect, decoupling filters, as shown in the darkened 
areas of Fig. 9(b), are inserted into each plate return lead. With de¬ 
coupling filters in the circuit, the plate current of each tube, on 
reaching the lower end of its plate resistor, can take either of two 
paths: through the 50,000-ohm resistor and power supply capacitor 
C4 to ground or through decoupling capacitor C, directly to ground. 

Even at a frequency as low as 8 cps, most of the current will flow 
through capacitor C, to ground, because the impedance of C, is less 
than one-fiftieth of the impedance of the alternate route. 

The reduced current flow through the power supply capacitor reduces 
the voltage drop across this capacitor to such a level that it is no 
longer large enough to be significant. Thus, decoupling filters prevent 
interaction through the common power supply. 

Another frequent malfunction in a power supply which you should 
understand is the presence of hum. Although hum can occur in a sin¬ 
gle-stage amplifier, it is seldom loud enough to be disconcerting. 
When it occurs in an early stage of a multistage amplifier, however, 
it can drown out the desired signal. 

Hum is most commonly caused by the breakdown of capacitors in the 
power supply filter circuit. Without sufficient capacitance in the 
power supply filter, a-c ripple voltage (120 cps from a full-wave power 



supply operating from a 60-cycle source) will be applied to each tube 
and amplified by the following stages. The remedy, of course, is to re¬ 
place the defective filter capacitors. 

1< 
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Another fairly common cause of hum is interaction between the cath¬ 
ode and heater of a tube. Since heaters are operated from the a-c 
line, interaction will introduce some 60-cycle voltage into the input 
circuit of the defective tube, which results in hum. 

There are many other possible causes of hum; they include stray 
magnetic or electric fields that enter an amplifier through wires or 
by electromagnetic induction. Ground loops formed by long ground 
leads between circuits, improper grounding, and improper shielding 
of tubes are among other possible causes. 

DISTORTION 
The output voltage from an amplifier should be an exact, but ampli¬ 
fied, replica of the input signal. Any deviation in waveform is distortion. 

FREQUENCY DISTORTION ... Variation of gain with frequency 
is known as frequency distortion. Thus, if a struck piano key produces 
a fundamental note of 2000 cps and overtones (harmonics) at 4000, 
6000, and 8000 cps, the amplifier should amplify each of these fre-

Signal is weakened by Cc at low 
frequencies, where it has a substantial 

Fig. 10 Unless Hg is large compared to the reactance of Cc, much of the signal volt-
aae will be lost across Cc. 



20 quencies equally. If an amplifier has the same gain at each of these 
frequencies—50, for example—each component of the piano note will 
be amplified equally and the true quality of the sound will be pre¬ 
served. 

However, if gain varies—for example, if gain is 25 at 2000 cps, 50 at 
4000 cps, 50 at 6000 cps, and 25 at 8000 cps—there will be frequency 
distortion. In this example, the 2000- and 8000-cps sounds will be 
amplified only half as much as the 4000- and 6000-cps sounds. 

Let us examine distortion with reference to an ñC-coupled amplifier 
as shown in Fig. 10. Notice that the full a-c component of V, plate 
voltage is not available to the grid of V2 because of the voltage drop 
across coupling capacitor Cc. Usually, reactance Xc is small com¬ 
pared to the resistance of Rg and the voltage drop is negligible. But 
at low frequencies Xc increases, the voltage drop increases, and the 
loss becomes appreciable. To avoid this loss of low-frequency signal, 
large capacitance values may be used. The larger the capacitor, the 
better the low-frequency response of the amplifier. 

At the high-frequency end, shunt capacitance effects combine to 
impair the response. These shunt capacitances consist of the output 
capacitance Co of the tube, the input capacitance Ci of the next tube, 
and stray capacitance Cs of the sockets and wiring, as shown in Fig. 
11. These capacitances are present at all frequencies, but since the 
total shunt capacitance is generally small, the reactance is high, and 
the shunting effect is negligible. 

However, as frequency is increased, the reactance is decreased and 
the shunting effect becomes more important as more of the high-

+ 
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Fig. 11 Unavoidable shunt capacitance in an RC amplifier. At high frequencies, 
much of the signal is lost because of bypassing through this capacitance. 



frequency components are bypassed to ground. Good high-frequency 
response can be obtained by proper selection of the tubes (for low 
capacitance) and by careful layout and wiring to reduce stray effects. 

AMPLITUDE DISTORTION ... Any variation of gain with ampli¬ 
tude of the input signal is known as amplitude distortion. A given 
amplifier, for example, may have a gain of 50 for input signals up to 
2.0 volts amplitude, but the gain may drop to 40 for a signal level of 
2.5 volts and to 30 for a 3.0-volt signal. 

Amplitude distortion is caused by operating a tube in the nonlinear 
portion of its characteristic curves. Normally, the tube and associated 
circuitry are so selected that the tube will operate in the linear por¬ 
tion of its dynamic characteristic. However, distortion is caused if for 
some reason the characteristics of the tube or circuitry are changed. 

Causes of amplitude distortion include defective tubes, improper grid 
bias, excessive grid signal, improper operating voltages, wrong load 
impedance, and defective coupling capacitor. 

Amplitude distortion is also called harmonic distortion. This is 
because, whenever amplitude distortion occurs, additional frequencies 
appear in the output of the amplifier that were not in the input 
signal. These new, spurious frequencies are harmonics of the input 
frequencies. For example, if a 200-cps sinusoidal signal is applied to 
the input of an amplifier with amplitude distortion, the output will 
have sinusoidal waves of 400 cps, 600 cps, and even higher harmonics, 
as well as the fundamental of 200 cps. 

To see why the harmonics are formed, see Fig. 12. If the gain of the 
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Fig. 12 Output wave from amplifier with amplitude distortion is not sinusoidal 
when input wave is sinusoidal. 



22 amplifier is not as great for signal peaks as for parts of the cycle when 
signal amplitude is low, the output peaks will be flattened as shown, 
so that the output wave is not sinusoidal. You have learned that any 
nonsinusoidal wave is equivalent to a fundamental sinusoidal wave 
plus sinusoidal harmonics of this fundamental. Hence, amplitude 
distortion results in the generation of spurious harmonics. 

WHAT HAVE YOU LEARNED? 

1. If the gain of an amplifier varies with the frequency of the incom¬ 
ing signal, this effect is known as-

2. The gain of an amplifier tends to (□)-at low frequencies 
and to (b)_at high frequencies. 

3. The distortion of an RC-coupled amplifier at low frequencies is 
caused by__-

4. The low-frequency response (gain), can be improved by using a 
(larger) (smaller) coupling capacitor. 

5. Three sources of undesirable shunt capacitances are-
_,__ and_ 

6. Shunt capacitance will <a) (reduce) (increase) the (b> (low) (high)-
frequency response. 

7. If the gain of an amplifier varies with the amplitude of the incom¬ 
ing signal, this effect is known as (a)-
It is primarily caused by operation in the (b)-portion 
of the <c)-

8. Excessive bias can be caused by (a) too large a-
resistor or by (b> a plate resistor too-. 

9. Insufficient grid bias can be due to (a) a cathode resistor too (small) 
(large), (b) a plate-load resistor too (small) (large), or w -
bypass capacitor. 



ANSWERS 23 

1. Frequency distortion 2. (a) Decrease; (b) decrease 
3. Increased reactance of the coupling capacitor 4. Larger 
5. (a) Output capacitance of the tube; (b) input capacitance of next tube; 

(c) stray capacitance of components and wiring. 
6. (a) Reduce; (b) high 
7. (a) Amplitude distortion, (b) non-linear, (c) characteristic curves 
8. (a) Cathode (b) Small.. . This would cause an increase in plate current 
and therefore a greater voltage drop across the cathode resistor. 
9. (a) Small (b) large (c) defective ... A defective bypass capacitor across 
the bias resistor could reduce the effective cathode resistor value. 

GAIN OF AN ÄC-COUPLED AMPLIFIER ... The purpose of « 3 

in Fig. 13 is to block the signal component ip of the plate current and 
so force this component to the grid of the next stage. If ß3 were able 
to completely block the signal, the gain realized from the stage would 
be equal to the amplification factor ¡i of the tube. Unfortunately, the 
highest practical resistance value that can be used for R, is so low 
that much of the signal passes through R, and is therefore lost. As a 
result, the actual voltage gain A which it is possible to obtain from 
a stage is much less than the amplification factor of the tube. Some 
of the signal is also lost through Rt, further reducing the stage gain. 
However, since R, usually has a resistance much higher than R3, most 
of the signal loss is through Ä3. 

The voltage gain A of a stage is the ratio of the signal output voltage 
to the signal input voltage, which would be e»/ei in Fig. 13. The higher 
R, and Rt, the better the gain of the stage, because less of the signal 
is lost. The lower the internal resistance of the tube, called the plate 

Fig. 13 RC-coupled amplifier; schematic diagram. 



24 resistance, the higher the gain will be, because the signal is weakened 
in passing through the opposition offered by the plate resistance. 

Do not confuse the amplification factor gofa tube with the gain A 
of the stage in which the tube is used. The amplification factor repre¬ 
sents the maximum gain theoretically obtainable from a stage under 
ideal conditions. The actual gain A that can be obtained in a practi¬ 
cal circuit is always much less. The approximate gain of an ÄC-coupled 
stage can be found by the formula 

4 _— MÄj— 
rp + R}

where rp is the plate resistance of the tube. 

For a stage using a pentode tube, the approximate voltage gain can 
be found by the simpler formula 

A = gmR3

where gm is the transconductance of the tube. Since the gain of a 
pentode is proportional to gm, a tube with a high value of transcon¬ 
ductance should be selected for the best gain when using a pentode. 
For best gain with a triode, the amplification factor gt should be high. 

WHAT HAVE YOU LEARNED? 

1. The gain of an amplifier is (more) (less) than the amplification factor 
/X of the tube used. 

2. If high gain is desired from a triode stage, should the following 
tube and circuit values be high or low: (a) g, (b) rp, m R„ (d> eg? 

3. The triode section of a 12AT6 has an amplification factor of 70 
and a plate resistance of 58,000 ohms at its operating point. It is used 
as an RC-coupled amplifier with a plate resistor of 0.1 megohm. The 
approximate gain of the amplifier is_ 

ANSWERS 

1. Less 
2. (a) High; (b) low; (c) high 
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Fig. 14 A triode power amplifier with loudspeaker load. 

loudspeaker, Now the impedance of the triode tube (which is the power 
source) is perhaps 4000 ohms, while the impedance of the speaker is 
only 10 ohms. In spite of the wide difference in values, the proper 
transformer T, will match the two impedances, so that maximum 
power is delivered from tube to loudspeaker. The transformer “steps 
up” or “steps down” impedance in much the same manner as it steps 
up or steps down voltages. 

A proper impedance match requires that the transformer windings 
have the correct turns ratio. The proper turns ratio is equal to the 
square root of the ratio of the impedances to be matched. If 4000 
ohms is to be matched to 10 ohms, the impedance ratio is equal to 
4000 -s- 10 = 400, and / 400 = 20, the proper transformer turns ratio. 

Thus if the winding with the greatest number of turns has 600 of 
them, the other winding should have 600 -t- 20 = 30 turns. The wind¬ 
ing with the fewest turns connects to the lowest of the two imped¬ 
ances to be matched. 

0 + Ebb 

Fig. 15 A pentode power amplifier with loudspeaker load. 



A schematic diagram of a triode power amplifier connected to a loud- 27 
speaker load through a suitable output transformer is shown in Fig. 
14. Pentodes and beam power tubes are also commonly used, because 
they require much lower input signals for the same power output. 
The schematic diagram for such a circuit is shown in Fig. 15. Plate 
and screen are often operated at the same potential in power pentodes, 
as is done in Fig. 15. 

WHAT HAVE YOU LEARNED? 

1. The loudspeaker in an audio system is driven by a-
amplifier. 

2. In order to get maximum power to the speaker in Fig. 14, the tube 
plate (o)_must be (b)_to the loudspeaker 
impedance. This is accomplished by use of an output w-

3. In Fig. 16, a 16-ohm speaker is connected to the low-impedance 
side of an output transformer with a 20 to 1 turns ratio. For a proper 
match the plate resistance of the tube should be_ohms. 

Fig. 16 

4. A manufacturer recommends an 8000-ohm load for optimum results 
with a specific tube. If a 4-ohm speaker is to be used, the turns ratio 
of the output transformer should be_ 

5. If it is desired to get maximum power output from a minimum 
number of stages, (») _or (b>-power tubes 
should be used. 

6. Draw the circuit diagram for a pentode power amplifier coupled to 
a loudspeaker load. 



28 ANSWERS 

1. Power 2. (a) Resistance; (b) matched; (c) transformer 
3. 6400 . .. The ratio of impedances equals the square of the turns ratio: 

202 = 400 400 X 16 = 6400 ohms 

4. 1 to 44.7 ... Thus ratio = = .} _ = 1:44.7 
/ 8000 / 2000 /2ÕÕÕ 44.7 

5. (a) Pentode; (b) beam .. . These tubes have a higher power sensitivity; that 
is, they require a lower input signal voltage for a given power output. Therefore, 
fewer voltage amplifier stages will be needed. 
6. See Fig. 15. 

PUSH-PULL OPERATION ... When the maximum output from a 
given tube in a power amplifier is not sufficient, a tube with a higher 
power rating can be used. 

On the other hand, two smaller, identical tubes can be used. Connect¬ 
ing the two tubes in parallel (plates tied together, grids tied together, 
etc.), as shown in Fig. 17, will produce twice the output power that is 
obtainable from one tube. 

Connecting the two tubes in push-pull, however, more than doubles 
the usable output and also provides several other advantages. 

A typical push-pull circuit using beam power tubes is shown in Fig. 
18. Examine each tube circuit by itself, and you will discover that 
this push-pull circuit is nothing more than two standard power am¬ 
plifier circuits “back to back.” Input signals to V, and V2 are equal in 

Fig. 17 Parallel power amplifier (RC coupling). 



transformer T| action applies 
input signal to both grids—x 

Fig. 18 A push-pull power amplifier using beam power tubes. 

magnitude but opposite in phase. When the upper terminal of the 
transformer is at a positive maximum, the lower end is at a negative 
maximum. 

The voltage measured between the grids must be twice that required 
for one tube. If the grids use power, twice the input power for a one-
tube amplifier stage is required. 

One advantage of push-pull operation can be seen if you examine the 
no-signal condition. The plate current lb, for V, flows from cathode to 
plate and down through the primary winding of the output trans¬ 
former, as indicated by the solid arrow in Fig. 18. The plate current 
Ib2 for V2 flows from cathode to plate and up through the transformer 
winding. Since these equal d-c components flow in opposite directions 
through the primary, the total magnetization of the transformer core 
by direct current is zero. Therefore, there is no danger of saturating 
the transformer because of the d-c current, and the transformer core 
can be made smaller in cross section, thus reducing weight, bulk, and 
cost. 
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Now let us examine the circuit when an a-c signal is applied. As the 
grid signal applied to V, swings positive, the plate current for V, in¬ 
creases. Therefore the a-c component of plate current must flow in 



30 the same direction as the d-c component. (In Fig. 18, the a-c compo¬ 
nents are indicated by dashed arrows.) Simultaneously, the grid of V2 

swings in a negative direction and the V2 plate current decreases, or 
the a-c component of plate current must flow in a direction opposite 
to that of the d-c component. 

Therefore, both a-c components ip, and ip2 flow through the trans¬ 
former primary in the same direction. Their magnetic fluxes are addi¬ 
tive, and the power output from a push-pull amplifier can be more 
than twice the output from a single tube. 

Also, for any even harmonic, the components of plate current flow in 
opposing directions through the primary, and therefore their effects 
cancel. This is a second very important advantage of push-pull opera¬ 
tion. Push-pull amplifiers produce less distortion than a single-tube 
amplifier while furnishing twice the output power, or—if allowed to 
produce the same distortion level as that from a single-tube ampli¬ 
fier—they develop more than twice the output power. Most ampli¬ 
tude distortion is the result of the generation of spurious second har¬ 
monics in the tube. These and other even harmonics cancel out in the 
output transformer. Third-harmonic distortion is not canceled out, 
but it is usually minor. 

WHAT HAVE YOU LEARNED? 

1. If two tubes have their similar elements tied together, they are 
said to operate in__ 

2. Two tubes in parallel can deliver_the power output 
of a single tube. 

3. (a)-input signals are required for push-pull operation. 
These signals must be (b>_in magnitude and (c>_ 
in phase. Such signals can be obtained by using (d)_ 
coupling with a (e)_secondary. 

4. Comparing single-tube, parallel, and push-pull operation: (a) the 
-circuit requires the most expensive output transform¬ 
er; (b) the-circuit is least likely to cause saturation of 
the output transformer; (c) the_circuit requires the 
largest input signal level for full power output; (d) the_ 



circuit produces the least distortion; and (e) the - cir¬ 
cuit can produce the highest power output. 

ANSWERS 

1. Parallel 2. Twice 
3. (a) Two; (b) equal; (c) opposite; (d) transformer; (e) center-tapped 
4. (a) Parallel... Has the highest d-c flow in the primary and needs more iron 
in the transformer core to prevent saturation. 

( b) Push-pull... The d-c magnetizing effect of V, is canceled by the action 
of V2. 

(c) Push-pull... Two input signals equal in magnitude and opposite in 
phase, or twice the peak-to-peak value for one tube. 

(d) Push-pull... Distortion due to even harmonics is canceled. 
(e) Push-pull... Because of the lower distortion, it can be driven harder. 

PHASE INVERTERS ... We have seen that push-pull operation re¬ 
quires two input signal voltages that are equal in magnitude but op¬ 
posite in phase. So far, we have met this requirement by using trans¬ 
former coupling with a center-tapped secondary. When the power 
amplifier (class B) draws grid current, transformer coupling must be 
used, but otherwise we can get the desired input signals by using spe¬ 
cial electronic circuits known as phase inverters. 
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Act = a-c signal 
= a-c signal ( 180°out of phase with ) 

Fig. 19 Split-load phase inverter; supplies balanced input signals to push-pull 
amplifier. 



32 A commonly used version is the single-tube, split-load phase inverter 
shown in Fig. 19. Notice that this circuit resembles a simple RC-
coupled amplifier, except that the cathode bypass capacitor has been 
omitted and that an output voltage is tapped off the cathode resis¬ 
tor Rk in addition to the normal plate output. 

As in any RC amplifier, when an input signal is applied, the plate 
current varies, the plate potential varies, and the output voltage e0| , 
coupled from the plate of the tube, is in phase opposition to the input 
signal e¡. In addition, the plate current flows through the unbypassed 
cathode resistor and causes the cathode potential to vary with changes 
in plate current. In other words, an alternating voltage is developed 
across the cathode resistor, and this voltage is in phase with the in¬ 
put signal. 

The output voltage eou coupled through capacitor C3, is therefore op¬ 
posite to e0| . Since the same plate current flows through Rb and Rk, 
the output voltages will be equal when Rb equals Rk. 

How much gain can be obtained from a split-load phase inverter? We 
saw above that the cathode potential varies in phase with the input 
signal. When the signal becomes more positive, the cathode also be¬ 
comes more positive, causing grid bias to become more negative and 
reducing current flow through the tube. But this counteracts the ef¬ 
fect of the increase in input signal voltage. Thus, the action of the 
unbypassed cathode resistor produces negative, or inverse, feedback. 
You have learned that negative feedback reduces the circuit gain. 
Since Rk equals Rb, this circuit uses 50 per cent feedback and the 
maximum possible gain is just less than 2. Thus, for an input signal 
of 1 volt, the total output approaches 2 volts, but each output volt¬ 
age (e«, and e®2) can never quite reach 1 volt. This circuit, then, mere¬ 
ly provides the proper polarity signals and proper balance for push-
pull operation, and it does not provide substantial gain. 

A phase-inverter circuit which does provide substantial gain is shown 
in Fig. 20. Two tubes are usually employed. Tube V, is connected as 
in any normal ÄC-coupled amplifier. If the stage gain is 20 and if an 
input signal of 1 volt is applied, the output voltage from point A to 
ground will be 20 volts. Now notice that what is normally the grid 
resistor for the next stage actually consists of two resistors, R,a and 
R^b. 

If these resistors are accurately chosen so that R^a = 19 R,b, the volt¬ 
age from junction B to ground will be 1/20 of the total voltage (20 



Fig. 20 Two-tube phase inverter. 

volts from point A to ground) or 1 volt—the same magnitude as the 
input signal but opposite in phase. When this voltage is fed to the 
grid of V2, the output from V2 will be equal and opposite to the out¬ 
put from V,. Thus we have again obtained phase-inverter action, but 
this circuit also provides gain. 

WHAT HAVE YOU LEARNED? 

1. Electronic circuits used to feed a push-pull circuit from a single-
ended stage are called - -

2. These circuits can be used only with class <□> - and (b) -
push-pull amplifiers, because these power amplifiers do not (c) -

3. For a given input signal, these circuits will produce (□> -
output voltages that are (t) _ in magnitude but («> -
_ in phase. 

4. In the circuit of Fig. 19, resistors (□) _ and (b) - are 
critical in value. 
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34 5. If the tube in the circuit of Fig. 19 were to deteriorate (with age 
or by other cause), the effect on the balance of the output voltages 
(would) (would not) be affected. 

6. A tube with a n of 80 is used as a split-load phase inverter. If 
the input signal level is 0.5 volt, the probable output voltage at the 
plate is_volts. 

7. The low gain from the split-load circuit is due to (a)_ 
- produced because the cathode resistor is (b)_ 

8. In Fig. 20, (a) resistors-and_are critical in value. 
If the stage with V, normally has a gain of 35, the ratio of these re¬ 
sistor values should be (b)-If the input signal level is 0.5 
volt, the output at the plate of each tube is (c)_volts. 

9. If the characteristics of tube V2 should change (by aging or re¬ 
placement), the output voltages (will) (will not) remain equal. 

ANSWERS 

1. Phase inverters 2. (a) A; (b) AB,; (c) draw grid current 
3. (a) Two; (b) equal; (c) opposite 4. (a) Rk; (b) Rb 
5. Would not... The same plate current flows through Rb and Rb. Any change 
affects both outputs equally. The balance is not affected. 
6. Just less than 0.5 volt... Each output voltage approaches, but cannot ex¬ 
ceed, the input amplitude. 
7. (a) Inverse feedback; (b) not bypassed 
8. (a) R,a, R^b (b) 34 to 1 ... This will make the voltage from point B to 
ground 1/35 of the total output, or just equal to the input amplitude. 

(c) 17.5 volts ... Each tube in this circuit has its full normal gain. 
9. Will not... The tubes in this circuit should have matched characteristics; 
otherwise, the plate current changes through their respective plate resistors will 
not be equal. 

INPUT DEVICES—MICROPHONES 

A variety of source, such as a microphone, record player, tape record¬ 
er, or a computer, may be used to supply an input signal to an audio 
amplifier. The most widely used of these input devices is the micro¬ 
phone, which is used to convert sound waves to electrical waves. 
Among the more commonly used types are the carbon, crystal, and 
dynamic microphones. Each of these will be discussed briefly. 
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Fig. 21 Carbon microphone. 

THE CARBON MICROPHONE ... A carbon microphone is shown 
in Fig. 21. As a sound wave strikes the diaphragm, it causes the dia¬ 
phragm to move in and out in accordance with the sound-pressure 
changes. This varies the pressure on the carbon granules, which 
changes the electrical resistance between the carbon disks. These 
disks, in turn, are connected to an external circuit as shown in Fig. 
21(b), and the no-signal current is adjusted to the manufacturer’s 
rated value. The change in the electrical resistance of the microphone 
causes the current in the transformer primary to vary, and an alter¬ 
nating voltage is induced in the output winding. The electrical output 
Eo is then a replica of the sound wave. Its magnitude is generally less 
than 0.1 volt. 

This device is known as a single-button microphone. The word “but¬ 
ton” refers to the “box” containing the carbon granules. Because of 
random changes in contact among granules, a continuous hiss is heard. 
To overcome this effect a double button unit was developed. Its ac¬ 
tion is diagramed in Fig. 22. The push-pull action tends to balance 
out the hiss and any even-harmonic distortion. To obtain full advan¬ 
tage of the double-button action, it is necessary that the no-signal 
current for each button be balanced. 

Unbalanced currents are generally due to packing of the carbon gran¬ 
ules. Such packing can be detected by abnormally high current val¬ 
ues. A common cause of packing is subjecting the microphone to loud, 
close-up sounds. When the granules are packed, there is little change 
in resistance with sound pressure, and the microphone output is very 
low. 
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Fig. 22 Action of a double-button microphone. 

The carbon microphone is essentially a low-impedance device that 
ranges from 50 to 200 ohms in resistance. For optimum results, car¬ 
bon microphones should be transformer-coupled to the grid of a vac¬ 
uum-tube amplifier, using step-up transformers. Carbon microphones 
have a distortion level that is fairly high compared to that of other 
types of microphone, and their frequency response, although ade¬ 
quate for voice, is very limited for music. 

However, carbon microphones produce higher output levels than any 
other type; they are rugged; and their initial cost is low. Consequent¬ 
ly, they are often used in portable equipment and wherever low cost 
or high output level is more important than fidelity considerations. 

WHAT HAVE YOU LEARNED? 

1. The microphone converts (□) _ changes 
into (bj_ 

2. The operating principle of the carbon microphone is that its elec¬ 
trical (a) - varies with changes in (b>_of 
the sound wave. 

3. The box containing the carbon granules is called a_ 

4. Figure 21 shows a - -- carbon micro¬ 
phone. 
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5. The meter and rheostat in the circuit of Fig. 21 are necessary to 
permit adjustment of the - -- current to the 
manufacturer’s specification. 

6. Por proper operation of a double-button microphone the io) - -
__currents should be (b)--- To check for this 
condition, milliammeters should be inserted in the circuit of Fig. 22 
between points (<) - and - and points {<) - and 

7. Shouting directly into a carbon microphone can produce a defect 
known as <□) _ When this happens, the resistance of the 
button is (b) _ This is indicated by currents appreci¬ 
ably (c) _ than the manufacturer’s specification. This con¬ 
dition results in (d> - output. 

8. The impedance of carbon microphones ranges between (a) --
and_ ohms. A carbon microphone is coupled to the grid of a 
tube through a (b> - -- transformer. 

9. A carbon microphone (can) (cannot) be used without a d-c supply 
source. 

10. A carbon microphone, complete with battery and rheostat, (can) 
(cannot) be directly coupled to the grid of an amplifier tube. 

ANSWERS 

1. (a) Sound pressure; (b) electrical waves 2. (a) resistance; (b) pressure 
3. Button 4. Single-button 5. No-signal 
6. (a) No-signal; (b) balanced; (c) 3 and 4; (d) 1 and 8 
7. (a) Packing; (b) reduced; (c) higher; (d) low 
8. (a) 50 and 200; (b) step-up transformer 
9. Cannot ... Without the battery, no current would flow and no output volt¬ 
age would be developed. 
10. Cannot... There would be no complete d-c path and no current would flow. 

THE CRYSTAL MICROPHONE . .. When a crystal of any of cer¬ 
tain substances is subjected to mechanical pressure, a difference of 
potential is developed across opposite faces of the crystal. This is 
known as the piezoelectric effect. (The term “piezo” means pressure.) 

Rochelle salts and quartz exhibit the piezoelectric effect. The former 
is used in microphones because it develops a higher output voltage 
for a given mechanical strain. 
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bimorph cell 

Fig. 23 Crystal microphone construction. 

One type of construction uses two thin crystals cemented together in 
a differential arrangement called a bimorph cell. As shown in Fig. 23, 
the free end of the cell is attached to a diaphragm. When sound waves 
strike the diaphragm, the diaphragm vibrates. Its vibrations cause 
mechanical distortion of the cell, and this produces an output volt¬ 
age. 

Crystal microphones have a high impedance (on the order of 1 meg¬ 
ohm), and they can therefore be connected directly across the grid 
resistor of a vacuum-tube amplifier. A simple two-stage amplifier with 
crystal microphone is shown in Fig. 24. Notice that no power source 
is needed with this microphone, because the crystal generates its own 
voltage. A potentiometer control R, is used to adjust the output vol¬ 
ume level. A pentode is used for V, to provide a high voltage gain, 
and a beam power tube is used for V2 because it has i high power 
sensitivity. 

Crystal microphones are rugged and lightweight, and they have bet¬ 
ter frequency response than carbon microphones. However, their out-

Fig. 24 Crystal microphone with two-stage amplifier. 
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Fig. 25 Construction of a dynamic microphone. 

put level is appreciably lower. Also, they are sensitive to heat. The 
piezoelectric effect of a Rochelle salt crystal drops off rapidly above 
100°F, and the crystal microphone can be permanently damaged if 
it is exposed to temperatures above 125°F. 

In 1946 it was discovered that ceramic materials could be made piezo¬ 
electric. This led to the development of the ceramic microphone. 
This unit is almost exactly like the crystal microphone in all aspects, 
and it has the added advantage that it is not affected adversely by 
high temperature. 

THE DYNAMIC MICROPHONE ... Figure 25 shows the basic fea¬ 
tures of the dynamic microphone. When a sound wave strikes the 
diaphragm, it moves in and out in accordance with the sound-pres¬ 
sure changes. As the diaphragm vibrates, it causes the coil to move 
back and forth within the air gap of the permanent-magnet structure, 
thereby generating a voltage that varies with sound-pressure changes. 
Because of the motion of the coil, this microphone is also known as a 
moving-coil microphone. 

Since the coil has relatively few turns, the microphone has a low im¬ 
pedance (5 to 20 ohms). Usually an impedance-matching transformer 
is built into the microphone case itself. The dynamic microphone is 
rugged; it is not subject to temperature or moisture effects; and it 
can be designed to have excellent frequency response (40 to 20,000 
cycles). It is, therefore, widely used both as a general-purpose unit 
and as a high-quality microphone. Its output level, however, is even 
lower than that of the crystal microphone. 
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Fig. 26 Typical microphones. (Courtesy: The Turner Co.) 

Three typical microphones are shown in Fig. 26. The unit at the left 
is a hand-type carbon mike. The center unit is available either as a 
crystal or dynamic type. The microphone at the extreme right is a 
high-quality dynamic. 

PREAMPLIFIERS ... The signal level from most microphones is ex¬ 
tremely low (on the order of a few millivolts). If the microphone is 
connected to its amplifier through a long length of cable, it is possible 
for the noise picked up by the cable to exceed the signal level. To 
avoid this effect, it is common practice to connect the microphone to 
a small (one- or two-stage) preamplifier placed as close as possible to 
the microphone itself. The amplified signal is then fed through the 
long cable to the main amplifier. Preamplifiers are also frequently 
used to boost the output signal from record players, tuners, and other 
devices to a level sufficient to drive other amplifiers. 

WHAT HAVE YOU LEARNED? 

1. The operation of crystal microphones is based on a phenomenon 
known as the _ effect. 

2. This effect is peculiar to (0>_ and is very pronounced 
in (b) - , the material used in crystal micro¬ 
phones. 

3. The basic crystal element used in the microphone is called a (a) 
- cell. When this element is (b> _ , it devel¬ 
ops a (c| - across its faces. 



1. Crystal microphones can be (o) - coupled to the (t) 
_ of an amplifier tube because they have a (c> -
impedance. A typical impedance is approximately <d) -

5. In the circuit of Fig. 24, R, serves as a - control. 

6. The ceramic microphone operates on the (□) -
principle, and therefore (b> _ battery is required with this unit. 

7. If an intercom system were to be used between a control center 
and an open-hearth steel furnace location, a (crystal) (ceramic) micro¬ 
phone would be preferable at the furnace station. 

8. A microphone which generates its output voltage because of a (□; 
_ cutting a magnetic field is known as (b) - or (c) 
_ - _ microphone. This microphone has a (d) 
_ impedance and requires a (•> - -- trans¬ 
former for coupling to the grid of a tube. 

9. Comparing carbon, crystal, and dynamic microphones, list the 
units in order of (a) best frequency response - ,- , 
_ , (b) highest output voltage - , - , 
_ , and (c) highest impedance - , - , 

10. A preamplifier is used to build up the (a) - level above 
the possible (b> _ level when the pickup point is (q _ 
from the equipment location. 

ANSWERS 

1. Piezoelectric 2. (a) Crystals; (b) Rochelle salts 
3. (a) Bimorph; (b) distorted; (c) voltage 
4. (a) Directly; (b) grid; (c) high; (d) 1 megohm 
5. Volume 6. (a) Piezoelectric; (b) no 
7. Ceramic... Crystals (Rochelle salt) are not usable at temperatures near 
100°F and are permanently damaged at 125°F. 
8. (a) Coil; (b) dynamic; (c) moving coil; (d) low; (e) step-up 
9. (a) Dynamic, crystal, carbon; (b) carbon, crystal, dynamic 

(c) crystal, carbon, dynamic 
10. (a) Signal; (b) noise; (c) remote 
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Fig. 27 The dynamic loudspeaker. (Courtesy: University Loudspeakers.) 

OUTPUT DEVICES 

The end purpose of any audio equipment is to reproduce sounds. 
Therefore, the output device must convert the amplified electrical 
waves back into sound waves. 

LOUDSPEAKERS ... The most commonly used type of loudspeaker, 
by far, is the dynamic loudspeaker. Its basic construction and exter¬ 
nal appearance are shown in Fig. 27. The signal voltage from the out¬ 
put of the power amplifier is fed to the voice coil, where it creates a 
flux that varies with the audio signal. This varying flux combines 
with the flux of the permanent magnet, setting up a force which 
moves the voice coil back and forth along its axis. Since the voice coil 
is rigidly attached to the cone, the cone also moves back and forth, 
and the resulting air-pressure vibrations produce the sound waves. 

To permit easy movement, the outer rim of the cone is attached to 
the frame by means of a flexible suspension. Behind the cone, a 
spider is used to keep the voice coil centered within the air-gap space. 
Since the voice coil has only a few turns, speaker impedances are gen¬ 
erally low, and matching transformers must be used as explained in 
Topic 13. Transformers are used not only to match impedances but 
also to keep the d-c component of plate current out of the voice coil 
winding. To simplify transformer requirements, manufacturers have 
standardized voice coil impedances at 3.2, 6, 8, and 16 ohms. 

Sometimes it is necessary to transfer audio power to a high-imped¬ 
ance load such as a permanent-magnet loudspeaker (similar to the 
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Fig. 28 Impedance coupling to a high-impedance load. 

headphone described in the next topic) or the modulation stage of a 
transmitter. Again it is necessary to keep the d-c out of the load. 
However, since the load is high-impedance, matching may not be 
necessary. Instead of a transformer, a more economical coupling is 
impedance coupling as shown in Fig 28. Resistance coupling should 
not be used, because too much power would be wasted in the plate 
resistor. 

The speaker and secondary of T, are both shown grounded in Fig. 14. 
This is often done when the speaker is mounted some distance away 
from the power transformer. In this way, both the speaker and trans¬ 
former are grounded to the chassis at any convenient point, and only 
one lead is run from the transformer to the speaker. 

HEADPHONES... In communications work, and for private listen¬ 
ing, headphones are commonly used. These units use a moving coil, a 
crystal element, or a magnetic diaphragm for converting electrical 
waves into sound. The most common type of headphone is the mag¬ 
netic diaphragm type shown in Fig. 29(a). The soft-iron diaphragm is 
normally under some tension because of the attraction exerted by the 
permanent magnet. When an audio signal is fed to the coils, the 
resulting alternating flux increases and decreases this attraction, 
causing the diaphragm to vibrate and produce sound waves. Head¬ 
phones consume relatively small amounts of power, and they there¬ 
fore do not require power amplifiers. When used with complete 
amplifier circuits, it is common practice to feed the headphones from 
a voltage amplifier stage. This is shown in Fig. 29(b). The phones are 
connected to a plug. When the plug is inserted into the phone jack, 
the phones are connected across the output of V, through the coupling 
capacitor Cc. Simultaneously the audio feed to the grid of V2 is broken, 
and no sound will be heard from the loudspeaker connected to the 
output of V2. 
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(a) Cross section (b) Voltage amplifier stage 

Fig. 29 Magnetic headphone; construction and connection. 

The technique shown in Fig. 29(b) can be used with high-impedance 
headphones, and the majority of headphones in use today are of this 
type. Typical values for magnetic headphones generally range between 
2000 and 5000 ohms. Values of crystal types may run as high as 
100,000 ohms. However, low-impedance phones are also available. 
These may be of the magnetic or moving-coil type. Such headphones 
require impedance-matching transformers. Otherwise, their low 
impedance will tend to short-circuit the output of the preceding stage. 

WHAT HAVE YOU LEARNED? 

1. Two devices for converting electrical waves into sound waves are 
(»I _ and (b) -

2. A commonly used type of loudspeaker is the (a) -
speaker. Its basic principle is the same as for the |b) -
microphone, but now the action is (c) -

3. With reference to Fig. 27, the audio signal is fed to the (□) -
_ Sound is produced by the vibrations of the (b) -
The (C)_ keeps the moving mechanism from rubbing 
against the magnet structure. 

4. Dynamic speakers generally have a (□> - impedance. 
Typical values range from (b> - to <«> - For 
proper operation, they are coupled to the power amplifier through 
an (d) _ transformer. 



5. A high-impedance load can be (□)_coupled to the 
power stage. The (b)-will keep the d-c 
□ut of the load winding. 

3. Compared to loudspeakers, headphones generally require a (a) 
- power level. They are generally energized from a 
M-stage instead of from the 
c)_amplifier. 

7. Most headphones are high- (a)_devices and do not 
require <b>-for coupling. These units are generally 
c)--coupled to the output of a voltage amplifier. 

3. Redraw Fig. 29(b), eliminating the plug, jack, and the V2 stage. 

). If low-impedance headphones are connected as in Fig. 29(b), the 
output from V, will be very (high) (low). For proper operation, such 
leadphones must be coupled through an (b>_-_ 
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ANSWERS 

. (a) Loudspeakers; (b) headphones 2. (a) Dynamic; (b) dynamic; (c) reversed 
). (a) Voice coil; (b) cone; (c) spider 
I. (a) Low; (b) 3.2 ohms; (c) 16 ohms; (d) impedance matching 
>. (a) Impedance; (b) coupling capacitor 
>. (a) Lower; (b) voltage amplifier; (c) power 
1. (a) Impedance; (b) transformers; (c) RC 
1. 

). (a) Low; (b) impedance-matching transformer 
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Fig. 30 Class B push-pull power amplifier with driver stage. 

PUSH-PULL TRANSISTOR AMPLIFIERS ... As with tube power 
amplifiers, it is advantageous to operate transistor power amplifiers in 
push-pull. The circuit of Fig. 30 operates class B with a power output 
of 4 watts. Since class B operation requires input signal power, which 
is drawn from the previous stage, a driver stage (which is a class A 
stage with adequate power output) must precede the push-pull stage. 
The driver stage shown is capable of a power output of 400 mw, which 
is far more than is really needed to drive the push-pull stage used here. 

Notice that not all of the emitter stabilizing resistance (R3 and RJ 
in the driver stage is bypassed. The emitter a-c signal must pass 
through a small amount, Ä3. This gives degenerative feedback that 
improves the stability of the amplifier and increases the input and 
output impedances for more efficient matching. The driver stage is 
usually transformer coupled to the push-pull stage, as shown. 

A transistor is operated class B if the collector current is close to zero 
when there is no input signal. Since this condition is obtained when 
the base bias current is zero, in theory class B operation can be simply 
obtained by omitting the base bias circuit. In practice, things are 
more complicated because of the need to compensate for temperature 
sensitivity and because there is excessive distortion unless a small 
base bias current is used. In Fig. 30 the total current used for biasing 
is fixed by ñ5 at 70/3500 = 20 ma. However, most of this current 
goes through the temperature compensating diode D, which will have a 



resistance of less than 6 ohms. The actual resistance of D¡ changes 
with temperature, and this varies the division of the Ä5 current be¬ 
tween bases and diode in such a manner as to compensate for changes 
in transistor characteristics due to temperature changes. Emitter 
resistors Re are not bypassed. They help stabilize the transistor 
against temperature effects and help establish correct d-c transistor 
values for minimum distortion. 

23 GETTING THE HIGHEST OUTPUT FROM AMPLIFIERS... 
You learned in Topic 13 that the greatest power output is obtained 
when the impedance of the load is matched to the plate impedance of 
the tube. This is the greatest power output without consideration to 
the amount of distortion introduced. Often a more practical consider¬ 
ation is how to get the most power output without the distortion 
exceeding a certain amount. For this purpose, the load impedance 
should be made equal to twice the tube impedance. Using the exam¬ 
ple of Topic 13, where the plate impedance is 4000 ohms, we want the 
load impedance to be 8000 ohms in order to get the highest output to 
the speaker without the distortion exceeding an acceptable amount. 
That is, the transformer turns ratio should be such that with the 10 
ohm speaker connected to the secondary of Tlt the impedance of the 
primary winding is 8000 ohms. The transformer impedance ratio is 
8000/10 = 800, and the proper turns ratio is : /800 = 1:28.3. 

The above discussion refers to a triode power tube. The plate resis¬ 
tance of a pentode power tube is so high (perhaps 50,000 ohms) that 
it is not practical to use a high enough load impedance to obtain a 
match as described above. The load impedance used with a pentode 
power tube is typically between 3000 and 10,000 ohms. Power tubes 
usually use a reactive load, such as the primary of a transformer as 
shown in Fig. 15, and high impedance values are difficult to obtain 
with this type of load. 

The above discussion refers to power amplifiers; stages from which we 
want a high power output, such as for operating a speaker. The re¬ 
quirements are different in the case of voltage amplifiers, where we 
want to get the highest possible voltage amplification from the stage, 
and are not much interested in the amount of power gain. For exam¬ 
ple, in Fig. 3, we want to get the highest value of signal voltage we can 
to the grid of V2. Since the only input power taken by V2 is that dis¬ 
sipated in grid resistor Ä2, we have no need for a high power gain 
from stage V,. 
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48 The gain of a voltage amplifier is discussed in Topic 12, and for a tri¬ 
ode tube is given by 

A = 
rp + Rl 

where Rl (called the load impedance) is the total impedance seen by 
the plate in looking toward the power supply. Rl is approximately 
equal to the reactance of L in Fig. 3, and is approximately equal to 
the resistance of Ä3 in Fig. 13. The formula shows that the higher Rl 
is, the better the voltage gain from a triode. From a practical point of 
view, the best voltage gain is obtained when Rl is approximately three 
times the plate resistance rp. Then the gain of the stage is equal to 75 
per cent of the amplification factor ¿i of the tube. Larger values of Rl 
than this do not further increase the voltage gain enough to justify 
their use. If an inductor were used for the load impedance as in Fig. 3, 
a larger size than essential for good gain would be expensive, heavy, 
and bulky. If a resistor is used, such as Ä3 in Fig. 13, a larger size 
than necessary will have an excessive voltage drop, requiring a higher 
voltage power supply Ebb in order to get a’dequate voltage to the plate. 

Since the plate impedance of a pentode tube is very high, it is not 
practical to make Rl equal to three times the plate resistance. How¬ 
ever, for maximum gain Rl must be made as high as is practical, since 
formula for the voltage gain of a pentode, given in Topic 12, shows that 
the voltage gain will be proportional to load impedance Rl. 
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50 6. Figure 31 shows two transformer-coupled audio amplifier stages 
This diagram needs correction as follows: 
(1) None; the circuit is correct as shown 
(2) Remove capacitor between points B and C and join B to C 
(3) Remove resistor between C and F 
(4) Combination of steps (2) and (3) 

Fig. 31 

7. Figure 32 shows a method of impedance coupling between two 
audio amplifier stages. This circuit needs correction as follows: 
(1) None; the circuit is correct as shown 
(2) Remove capacitor between points A and B and join A to B 
(3) Remove capacitor but do NOT join A to B 
(4) Replace resistor between B and E by a second inductor 

Fig. 32 

8. For amplifying very low frequencies, the following coupling 
method is best: 
(1) Loftin-White (3) RC 
(2) Impedance (4) Transformer 



9. “Motorboating” may occur in an audio amplifier if: 51 
( 1 ) The coupling transformers resonate with the circuit capacitance 
(2) The plate choke becomes self-resonant 
(3) A common power supply is used for three or more stages 
(4) ÄC-coupling is used in all stages 

10. Which of the following is NOT a cause of hum in an amplifier? 
( 1 ) Plate voltage too high or too low 
(2) Coupling between heater and cathode 
(3) Leaky or open filter capacitor 
(4) Shorted power supply filter choke 
(5) Stray field pickup from an unshielded power transformer 

11. Figure 33 shows a two-stage audio amplifier using NPN transistors. 
This circuit needs correction as follows: 
(1) Bypass capacitors are needed across and R^ 
(2) Coupling capacitor C is not connected properly 
(3) Resistors Ä, and Rt should be omitted 
(4) The polarity of Va is reversed 

Fig. 33 

12. Figure 34 shows a triode power amplifier stage inductively coupled 
to a loudspeaker load. This circuit needs correction as follows: 
(1) Remove capacitor C3
(2) A capacitor should be connected between points A and E 
(3) Run a wire connecting points B, C, D, and F, and remove all 

grounds but one. 
(4) A transformer should be used in place of Æ.C, 



13. In a multistage audio amplifier, interaction between stages is pre¬ 
vented by using: 
(1) Decoupling filters in the plate supply to each tube 
(2) Different coupling methods for each stage 
(3) Shielding the individual stages 
(4) Using only ÄC-coupling to eliminate magnetic fields 

14. The circuit in Fig. 35 is used to supply a signal to the grids of a 
push-pull amplifier. This circuit needs correction as follows: 
(1) A capacitor is missing between points A and B 
(2) Rt should be two resistors in series 
(3) A resistor should be inserted between points D and E 
(4) Disconnect Ebb and R, from point D and apply Ebb + to this 

end of Ä3

Fig. 35 



15. In considering the input circuit requirements for a class B2 audio 
amplifier, which of the following is NOT appropriate: 
( 1 ) The preceding stage should be capable of supplying some power 
(2) Transformer coupling should be used between stages 
(3) The transformer should have a step-up ratio 
(4) The secondary winding of the transformer is normally center 

tapped. 

16. Push-pull operation, as compared to single-ended circuitry does 
NOT: 
(1) Reduce third harmonic distortion 
(2) Reduce d-c magnetization of the output transformer 
(3) Allow for operation at higher efficiency 
(4) Deliver more than twice the power output for the same dis¬ 

tortion level 

17. As compared to two tubes connected in parallel, two tubes con¬ 
nected in push-pull DO NOT: 
(1) Provide higher power output for a given percentage of 

distortion 
(2) Provide lower distortion for a given power output 
(3) Produce a given power output with a lower input signal level 
(4) Require a less expensive output transformer 

18. Packing of the granules in a carbon microphone is an indication 
that the unit: 
(1) Is extra sensitive 
(2) Is intended for high-impedance input 
(3) Is ready for safe shipment 
(4) Has been exposed to very loud sounds 
(5) Has too many granules 

19. Before using a double-button microphone: 
(1) It should be rapped sharply to ensure that the granules are 

free to vibrate 
(2) The buttons should be checked for tightness 
(3) The diaphragms should be checked for equal tension 
(4) The buttons should be repacked 
(5) The currents should be checked for balance 
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54 20. In the use or storage of crystal microphones, these units should 
NOT BE: 
(1) Exposed to high temperatures 
(2) Exposed to loud shouts (close up) 
(3) Exposed to lights 
(4) All of the above 

21. The circuit of Figure 36: 
(1) Requires transformer coupling between microphone and V, 

for best results, and add a voltage source for operating the 
mike. 

(2) V, or V2, or both, should be pentodes 
(3) Transformer coupling should be used at the output of V2
(4) One of the resistors is improperly connected 

22. In discussing the use of “preamplifiers,” which of the following is 
NOT appropriate: 
(1) To make up for insufficient gain after the main amplifier 
(2) When there is a long run between microphone and amplifier 
(3) To improve the signal-to-noise ratio on the mike line 
(4) Because the microphone output level is low 

23. Which of the following methods of coupling between two stages 
requires the highest d-c supply voltage? 
(1) Impedance coupling 
(2) RC coupling 
(3) Transformer coupling 
(4) All methods require the same supply voltage 



24. It is desired to connect low-impedance headphones to the output 
of a vacuum-tube amplifier. Optimum operation is obtained by 
using: 
(1) ÄC-coupling 
(2) Impedance coupling 
(3) Direct coupling 
(4) Transformer coupling 

c2

Fig. 37 

25. What type of transistor is used in Fig. 37, and what is the correct 
polarity for V«? 
(1) Type is PNP. Va should be positive 
(2) Type is PNP. Va should be negative 
(3) Type is NPN. Va should be positive 
(4) Type is NPN. Va should be negative 

26. What effect will an increase in value of R4 have on the voltage gain 
of the stage of Fig. 37? Assume that the change will not affect 
the gain of the transistor itself. 
(1) The voltage gain of the stage will increase. 
(2) The gain will decrease. 
(3) The gain will not change. 
(4) The gain may either increase or decrease, or possibly stay the 

same. 

27. If R2 is removed from Fig. 37 and R, changed in value so that the 
base bias current is proper, what will be the effect on the operation 
of the circuit? 
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56 (1) The stage will operate erratically because there is no d-c path 
between base and ground. 

(2) The voltage gain of the stage will be reduced and distortion 
will increase. 

(3) The power output from the stage will decrease, with probable 
increase in distortion. 

(4) Stage will operate normally except that temperature stabili¬ 
zation will not be as good as with R2 in the circuit. 

28. What is the difference between amplification factor and voltage 
gain? 
(1) Amplification factor refers to the maximum voltage amplifica¬ 

tion that a tube is theoretically able to provide. Voltage gain 
refers to the actual voltage amplification obtained in a circuit, 
and is always less than the amplification factor. 

(2) Same as (1), except that the gain may be either higher or lower 
than the amplification factor. 

(3) Amplification factor refers to the ability of a tube to provide 
a high power output for a given input power. Voltage gain 
refers to the ability of a tube to provide a high signal voltage 
output in relation to the signal voltage input. 

(4) The two terms mean essentially the same thing. 

29. What turns ratio should a transformer have that is used to match 
a 200,000-ohm crystal microphone to the 1000 ohm input imped¬ 
ance of a transistor? 
(1) 200 : 1 with the most turns on the primary. 
(2) 200 : 1 with the most turns on the secondary. 
(3) 14.1 : 1 with the most turns on the primary. 
(4) 14.1 : 1 with the most turns on the secondary. 
(5) None of the above. 

30. For the high voltage amplification, choose a tube in which 
( 1 ) is high if a triode, and gm is high if a pentode. 
(2) g is high if a pentode, and gm is high if a triode. 
(3) fi is high, while gm and rp is low. 
(4) fi and gm are both high. 



H. For the best practical voltage gain from a pentode, the load im¬ 
pedance Rl should be 
(1) equal to the plate resistance of the tube. 
(2) equal to twice the plate resistance of the tube. 
(3) equal to three times the plate resistance of the tube. 
(4) as high as it is practical to make it. 

12. To get the highest power output from a triode tube possible with¬ 
out the distortion exceeding 5 per cent, the load impedance Rl 
should be (Choose your answer from the selections for Question 
31) -

13. If the plate resistance of V, in Fig. 38 is 10,000 ohms, the highest 
practical voltage gain is obtained from the V, stage when R, has a 
resistance of 
(1) 10,000 ohms (3) 30,000 ohms 
(2) 20,000 ohms (4) 50,000 ohms 

5: 

Fig. 38 

END OF EXAM 
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2413-1 

A chat with your instructor 

This lesson is primarily devoted to the use of vacuum tubes in untuned 
circuits suitable for amplifying frequencies from 50 to 15,000 Hz. Such 
untuned amplifiers are generally known as audio amplifiers because the 
frequencies amplified are mostly within the sound frequency range of the 
human ear. However, it should be understood that “audio amplifiers” 
today have a great many important uses that do not involve the reproduc¬ 
tion of sound as, for example, in computers, telemetry, and instrumenta¬ 
tion. 

Although we have all heard about how transistors are replacing vacuum 
tubes, the fact is that there are more tube types manufactured today—and 
more tubes sold—then ever before, and new tube types are coming out 
every day. Tubes will be around for a long time to come, and the top-
notch technician must understand them well. The load line—and how it 
affects gain and performance—is one important subject in this lesson that 
will help you understand amplifiers better. 

A substantial section of this lesson is devoted to negative feedback ampli¬ 
fiers. These amplifiers use a feedback loop for improved performance 
over ordinary amplifiers. The principle of the closed feedback loop has 
many applications besides improving amplifier performance. It is used for 
automatic frequency control, for automation, and in servo systems. 

Untuned Amplifier 
Circuitry 

FACTORS AFFECTING STAGE GAIN 

Figure 1(a) shows a voltage amplifier stage of an ordinary untuned (audio) 
amplifier, which is no different from circuits you have already studied. 
The purpose of the stage is to amplify the incoming voltage signal Eg in 



2 

(a) 

M-rv = megohm 
all capacitor 
values in /zF 

for tube V| 

Ip « signal current delivered 
by signal voltage E ( 

signal current path 

(b) 

Fig. 1 An untuned voltage amplifier stage with equivalent signal source and 
signal current path. 

such a manner that a much stronger signal voltage E2 is applied to the grid 
of T2. Tube r2 further amplifies the signal, of course, but that is not our 
concern at this time. Our objective in this section is to see what circuit 
factors determine the strength of the signal voltage E2 reaching the grid 
of r2. 



1 EQUIVALENT SIGNAL CIRCUIT FOR A TUBE . . . Tube K, in Fig. 1(a) can be considered as a generator of an a-c signal; that is, is an a-c 
voltage source. Up to now you have likely thought of vacuum tubes as 
generators when they are used as oscillators and as amplifiers when used 
as in Fig. 1(a). However, K, is also a generator because the a-c signal 
it puts out is far stronger than the small signal coming into the grid. The 
signal to the grid of U, can be considered as an excitation signal to cause 

to act as a generator or signal source. 

F, has the advantage over an ordinary oscillator in that the amplitude of 
the output signal can be readily controlled. Just vary the grid excitation 
signal and the generator output signal is varied accordingly. Of course, 

would usually be said to be amplifying, and that would be entirely cor¬ 
rect. But in electronics it is often possible to have several points of view 
as to how a device works. We then use the point of view most suitable for 
our purpose. For analyzing the operation of an amplifier stage, the best 
point of view is to consider the tube as a signal generator. 

The shaded area of Fig. 1(b) is the equivalent circuit for K, as a signal 
generator. It consists of a constant-voltage signal generator Et in series 
with a resistance rp. The signal source voltage is equal to the signal 
voltage Eg on the grid multiplied by the amplification factor n of the tube. 
Resistance rp is the plate resistance of the tube. When we refer to £, as a 
constant-voltage generator, we mean that varying the load being fed by 
the generator (mainly R4) will not change the value of Et. As already 
mentioned, varying the excitation signal Eg will vary Et accordingly, the 
ratio of £] to EK always being g. 

Although changing the load into which the signal output from F, works 
does not change £b it does change the value of the plate signal voltage 
Ep in Fig. 1(a) and (b). That is because the voltage drop across rp, the 
plate resistance of the tube, varies with changes in the load current. 

Now let’s look at the rest of the circuitry in Fig. 1(b). Notice that no d-c 
voltages or currents are shown. That is because we are studying the action 
of the a-c signal generated by the tube, and therefore we need not consider 
d-c paths and values. The purposes of the d-c voltages and currents are to 
make the tube operate and to furnish the energy for the a-c signal being 
generated. It is because of the d-c voltages on the tube that we are able to 
generate £,. It is assumed in Fig. 1(b) that we have developed £H and 
now we want to see what £| does. For that purpose, we need not consider 
d-c voltages and currents any further. 

In Fig. Kb) £, and r. replace the tube, and the rest of the drawing shows 



Fig. 2 

the parts of the stage in which the signal current lp produced by voltage 
Ei flows. Since R^ is much greater than R4, most of the signal current 
goes through R^ and only a little goes through R.,. 

WHAT HAVE YOU LEARNED? 

1. (Review) The amplification factor, or is defined as the ratio of a 
small change of (a) (plate voltage Eb)(control grid voltage Ec) to the change 
>n (*»)---required to keep Ib, the plate 
current, (c) ( varying)! constant ). 

2. Refer to Fig. 2. Ammeter A reads plate current lb; voltmeter reads 
grid voltage Ee; and voltmeter F, reads plate voltage Eb. The circuit can 
be used to find the values of g, rp, and gm. To calculate the value of p, you 
first read the values on all three meters. We will assume that A is 10 mA, 
Fi is 5 V, and F2 is 150 V. First vary Ec and then vary Eb until the reading 
of A is once again at its original reading of 10 mA. Now read Vx and K2. 
We will assume the new readings are K, = 5.5 V and F2 = 175 V. The 
value of p is_ 

3. (Review) The amplification factor p actually indicates how large a 
plate voltage change is required to have the same effect upon plate current 
as a 1 V change of_ 

4. (Review) The plate resistance rp of a tube is the ratio of a change in 
plate voltage to the change in {a)!Eb)(lb)(Ec) caused by the change in 
plate voltage while the value of (b)(Eb)!Ec)flb) is held constant. 

5. Refer to Fig. 2. To calculate rp you would first read (o) (A )(A and K2) 
(K, and V2). Next, while making sure Ec was held constant, you would 
vary (b) - Y ou would then read (c) _ and fd)_ 



6. Refer to Problem 5. Assume the readings in 5(a) were A = 15 mA 
and V2 = 225 V. If your readings in 5(c) and (d) were = 210 V and 
A = 14.5 mA, calculate the value of rp. 

5 

7. (Review) The transconductance of a tube is the ratio ot the change in 
(Ô Eh)(Ec)(Ih) to the change in (b)- which caused the change in 
plate current with the plate voltage held constant. 

8. Refer to Fig. 2. Assume the readings of the three meters are A = 
12 mA, K) = 10 V, and F2 = 175 V. To calculate the transconductance 

you would vary (a)_ while holding £\, at its original 175 V. Then 
you would read (b)_ and (c)_ Assume the readings of (b) 
and (c) were 9.5 V and 11 mA. The value of the transconductance gm is 
(d)_ ¿¡mhos. 

9. (Review) The transconductance gm actually indicates how large a 
change in Ih occurs when the plate voltage remains constant and the grid 
voltage changes by one volt. If g„ is 2000 ^mho and E, varies 1 V, If, 
varies _ amperes. 

10. (Review) The formula for rp in terms of n and gm is rp = The for-
Sm 

mula for n is (a)__ and the formula for gm is (b)-

11. (Review) The amplification factor n represents the (a) (maximum ) 
(minimum) gain the tube stage can theoretically achieve. The stage gain 
is the ratio of (by(output signal voltage )( input signal voltage) to (c)-
_ and represents the actual stage gain, which is 
always (d) (greater than)(less than ) the value of g. 

12. A tube such as the one in Fig. 1 can be considered either as a constant 
voltage (a)__ in series with its plate resistance or as 
an (b)-

13. Refer to Fig. 1(b). The value of E, (a)(does )(does not) vary when the 
load on the generator varies, but Et does vary when {b)(Ep)(Eg)(R4) 
varies. If E„ is 10 mV and g is 100, E, is w- volts. If E* changed 
to 8 mV, the value of Et would be (d)- volts. 

14. The value of Ep (O) ( does )( does not) vary as the generator load varies 
because the voltage drop across (b)- varies. Signal voltage E| is 
equal to the sum of E„ and (c)-



6 ANSWERS 

1. (a) Plate voltage £/,; (b) control grid voltage Ec\ (c) constant 
, change in plate voltage Eb . , , 
2. 50 ... n = ----- 2-with plate current lb constant, g 

change in grid voltage Ec
175 - 150 25 _ 50
5.5-5 " 0.5 “ ’ 

3. Ec, the control grid voltage 4. (a) lb; (b) Ec
5. (a)/I and kj; (b) Eb; (c) and (d) A and V2 in either order 
. _ change in plate voltage Eb . , . , . , 6. 30kif . . . r„ = -- with the control grid voltage Ec

change in plate current lb
constant. 

_ 225 V - 210 V 
" “ 15 mA - 14.5 mA 

15 V 
0.5 mA 

= 3O.OOOÍ2 

•7. (^lb- (b)£f
8. (a) Ec (b) and (c) and A in either order (d) 2000 . . . 

change in plate current lb
8 m ~ -

change in grid voltage Ec

with plate voltage Eb constant. 

12mA -11mA 1mA . ln_3 , 
g„ = - = --- 2 X 10 mhos, or 2000 umhos 

10 V - 9.5 V 0.5 V 

9. 0.002 ...... 
change in Ec

Change in/* = (gm)(change in £f) = 2000/zmhos x IV. 

Change in Ib = 0.002 mho x 1 V 

Since 1 mho = 1 —-
V 

Change in lb = 0.002 x 1 y = 0.002 A 

10. (a)/z = g„rp; (b)gm = — 
rp 

11. (a) Maximum; (b) output signal voltage 
(c) Input, signal voltage; (d) less than 
12. (a) Generator; (b) amplifier 
13. (a) Does not; (b) Eg
(c) I . . . £| = nEt = 100 x 10 x 10’3 V = 1 V (d)0.8V 
14. (a) Does (b) rp (c) Er. . . . Refer to Fig. 1(b). The voltage E, is the 
supply voltage for the series circuit consisting of rp, R^, Cf, and C2. Since the 
capacitors are assumed to be large enough to cause no voltage losses at the 
frequency of £H the sum of the voltage drops across rp and R^ is equal to the 
supply voltage £(. 

WHAT DETERMINES STAGE GAIN . . . We can further simplify the 
~ equivalent circuit of Fig. 1(b). Capacitors C2, C4, and Cb can be con-



signal source 
(tube V|, fig 1 ) 

Fig. 3 Basic equivalent signal circuit for Fig. 1, showing the development of 
signal Ej for feeding V?. 

sidered large enough that the signal passes through them with only slight 
loss, and therefore they are replaced by conductors in the equivalent 
circuit of Fig. 3. Also, /?5 is omitted in Fig. 3 because it takes only a 
small part of the signal current. 

Figure 3 is simple enough that it is fairly easy to see what factors affect 
the gain of the stage, which is the ratio of E2 and EP. If the plate resistance 
rp were zero, the E2 would be equal to Et and the gain would be equal to 
the amplification factor of the tube. That would be the greatest gain 
that it is theoretically possible to obtain. However, all practical tubes 
have an rp greater than zero, and the voltage drop across it caused by 
Ip flowing through it reduces E2 to a lower value than Et and thus reduces 
the gain of the stage. 

For a given value of rp, the lower lp is, the less the signal loss across rp will 
be. The greater we make resistance Ri, the lower lp will be, so that the 
signal loss in rp is less and the gain of the stage is more. If we could take 
Rt out all together and make an open circuit, the Ip would be zero and the 
gain would again be equal to g. Unfortunately, we can’t take out RA and 
we can’t make it too large. Resistor Rt serves the purpose of making a 
path through which we can get our needed d-c operating plate voltage to 
the tube, as can be seen in Fig. 1(a). If Ri were too great in value, the 
d-c voltage drop across it would be so great that the d-c plate voltage 
would be too low to operate the tube properly. 

Using the point of view of preceding lessons, we would say that Rt blocks 
the signal current output from the tube, forcing a signal voltage to appear 
at the grid of K2. Unfortunately, because of the limited maximum prac¬ 
tical value that can be used for Ri, it doesn’t do this job nearly as well as 
we would like. If R4 could be made infinite, it would block the signal cur¬ 
rent completely, and E2 would be equal to E,. In any practical circuit, E2 

is far less than Ei. 



8 WHAT HAVE YOU LEARNED? 

1. Refer to Fig. 1(a). The (a)(d-c)(a-c ) signal current at the plate of the 
tube “sees” a parallel path to ground. One path is through R4 and the 
(b) ( high )(low I reactance of C6. The parallel path is through the low re¬ 
actance of C4 and through (c)_Since both C4 and C6 have low 
reactance, the signal current effectively “sees” R4 and R5 in (^(series) 
(series-parallel )( parallel ). The resistance of R4 is («) _ohms, and 
the resistance of R¡ is (t)_ohms. Most of the signal current will 
flow to ground through (a>_, because the resistance of Z?5 is almost 
23 times <h>_than R4. 

2. Refer to Fig. 1. The greater the resistance of R4 the (a) (greater))lower) 
the value of lp; the gain of the stage (b)(increases)(decreases) because the 
voltage drop across rp (c)_However, if the resistance of 
R4 is too large, the (<i)(d-c)(a-c ) operating voltage on the plate of the tube 
becomes too (e)_and the tube no longer functions properly. 

ANSWERS 

1. (a)a-c; (b) low; (c) Rs; (d) parallel 
(e) 47,000; (f) 1,000,000; (g) R4; (h)greater 
2. (a) Lower; (b) increases; (c) decreases; (d) d-c; (e) low 

SIGNAL VOLTAGE GAIN FROM A PENTODE ... The voltage gain 
E of any amplifier is equal to gain = ——. Therefore, in Fig. 3, the gain of 
Em

Er the stage is equal to —r~. However ERa equals IPR4. To find the stage 
£ I 

gain, then, we must first find the value of Ip. So that there is no mis¬ 
understanding, let us repeat that Ip is the a-c signal current from the plate. 
The total plate current consists of Ip plus the d-c current (usually repre¬ 
sented by the symbol lh) from the power supply needed for operating the 
tube. 

Finding the approximate value of Ip in Fig. 3 is easier than you might 
suppose if you know the value of g„. The transconductance gm is merely a 
constant that can be multiplied by the input signal Eg to give you lp. That 
is, Ip = gmEg. In a pentode, this formula is true regardless of the size of 
the plate load resistance ( Ri in Fig. 3) because the plate resistance rp of a 
pentode is very high as compared with the load resistance. Since the plate 
resistance of a pentode is very high, pentode tubes can be considered as 
being approximate constant-current sources. That is, ¡p will have about the 
same value for any practical value plate load resistance. 



As an example, consider Fig. 3. Since R4, the load in Fig. 3, is much 9 
smaller than the resistance of the signal source, the signal source can be 
considered as being a constant-current source. The plate resistance rp of 
the 6AU6 tube in Fig. 3 is many times greater than the resistance of the 
load, which is only 0.047 MÍ2. Because of the limitation on the maximum 
size of the load resistance, it is usual for the load on a pentode tube to be 
only a small fraction of the plate resistance. 

Multiplying lp by R¡, Fig. 3, gives us E2. Since lp equals Eggm, we can 
substitute Eggm for lp. Thus E2 = gmEgRA. Now to find the voltage gain 
of the stage, 

voltage gain A, -
Et Et 

Since Rx, the plate load resistance, is normally designated by RL, the 
general equation for voltage gain of a pentode is 

voltage gain A, = gmRL (1) 

This formula shows that the important tube parameter that determines 
the stage gain of a pentode is not the amplification factor y, but the trans¬ 
conductance gm. We get the highest practical voltage gain from a pentode 
by selecting a tube with a high gm and by making the plate load impedance 
as high as practical. 

WHAT HAVE YOU LEARNED? 

1. (Review) When the grid voltage of a pentode tube is held constant, 
large variations in plate voltage will cause wl large ¡(slight ) variations in 
I . . TU r .• change in plate voltage Eb ... plate current. The fraction - ——s-- :- ---- will have a 

resulting change in plate current /b
(b)(high)(low) value because the denominator, the change in plate current, 

A E 
is small. Since the formula for plate resistance is rp = -- (A means 

AI b 
“change in”), the plate resistance of a pentode is ̂ (high)(low). 

2. If you were designing a pentode tube circuit and wanted a tube that 
would give you a large voltage gain, you would select a tube that had a 
high va\ue of (n)(rp)(gm). 

3. Refer to Fig. 3. Assume that the pentode tube has a transconductance 
g„ of 5200 /zmhos. If a signal voltage of 0.5 V is applied to the grid of the 
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equivalent 
triode tube 
signal source 

Fig. 4 When a triode is used as a voltage amplifier, Rt is commonly greater 
than Rp. 

pentode, the value of Ip will be (a)_ milliamperes. The voltage 
across R2 (also known as the plate load resistor RL) is the voltage E2, and 
it has a value of (b)_ volts. The voltage gain A p of the stage is E2 

divided by Eg. Use the answer of (b) to find the value of A„ which is 
«-

4. Use formula 1 to find the gain of the stage in Fig. 3. Compare your 
answer with the answer of Problem 3(c). 

ANSWERS 

1. (a) Slight . . . Since the screen grid and suppressor grid are between the control 
grid and plate, the plate is effectively isolated from the control grid. Because of 
the isolation the plate potential has very little effect upon the electrons in the 
control grid region. (b) High (c) High 2. gm
3. (a) 2.6 ... Z, = gmEg = 5200 x IO -6 x 0.5 = 2600 x 10’6

= 2.6 x 10”3 A, or 2.6 mA 
(b) 122.2 . . . E2 = lp x Rl = 2.6 x 10‘ 3 x 47 x I03 = 2.6 x 47 = 122.2 V. 

(c) 244.4 ... A, 

4. 244.4 . . . A, 

E2 122.2 V 
~ Eg ~ 0.5 V 
= gmRL ~ 5200 x 

1222 
5 

10 

= 244.4 

x 47 x 103 = 5200 x 10* 3 x 47 
5.2 x 47 = 244.4. The value of A, is identical with the value of Av found in 
Problem 3(c). 

SIGNAL VOLTAGE GAIN FROM A TRIODE TUBE ... The plate 
resistance of a triode is far lower than that of a pentode. It is quite 
practical and common to use a value of load RL with a triode that is 
higher than rp, as in Fig. 4. The triode tube thus performs more like a 
constant-voltage source, and as a result the amplication factor g is the 
tube parameter that determines the voltage gain of a triode. 

To find the voltage gain in Fig. 4 we first find Ip and then find E2: 



/ = 
r rp + Ri. rp + Ri 

F IR 
¿2 = 'pRi. - r " R 

rp + R i. 

. . X £2 g^z. voltage gain (triode stage) = — = -— 
Eg rp + K, 

(2) 

Formula 2 shows that we obtain the highest practical gain with a triode 
stage when the tube selected has a high g and R¡ is as high as practical. 

WHAT HAVE YOU LEARNED? 

1. A pentode tube has a very high plate resistance and is considered an 
approximate constant (o) ( current )( voltage) source. The triode tube has a 
plate resistance much (b}( greater )( lower ) than that of the pentode. The 
triode tube is considered as an approximate constant (c)-
source. 

2. The predominant parameter in a triode that determines stage voltage 
gain is (a) (g)(rp)lgm), and the predominant parameter of the pentode tube 
is the (b)_ 

3. Refer to Fig. 4. If g is 35 and the signal voltage applied to the grid of 
the triode is 4 V, the value of Et is (□)- volts. The value of Ip is 
(b;_ milliamperes, and the voltage across R, will be w-
volts. The voltage gain A, is equal to the ratio of the signal voltage across 
R, to the signal voltage EP and is equal to (d)-

4. Use formula 2 to determine the gain of the stage A,. Compare your 
answer with the answer of Problem 3(d). 

ANSWERS 

1. (a) Current; (b) lower; (c) voltage 2. (a)g; (b)gm
3. (a) 140 . . . E, = uEg = 35 x 4 = 140 V 

Et 140 _ 140 
(b) 3.5 ... Ip - + - 10 000 + 30 000 - 40 x 103 

= 140 x 10 3 = 3.5 x IO-3 = 3.5 mA. 

11 
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12 (c) 105 ... £2 = 1PRL - 3.5 X 10’ 3 X 30 X IO3 = 105 V. 

(d) 26.25 . . . A, = — = — = 26.25 
£g 4 

, „ hRl 35 X 30 X IO3 1050 x IO3
4. 26.25 ... /I y = - = -5-7 = -t— 

r, + Rl 10 x IO3 + 30 x IO3 40 x IO3
The answer using formula 2 is identical with the answer to 3(d). 

Frequency in hertz 
Fig. 5 Typical ordinary RC-coupled audio amplifier response curve. 

VOLTAGE GAIN FOR PRACTICAL RC-COUPLED AMPLIFIERS 
. . . The voltage gain actually obtained from a practical RC-coupled 
untuned amplifier will always be less than the value given by formula 1 
for a pentode and by formula 2 for a triode. That is because of simpli¬ 
fications made in drawing the basic equivalent circuits of Figs. 3 and 4. 
For one thing, the signal current taken by R5 in Fig. 1(b) was not con¬ 
sidered. Because of this current, the current through R4 is somewhat less 
than lp, and therefore the signal voltage drop across R4 will be less than 
IpRa, which is the value we used for £2. Also, formula 1 assumes the tube 
to be a true constant-current source. If R4 were larger than the value 
shown, perhaps as much as a quarter or half of rp, then Ip would be sub¬ 
stantially less than gmEp and the gain would therefore be less than given 
by formula 1. 

At low audio frequencies the coupling capacitor C4 in Fig. 1(b) may be 



responsible for considerable reduction in gain. We have assumed that the 
voltage drop across C< is negligible, and that is true at medium and high 
audio frequencies. But unless C4 is very large, its reactance at low audio 
frequencies is great enough to cause a serious signal loss. Because of this 
there is a minimum (usually somewhat below 100 Hz) frequency below 
which the amplifier cannot be used; see Fig. 5. 

The substantial reactance of the cathode resistor bypass capacitor C2 and 
the screen bypass capacitor C} at low audio frequencies further reduces 
the low-frequency gain of an audio amplifier. Unless essentially all of the 
signal passes through the cathode bypass capacitor (and not through the 
cathode bias resistor), degeneration will occur, which will reduce the stage 
gain. Degeneration will be explained further on in the lesson. 

For proper operation of a pentode tube, the screen grid must be kept at 
cathode potential to the signal. If the reactance of the screen bypass 
capacitor is high enough that there is a noticeable signal voltage drop 
across it, the stage gain is reduced because this signal drop opposes signal 
source voltage E, in Fig. 1(b) and thus reduces the equivalent circuit value 
of £|. 

At frequencies above 10,000 Hz or so, frequency response also drops off, 
and the amplifier is unusable above a certain frequency. The high-
frequency dropoff is caused by certain unavoidable capacitances associ¬ 
ated with the tube and wiring. The wiring between the stages in Fig. 1(a) 
acts like the plate of a capacitor, the chassis being the other plate. At 
high audio frequencies the reactance of this stray wiring capacitance is 
sufficiently low that some of Ip flows through this capacitance. Figure 6 
shows how the stray wiring capacitance Cw is in shunt with Rt. We saw 
how some of !p flowing through Rs reduced the gain. Losing more of Ip 
through Cw further reduces the signal current through Rt and thus further 
reduces the gain. 

There are other capacitances shunting R4 besides C„. One of them is 
Cg in Fig. 6. This is the input capacitance within the tube that the signal 
on the grid sees. It results from the fact that the elements within the tube 
also act as the plate of a capacitor. Another capacitor that shunts part 
of the signal current Ip away from £4 is Cp, the interelement capacitance 
between plate and cathode of tube All these capacitances taken 
together shunt off Ip to the point where the stage gain is very little at high 
frequencies. Figure 5 shows a typical frequency response curve for an 
ordinary 7?C-coupled amplifier, such as the one in Fig. 1(a). 

The frequency response bandwidth of an untuned amplifier can be in-
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Fig. 6 Figure 1(a) redrawn to show stray capacitances. 

creased by lowering the load impedance (R4 in Fig. 6). Since it is then 
easier for the signal to get through the intended load, not so much is lost 
through the shunting capacitances. 

WHAT HAVE YOU LEARNED? 

1. (Review) Frequency response curves are drawn by plotting voltage, 
current, or (O)-against frequency. When the current through 
the plate load of an amplifier is plotted against the operating frequency of 
the amplifier, the bandwidth of the amplifier is the band of frequencies 
that lies between the two points on the curve that are (b)(0.3!8 )(0.5 ) 
(0.637 )(0.707 ) times the maximum current value. If power instead of 
current is plotted, answer (b) will be (c)_ 
2. What is the bandwidth in Fig. 5? 

3. Refer to Fig. 1. The ideal reactance at low frequencies of capacitors 
C2, Cj, and C4 is (O>- ohms. Since practical capacitors do have 
reactance at low frequencies, there (b)(is)(is not ) a loss of signal strength 
across these capacitors. 

4. Refer to Fig. 6. The ideal reactance at high frequencies of capacitors 
Cp, Cw, and C g is (a)(infinite )( zero ohms). If the three capacitors had 
this value of reactance, there <b> (would )( would not) be a loss of signal cur¬ 
rent through them. 

5. Assume you had an amplifier such as the one in Fig. 1(a). If you 
wanted to extend the amplifier low-frequency response, one possible 
method would be to replace C2, Cj, C4, and Cs with (larger ¡(smaller ) 
values of capacitance. 

6. Refer to Fig. 6. One way to increase the high-frequency response 
(would ¡(wouldnot) be to directly shunt C„ and Cw with inductors to form 
parallel tanks resonant at high frequency. 



ANSWERS 

1. (a) Power (b) 0.707 ... By definition, the bandwidth of a frequency re¬ 
sponse curve is the band of frequencies that lies between the two points on the 
curve that are 0.707 times the maximum current. (c) 0.5 . . . The power is 
proportional to the square of the current (P = l2R). O.7O72isO.5. 
2. 25 kHz . . . The bandwidth is between the two points that are 0.707 times the 
maximum value, or 50 x 0.707 = 35.35. See Fig. 7. We mark the two points on 
the curve that are at a value of 35 and drop vertical lines straight down to the hori¬ 
zontal base line, which is a nonlinear scale. Note from the values along the base 
line that the graph is a semilog graph. The low side of the bandwidth is about 
54 Hz, and the high side of the bandwidth is about 26,000 Hz. Thus the band¬ 
width is 26,000 - 54 = 25,046 Hz, approximately. 
3. (a) Zero; (b) is 4. (a) Infinite; (b) would not 
5. Larger . . . The reactance of the larger capacitance values would be less at 
the lower frequencies. 
6. Would not ... If the inductors were directly shunted across the two capaci¬ 
tors, their low ohmic resistance would short the d-c plate voltage to ground. 

VOLTAGE GAIN WITH OTHER COUPLING METHODS ... The 
impedance coupling method of Fig. 8(a) has the advantage that the d-c 
plate voltage Eb is nearly equal to the supply voltage Ebb. With RC 
coupling. Eb would be much lower due to the voltage drop across the load 
resistor. 

The mid-frequency voltage gain in this type of circuit is calculated using 
the voltage gain formula for a triode stage. However, use the resistance 
value of Rg for RL in the formula. This formula again is the result of 
simplification of the equivalent circuit as discussed in Topic 5 for the RC-
coupled circuit except that here we are ignoring the a-c current through L 
instead of Rg. L is designed to have a much greater impedance than 
Rg at the desired frequency range. 

The transformer coupled circuit of Fig. 8(b) will provide higher voltage 
gain than an ÆC-coupled circuit because the step-up transformer also 
boosts the amplitude of the signal voltage. Since the secondary load of 
transformer T is essentially an open circuit, the primary will appear as a 
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Fig. 8 Voltage amplifiers using other than RC coupling. 

Fig. 9 Enlarged section of an inductor. The dashed capacitors represent the 
distributed capacitance between the turns of the wire. 

large inductance in the plate circuit of tube K,. In a practical circuit, the 
reactance of the primary of T in the plate circuit of K, will be much greater 
than the plate resistance of K, for the middle frequencies. Therefore, at 
the middle frequencies, rp may be neglected and the formula for voltage 
gain of a triode reduces to Gain = ßRt / RL = ß. The overall stage gain 
is the voltage gain from the grid of V, to the grid of K2- To find the stage 
gain, we multiply the gain due to K, by the voltage step up ratio of the 
transformer. 

The middle frequencies are a range of frequencies over which the fre¬ 
quency response curve may be considered fiat for practical purposes. 
When an inductor or transformer is used as a plate load, it is difficult to 
obtain a wide mid-frequency response since the impedance in the plate 
circuit changes with frequency. If transformer coupling is used, the gain 
due to the triode is less than g for frequencies which are higher and 
lower than the mid-range. At the higher and lower frequencies, the im¬ 
pedance of the transformer primary is no longer much greater than rp. 
The reactance of an inductor is low at frequencies less than the mid-range. 
At frequencies above the mid-range the reactance of a practical inductor 
decreases due to distributed capacitance between each turn of wire and 



layers of wire as illustrated in Fig. 9. This distributed capacitance 
actually shunts the inductor and at high frequencies will provide a low 
impedance current path which effectively bypasses the inductance. 

The frequency response will be poor unless a bulky and expensive trans¬ 
former is used; it is difficult to design a transformer to respond evenly 
over a wide audio frequency range. 

Neither of the circuits in Fig. 8 is much used for voltage amplifier 
coupling between tube stages. RC coupling is inexpensive, nonbulky, light 
in weight, more troublefree, and it has better frequency response. 

WHAT HAVE YOU LEARNED? 

1. When impedance coupling is used, the values of d-c plate voltage Eb 

and source voltage Ebb are (a) ( equal )(far from equal ¡(nearly equal). The 
reason is that the ^resistance ¡(reactance) of the inductor is ^(high) 
(low). 

2. When RC coupling is used, the difference between d-c plate voltage Eb 

and source voltage Ebb is considerably (a) (less than )( more than ) the voltage 
difference when impedance coupling is used. The reason is that the re¬ 
sistance of the plate load resistor RL is considerably (bfless than)(more 
than ) the resistance of the inductor. 

3. Refer to Problems 1 and 2. For the same d-c operating plate volt¬ 
age on a given tube, RC coupling would require a source voltage Ebb 

(o) (equal to )(less than )( greater than) the source voltage required for im¬ 
pedance coupling. The use of impedance coupling, as opposed to RC 
coupling, would (bf widen))narrow) the bandwidth of the tube amplifier. 

4. Refer to Fig. 8(b). Assume the value of the input signal voltage Eg to 
the grid of K, is 1.5 mV, and the gain due to is 40. Ignoring any losses, 
the voltage across the primary of transformer T is (a)- volts. If 
transformer Thas a step-up ratio of 2 to 1, the value of the signal voltage 
applied to tube is (b)_ volts. The gain of the stage of K, is 
«-

5. (Partly review) An inductor {O)(does)(does not) have a distributed 
capacitance. The reactance of a capacitor varies (b)(directly )( inversely) as 
the frequency of the voltage applied across its plates. A low value of gain 
is due to the w_of an inductor 
at the (d) (higher) (lower) frequencies. 

6. The reactance of an inductor varies <a)( directly ¡(inversely ) as the fre¬ 
quency of the voltage applied across it. The use of an inductor as the 
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18 plate load of a tube will cause a (b) flarge)(small) variation of plate load 
impedance over a wide frequency range. The gain of a tube using an 
inductor as a plate load impedance will (C)( remain nearly constant )( vary 
considerably ) over a wide frequency range. 

7. The higher the operating frequency of an inductor, the (□) (greater) 
(lower) the inductive reactance, and the reactance of the distributed 
capacitance ̂ (increases) (decreases). The gain of the transformer-coupled 
amplifier at the medium frequencies does not change greatly because the 
(c)_due to the distributed capacitance is still relatively 
(d) (high) (low) compared to the inductive reactance. As the operating fre¬ 
quency further increases, a point is reached where the capacitive reactance 
is so (e) (high) (low) that the inductance is effectively shorted by the dis¬ 
tributed capacitance. The gain of the stage will be very <f) (high) (low). 

8. The frequency response of an RC-coupled amplifier is (a)( wider) 
(narrower) than the frequency response of an impedance-coupled ampli¬ 
fier because the resistance of the plate load resistor <b) (does)(does not) vary 
greatly with frequency and the reactance of the plate load inductor 
(c)_vary greatly with frequency. 

ANSWERS 

1. (a) Nearly equal (b) Resistance (c) Low . . . The d-c, or ohmic re¬ 
sistance of the windings is low; thus the d-c voltage drop across the inductor is 
low, and the d-c voltage applied to the plate of the tube is nearly equal to E^. 
Note that the circuit is more efficient; very little d-c power is wasted in the in¬ 
ductor because its resistance is very low. In an RC circuit, a considerable amount 
of power is wasted as heat in the plate load resistor. 
2. (a) More than; (b) more than 3. (a) Greater than; (b) narrow 
4. (a) 0.06 ... 1.5 X 10’ 3 x 40 = 60 x 10“ 3 = 0.06 V (b) 0.12; (c) 80 
5. (a) Does; (b) Inversely; (c) distributed capacitance 
(d) Higher . . . See Fig. 9. The dashed capacitors show how, at the higher fre¬ 
quencies, the a-c current flows through the tiny capacitors and thus the signal cur¬ 
rent at the higher frequencies is lost through the distributed capacitance. 
6. (a) Directly; (b) large; (c) vary considerably 
7. (a) Greater; (b) decreases; (c) capacitive reactance 
(d) High; (e) low; (f) low 
8. (a) Wider; (b) does not; (c) does 

FACTORS DETERMINING POWER GAIN ... Our discussion so far 
has pertained to voltage amplifiers. Our object was to get as high a signal 
voltage as practical to the grid of the following stage. Since negligible 
signal current and signal power is required to excite the grid of a tube 
operating class A, voltage gain was the only consideration. The final stage 
of an audio amplifier must nearly always provide power amplification, 
since energy is generally required to operate the device fed by the ampli-
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Fig. 10 The greatest power is delivered to the phones when e2 x /p is greatest. 

fier. Since the signal power is the product of the signal voltage multiplied 
by the signal current, both the voltage gain and the current gain must be 
considered in a power amplifier. 

Figure 10 shows a triode tube feeding the signal to a set of headphones. 
The amplitude of the sound in the phones is proportional to the signal 
power delivered to the phones. What impedance should the headphones 
have for the loudest sound? If all we had to consider was voltage gain, 
we would, in accordance with our discussion of voltage amplifiers, make 
the headphone impedance as high as practical. But this simple rule 
doesn't work here because we must consider both signal voltage and 
signal current. 

An equivalent circuit for studying power gain for a triode tube is shown 
in Fig. 11(a). Let us find the value of RL that will deliver the greatest 
signal power to RL. Increasing the value of RL will increase E2. But the 
power doesn't necessarily increase, because Ip goes down when R/ goes 
up, and power is the product of E2 and Ip. In Fig. 11(b) we have calcu¬ 
lated the power for various values of R/ and plotted the results in the form 
of a graph. We have assumed that the input signal is constant at 2 V and 
that M = 50. The graph shows that the greatest signal power output 
occurs when RL is equal to rp, the impedance of the signal source. 

We always get the most power output from a power source when the load 
impedance equals the voltage source impedance. Thus for the loudest 
sound in the phones of Fig. 10 the impedance of the phones should be 
equal to the plate impedance of the tube. However, obtaining maximum 
output by matching load to tube impedance results in considerable distor¬ 
tion. In the interest of reducing distortion, it is usual to make the load 
impedance equal to twice the plate resistance when a triode tube is used. 
This arrangement will generally give for a triode, the highest power output 



Fig. 11 How power gain varies with the value of the load resistance. 

possible without the distortion exceeding the allowable amount. Mini¬ 
mum distortion with good power output is obtained from a pentode or 
beam power tube when the load impedance is between one-fifth and one¬ 
tenth of the plate resistance. 

WHAT HAVE YOU LEARNED? 

1. Because the device fed by the final amplifier usually requires some 
(a)(current)(voltage)(power), the final amplifier must nearly always pro¬ 
vide some (b)_amplification. 



2. In a triode tube stage, the maximum power will be delivered to the 
plate load impedance when the value of that impedance (nearly equals) 
(equals ¡(equals twice I the value of plate resistance rp. 
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3. Refer to Fig. 10. To deliver the maximum amount of power to the 
headphones with the mimimum allowable distortion, the impedance of the 
headphones should be (equal to )( twice )(one-half) the value of the lube 
plate resistance. 

4. Refer to Fig. 10. If the plate resistance of the tube is 2500 ß, what 
should the impedance of the headphones be to keep the minimum allow¬ 
able distortion 5 per cent or less? 

5. If you were using a pentode tube to drive a set of earphones and the 
plate resistance of the tube was 90 kß, a phone impedance of 25 kß 
(would¡(would not ) be a good impedance match. 

6. Refer to Fig. 11(b). Calculate the power delivered to RL when the 
ohmic value of RL is 13,000 ß. Compare your answer with the graph. 

7. Use the graph of Fig. 11(b). Maximum power delivered to RL is 
(a)_ milliwatts when the ohmic value of RL is (b;-ohms. If 
the value of RL is doubled, the value of the power delivered to the load is 
w_ milliwatts and the distortion of the signal delivered to the load 
is (d)( acceptable ¡(not acceptable). If RL were 15 kß, the power delivered to 
Rl would be (e)_ milliwatts. 

8. Use the graph of Fig. 11(b). The power delivered to RL when its ohmic 
value is one-half the value of the tube plate resistance is (a)_milli¬ 
watts. If Rl were 1200 ß, the power delivered to R, would be (b)-
milliwatts. 

9. Refer to Problems 7 and 8. As the plate load impedance increases 
above the value of the tube plate resistance rp, the power delivered to the 
plate load decreases (O)( slowly )( rapidly ). As the plate load impedance 
decreases below the value of the tube plate resistance, the power delivered 
to the load decreases <b)( rapidly ¡(slowly ). 

ANSWERS 

1. (a) Power; (b) power 2. Equals 3. Twice 
4. 5000 9 . . . The minimum allowable distortion is generally accepted to be 5% 
of the total output signal. This minimum distortion occurs in a triode circuit 
when the load impedance is twice the triode tube plate resistance. 
5. Would not . . . The best range of impedances to match the plate resistance of 
the tube would be 9 to 18 k9. 



22 6. 400 mW ... To calculate the power delivered to Rl we must find the current 
flowing through RL and the voltage across RL. Looking at Fig. 11(a), we see 
that the current flowing through Rl is the signal current Ip. 

lp = ——-- 50 X 2 - —- 0.005556 A 
p rp + Rl 5000 + 13,000 18,000 18,000 

Erl, the voltage across Rl, is 1pRl = 0.005556 A x 13,000 Q = 72.22 V. 
The power delivered to the resistor is PKl = 1pErl = 0.005556 A x 72.22 V = 
0.401 W = 401 mW. Comparing the calculated value of PK[ with the value read 
from the graph, we see that they are the same for all practical purposes. 
7. (a) 500 (b) 5000 (c) 444 
(d) Acceptable . . . See answer to Problem 4. (e) 375 
8. (a) 442; (b) 312 9. (a) Slowly; (b) rapidly 

8 PHASE RELATIONSHIPS BETWEEN INPUT AND OUTPUT SIGNALS . . . You can understand amplifier operation a little better if 
we study the various waveforms associated with a class A amplifier stage, 
as shown in Fig. 12. The most important observation we will make is 
that a tube operating in the usual manner always inverts the phase of the 
voltage signal. This means that the output signal voltage to the load or to 
the grid of the next stage is always 180° out of phase with the incoming 
signal. 

In the circuit of Fig. 12(a), Eg is the incoming signal. Its waveform is 
shown in part (b) of the figure, and it is assumed to have a peak value of 
4 V. The d-c bias voltage on the grid is represented by Ec, and it is -6 V. 
This is shown in the left shaded area of waveform (c), since it is the voltage 
on the grid when there is no incoming signal Eg. After the signal Eg passes 
through C|, it combines with Ec. The complete voltage on the grid is then 
Ec + Eg, shown on the right side of waveform (c). Notice that the average 
value of the grid voltage stays at - 6 V but swings back and forth a maxi¬ 
mum of 4 V each side of the average value in conformity with changes 
in Eg. 

The ammeter in Fig. 12(a) shows that the average plate current value, 
which is called Ib, is 5 mA, and this is shown on the left side of wave¬ 
form (d). When a signal is applied to the grid, the plate current varies up 
and down as shown to the right of (d), the average value staying 5 mA. 
(Hence the reading of ammeter A shouldn’t change in a class A stage.) 
The varying, or a-c, component of the plate current is called lp. To draw 
waveform (d) so that its phase is right with respect to waveforms (b) and 
(c), note that when Eg is at its positive peak value (+4 V), the grid voltage 
is at its least negative value (- 2 V). Since the plate current is the highest 
when the grid is the least negative, the plate current must also be at its 
maximum positive value when Eg is at its peak positive value. Hence, 
waveform (d) must be drawn in phase with waveform (b). 
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no signal 
applied 
(d-c or 
static values) 

waveforms when there 
is an incoming signal 
Eg (dynamic values) 

0 
(e) 

+ IOOV 

signal voltage 
to load n

Ep or E2 U

-IOOV 

Fiq. 12 Waveforms of an RC-coupled class A amplifier stage. 



24 Voltage Eb in Fig. 12(a) is the d-c plate voltage. This is much less than 
Ebb because of the large voltage drop across RL. We assume Eb to be 
150 V, as shown to the left of waveform (e). Since the circuit is a class A 
amplifier, the average plate voltage value when amplifying a signal is also 
150 V, as shown on the right side of (e). To get the phase right for wave¬ 
form (e), which represents the voltage with respect to ground on the plate 
of the tube, note that at the moment of the cycle when the plate current is 
the greatest, the voltage drop across RL is also the greatest, and therefore 
the voltage to ground at the plate is at its minimum value. Hence, wave¬ 
form (e) must be drawn 180° out of phase with respect to plate current 
waveform (d). 

The output signal E2 in Fig. 12 is waveform (e) minus the d-c voltage, 
which is removed by capacitor C}. The waveform E2 is shown in Fig. 
12(f). It is the a-c component Ep of the plate voltage. Notice that wave¬ 
form (f), which is the output signal voltage, is 180° out of phase with 
waveform (b), the input signal voltage. This signal inversion caused by 
the tube is an important consideration in understanding the effects of 
feedback. 

WHAT HAVE YOU LEARNED? 

1. Refer to Fig. 12. The plate signal voltage of an untuned amplifier is 
out of phase with the input <□>_voltage by (b)_degrees, 
both voltages being measured with respect to a-c ground. 

2. As the grid signal voltage becomes more positive, the instantaneous 
plate current (^(increases )( decreases ). However, the instantaneous plate 
current decreases as the grid signal voltage becomes more ^(positive) 
(negative). 

ANSWERS 

1. (a) Signal; (b) 180 2. (a) Increases; (b) negative 

PROPER TUBE OPERATION 

Unless tube operating voltages and tube load impedance are properly 
chosen in accordance with tube parameters and characteristic curves, and 
to meet the amplifier performance requirements, distortion and reduced 
gain will result. 
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Characteristic curves for one triode tube type. Fig. 13 

STATIC AND DYNAMIC PLATE RESISTANCE ... If the triode 
Zn in Fig. 13 is operating with -4 V 

curves show that, when the plate voltage is 150 V. Ihe plate curren 

8 mA. E 150

Using Ohm’s law, the plate resistance of the tube is R = y - 0 008

18 750 Q The plate resistance value we get by calculating in th is manner 
18,/JUK. imy« redtfince It will, of course, be different is called the static, or d-c, plate resistance, u wm, v 
for different values of grid bias. 

The value obtained by the static plate resistance will also vary somewhat 
when a diffèrent pom/on the curve is used for figuring — 
This is because the characteristic curves are not linear. For example lor 
piale volîagë of 200 V (bias slaying ar -4 V). the piale curren. is 15 mA. 
r d _ - 13 330 Q, 
The plate resistance now figures to be R - y 0.015 

which is quite . «« « ,om 

”e the graph a. which it was measure«. 

The plate resistance values figure« above are cufie« static ^u« .he 
values of plate voilage an« plate current are used o calculate them. 

The tube resistance seen by the signal is calle« the dywmic. or a-c. plate 



26 resistance. It is the value represented by rp in Fig. 1(b) and in the other 
equivalent circuits of this lesson where the signal is shown as the voltage 
source. 

If the characteristic curves were straight, the dynamic and plate resistance 
values would be the same. Because of the pronounced bend at the bot¬ 
tom of the curves, the dynamic plate resistance is generally much different 
from the static resistance. To keep distortion down, we must so operate 
the tube that the plate signal swing brought about by the signal applied to 
the grid will not dip the plate voltage or plate current down into the 
heavily curved lower part of the characteristic curve. Since operation 
must be kept on the relatively straight part of the curve, it is the re¬ 
sistance associated with this part of the curve that the signal sees, and it 
is this dynamic resistance that determines how the stage responds to the 
signal. 

Referring again to Fig. 13 and still assuming a bias of -4 V, suppose 
that in operation, the plate voltage swings between a minimum instan¬ 
taneous value of 150 V and a maximum instantaneous value of 200 V. 
What is the resistance associated with this section of the characteristic 
curve for -4-V bias? The plate voltage is going from 150 to 200 V (a 
change of 50 V) causes the plate current to go from 8 to 15 mA (a change 
of 7 mA). We find the resistance of this section of the curve by dividing 
the change in voltage associated with this section by the change in cur¬ 
rent associated with this section. 

where rp = dynamic plate resistance 

A£ = change in plate voltage 

A/ = change in plate current 
caused by A£, grid 
voltage held constant 

Thus under the conditions stated, the dynamic plate resistance is 7140 Í2. 
The dynamic plate resistance will be somewhat different for a different 
value of grid bias and for a different portion of the relatively straight 
section of the curve used for determining the dynamic resistance. To be 
accurate, the dynamic plate resistance must be determined for the con¬ 
ditions under which the tube is actually operating. 

Since static plate resistance is not of much importance, the term "plate 
resistance" always means dynamic plate resistance unless static plate re¬ 
sistance is specifically stated or implied. 



2: 

Fig. 14 Laboratory determination of plate resistance. 

Figure 14 shows a lab setup for finding the dynamic plate resistance in¬ 
stead of using the curves of Fig. 13. Resistance R is varied until the volt¬ 
meter reads 150 V. Then ammeter A will read 8 mA, assuming the same 
tube type as used for the curves of Fig. 13. Next R is varied until the 
voltmeter reads 200 V, and the ammeter will then read 15 mA. Now we 
have the figures we need to find the plate resistance. 

= 200 V - 150 V = 50 V = 

rr 15 mA — 8 mA 0.007 A 

Notice in Fig. 14 that the grid voltage is held at a constant -4 V in 
finding rp. 

WHAT HAVE YOU LEARNED? 

1. Refer to Fig. 13. What value of grid bias would you need to limit the 
plate current of the triode tube to 10 mA when the plate voltage is 165 V? 

2. Refer to Fig. 13. If the triode tube plate current is to be 15 mA, what 
value of plate voltage is required when —3 V is applied to the grid? 

3. Refer to Fig. 15. If the pentode tube is operating with 180 V on the 
plate and - 1.75 V on the grid, what is the value of plate current? 

4. Calculate the plate resistance for the pentode tube whose characteristic 
curves are shown in Fig. 15. Assume that the instantaneous plate voltage 
varies from 140 to 300 V while the grid is kept at a constant - 1 V. 

5. Refer to Fig. 13. The value of the triode tube rp is relatively m(Iow) 
(high /compared with that of the pentode of Fig. 15, and the triode char¬ 
acteristic curves Miare nearly horizontal )(slope considerably ). 
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6. Refer to Fig. 15. The value of the pentode tube rp is relatively inflow) 
(high) compared with that of the triode of Fig. 13 because the pentode 
characteristic curves (b) (are nearly horizontal )(slope considerably ). 

7. Refer to Problems 5 and 6. When the characteristic curves of a tube 
slope considerably, the tube rp is relatively (a)(low )(high ). The character¬ 
istic curves of a pentode are (t>}( nearly vertical )(nearly flat), and the 
pentode rp is relatively (c>_ 

ANSWERS 

1. -4 . . . First run a line vertically upward from 165 V until the line intersects 
the horizontal line representing 10 mA. The point where the lines intersect is the 
value of grid bias necessary. 
2. 180 V . . . Since there is no curve for a bias of — 3 V, we must draw one by 
estimating about where it would be. It will lie about one-half the distance between 
the — 2-V curve and the -4-V curve. Drop a line vertically downward from the 
intersection of the 15-mA line and the — 3-V curve and read the required plate 
voltage on the abscissa. 3. 7.3 mA 
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4. 533 kí2...r, = y = 
300 V - 140 V 

10.8 mA - 10.5 mA 
160 V 

0.3 mA 
533 kfi. 

The large variation in Ep was necessary in order to read a variation in lp. 
5. (a) Low; (b) slope considerably 6. (a) High; (b) are nearly horizontal 
7. (a) Low; (b) nearly flat; (c) high 

where AEC is the change made in the grid voltage and SEb is the change 
in plate voltage caused by ±EC the plate current being held constant. 

To find the amplification factor for the tube represented by the curves of 
Fig. 13 we will assume the current to be a constant 10 mA and we will 
vary the grid voltage from —2 to —4 V. Reading off the chart, the plate 
voltage for -2 grid volts and 10-mA plate current is 125 V. The plate 
voltage for -4 grid volts and 10 mA plate current is 165 V. 

FINDING g AND gm . . . The amplification factor g of a tube is a 
measure of how much control the grid voltage has over the plate voltage. 
More specifically, it tells us how much the changes in instantaneous value 
of grid voltage caused by the incoming signal change the plate voltage. 
In determining this value we must keep the plate current constant so that 
there won’t be any plate current changes to influence the result. We then 
change the grid voltage a small amount and note how much the plate volt¬ 
age changes as a result. Dividing the change in plate voltage by the 
change in grid voltage gives us the amplification factor g. 

Hence, the amplification factor for the conditions of plate current and 
grid voltage assumed is 20. The value of g would be somewhat different 
for different values of plate current and grid voltage. 

Now we will consider transconductance g„. This measures how much 
control the grid voltage has over the plate current. To measure this we 
must keep the plate voltage constant. 

g = — ~ SEC

àEb
V = TF AEe

SEb 165 V -125 V 40 „ 
M " 4V-2V 2 
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where SEC is the change made in the grid voltage and SIb is the change 
in plate current brought about by the change in grid voltage, the plate 
voltage being held constant. 



30 To find the transconductance for the tube type represented in Fig. 13, let 
us assume the plate voltage is held constant at 150 V and that the grid volt¬ 
age is changed from -2 to -4 V. The chart shows that for 150 V on the 
plate and -2 grid volts, the plate current is 13.5 mA. For 150 plate volts 
and -4 grid volts, the plate current is 8 mA. 

Mb 13.5 mA -8 mA 0.0055 A . 
S SEC 4 V - 2 V 2 V 

The three tube parameters, g, gm, and rp, are not independent of each 
other; if you know any two of them you can find the third from the 
formula 

M = g m^p 
It is easy to see how this relationship is derived: 

gm X rp = g 
¡ I I 
^rb x a e* = ae; 
AEC x ^rh AEC

We have found gm to be 0.00275 mho and rp to be 7140 ohm. 

g = gmrP = 0.00275 x 7140 = 19.6 

This calculated value for g corresponds quite closely to the value of 20 
previously found for n. Since parameter values vary with the part of the 
characteristic chart used for determining them, you can’t expect gm x rp 
to be exactly the same as the value for n taken from the chart. 

WHAT HAVE YOU LEARNED? 

1. Refer to Fig. 13. Calculate n when lb is a constant 20 mA and the value 
of Ec is varied from - 1 to - 3 V. 

2. Refer to Fig. 13. Calculate g when Ib is a constant 5 mA and Ec is 
varied from - 4 to - 6 V. 

3. Refer to Fig. 16. Readings were taken and the table shown below was 
made. The purpose of the table was to calculate (a) ( g )(gm)(rp), which has 
the value (b)_ 

Eb Ec

165 V 
200 V 

-4 V 
-4 V 

10 mA 
15.1 mA 
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4. Refer to Fig. 16. A second table was made, as shown below. The 
purpose of the table was to calculate (p. gm rp which has the value 
(b)-

E» Ec

150 V 
150 V 

-4 V 
-6 V 

8 mA 
4.25 mA 

5. Refer to Fig. 13. Calculate the value of rp when Ec is a constant — 2 V 
and Eb varies between 110 and 150 V. Compare your answer with the 
answer of Problem 3. 

6. Refer to Fig. 13. Calculate the value of gm when Eb is a constant 
180 V and Ec varies between - 6 and - 8 V. Compare your answer with 
the answer of Problem 4. 

7. Refer to Fig. 13. If the value of Ec is a constant -2 V and the 
plate voltage is varied from 90 to 190 V, the plate current will vary_ 
milliamperes. 

8. Refer to Fig. 15. If Ec is a constant - 4 V and the plate voltage of the 
pentode tube is varied from 90 to 190 V, the plate current will vary_ 
milliamperes. 

9. A set of characteristic curves that slope considerably shows that the 
particular tube has a relatively (a)(low )(high) rp, and if the characteristic 
curves are nearly flat, the tube rp is relatively <b)_ 

10. Refer to Problems 7, 8, and 9. Because of the low plate resistance 
of a triode tube, a large plate voltage variation will cause a (a)_ 
plate current variation. A pentode tube has a high plate resistance, and a 
large plate voltage variation will cause a (b)_ variation in plate 
current 



32 ANSWERS 

11 

1. 19 ... fi 

2. 17 ... fi 

Eb _ 210V - 168V _ 42 _ 
Ec ~ 3V-1V "T" ’ 
158 V - 124 V 34 
——-—— = — = 17. Note that the value of fi, as seen by 

the incoming signal, is slightly different for different operating points on the char¬ 
acteristic curves. Thus to know the correct value of fi you must first know the 
point on the characteristic curve at which the tube is operating. 
3. (a)r,; (b) 6863 0 4. (a) gm; (b) 1875//mhos 
5. 7273 ß . . . Note that the value of rp varies with the part of the characteristic 
curve used. The value of rp found in Problem 3 is less than the value found in this 
problem. 
6. I600^mhos . . . Compared to the value of 1875 ^mhos found in Problem 4, it 
is apparent that the value of gm will vary as the operating point of the tube is 
moved on the characteristic curves. 7. 14.8 
8. 0.1 . . . The current varies from 1.1 mA at 190 V to 1 mA at 90 V. 
9. (a) Low; (b) high 10. (a) Large; (b) small 

LOAD LINES . . . The characteristic curves for the tube used in Fig. 17 
are shown in Fig. 18. What is the value of the plate current lb in Fig. 17? 
To read Ib from the chart, we must know the grid voltage (which we do 
know) and the plate voltage (which we don’t know). Now, the plate volt¬ 
age is equal to Ebb minus the voltage loss across RL. But we must know 
h before we can find the voltage across RL. Thus we are in the pre¬ 
dicament of having to know lb before we can find Eb and having to know 
Eb before we can find /*! The purpose of the load line in Fig. 18 is to get 
us out of this predicament. 

Whatever the value of lb, it certainly can’t be less than 0 mA. If it were 
0 mA, then the drop across RL would be zero and the plate voltage Eb 

would be the same as Ebb, which is 250 V. So on Fig. 18 we plot a point 
at Eb = 250 V, lb = 0 mA. This is point A on the chart. 

Whatever the value of the plate voltage Eb, it certainly can’t be less than 
0 V. If it were 0 V, then the drop across R, would be 250 V, and lb would 

lb 

250 V 

Fig. 17 Diagram for use with load line of Fig. 1 8. 



Fig. 18 Load line for Fig. 1 7. 

be 250 + 14,700 = 0.017 A = 17 mA. So on Fig. 18 we plot a point at 
Eb = 0, In = 17 mA. Point B is that plotted point. Now we draw a 
straight line between points A and B, and that line is the load line. 

To find the plate current and plate voltage in Fig. 17 from the load line in 
Fig. 18, find the point on the graph where the curve for the grid bias 
(Ec = —2 V) crosses the load line. This point is marked point D in Fig. 
18. From this point we read Ib = 9 mA and Eb = 118 V, the plate current 
and plate voltage values in Fig. 17. 

The significance of the load line is that the three values 1„, Eb, and Ec must 
always intersect on the load line. Thus if any one of these three values is 
known, the other two values can be found. 

Example ... To what value should we change the grid bias voltage in Fig. 17 if 
we want to operate the tube so that the plate current is 4.5 mA? What will the 
plate voltage be? 

Solution . . . Draw a line horizontally from lb = 4.5 mA until it meets the load 
line at point F. The grid voltage curve Ec = - 8 V crosses the load line at point 
F. Hence, the bias required is - 8 V. Reading down from point F, we see that 
186 V is the plate voltage. 

Example ... To what value should we change the grid bias voltage in Fig. 17 if 
we want the plate voltage to be 150 V? What will the plate current be? 

Solution . . . Moving up vertically from 150 plate volts, we cross the load line 
at point G. We estimate point G to be about one-fourth of the way from the curve 
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Ec - - 4 V toward the curve Ec = — 6 V. Halfway between the two drawn 
curves is - 5 V, and one-fourth of the way is - 4.5 V, the required grid bias volt¬ 
age. Point G corresponds to a plate current of 6.8 mA. 

Notice that, in plotting points A and B for drawing the load line, we made use of 



Fig. 20 

Rl and Ebb- Hence, if either RL or E^b is changed, a new load line must be 
drawn for the new conditions. Since the value of Ec is not used in drawing the 
load line, we use the same load line for different values of Ec. 

WHAT HAVE YOU LEARNED? 

1. Refer to Fig. 19. To draw a load line on the graph for the circuit shown, 
the points you use are at zero volts and (a)- milliamperes and 
at (b)_ volts and (c)_ milliamperes. Draw the load line and 
then refer to Fig. 20 to make sure you have done it correctly. When no 
signal is applied to the tube, the plate current is <d>- milliamperes 
and the plate voltage is (e)_ volts. 



36 2. If we want the tube in Fig. 19 to pass 6 mA of plate current, the plate 
voltage will be (o)_volts and the grid voltage must be changed to 
(b)_volts. 

3. Refer to Fig. 19. When the voltage on the plate is 221 V, the grid volt¬ 
age must be (□)_volts. At this time the plate current is (b)_ 
milliamperes. 

4. If in Fig. 19 the value of RL were changed to 50 kO, you (would((would 
not) have to draw a new load line. 

5. If in Fig. 19 the value of Ebb were changed to 300 V, you (would((would 
not ) have to draw a new load line. 

6. If in Fig. 19 the value of Ecc were changed to 4 V, you (would((would 
not) have to draw a new load line. 

ANSWERS 

1. (a) 10 . . . When Eb is zero, the voltage drop across is 250 V. The current 

through Rl will be 1 = = 10 mA. 
25 kQ 

(b) 250 (c) zero (d) 3.8 . . . The value of the voltage on the grid when no 
signal is applied is the value of the voltage Ecc, or - 2.75 V. Figure 20 shows the 
position of point A one-half the distance between the - 2.5 and - 3.0 curves. 
(e) 153 V. 
2. (a) 99 . . . The three values /*, Eb, and Ec must all intersect on the load line. 
Point B of Fig. 20 shows where the load line intersects the 6-mA line. By inter¬ 
polation we read 99 V as the value of plate voltage. (b) - 2, approximately 
3. (a) -4 (b) 1.1 . . . See point C, Fig. 20. 
4. Would 5. Would 6. Would not 

ÏQ USING THE LOAD LINE TO FIND OUTPUT SIGNAL AMPL1-
TUDE . . . Figure 21(a) is the same as Fig. 17 except that provisions have 
been made for an input signal Eg and an output signal E\. Let’s suppose 
that Eg has a peak amplitude of 2 V, as shown in Fig. 21(b). The varying 
voltage of Eg will add to and subtract from the - 2-V bias voltage Ecc to 
give a composite voltage on the grid that varies in instantaneous values 
from - 2V+2V = 0 V to — 2 V — 2 V = — 4 V on the grid. This is 
voltage Ec and is shown in Fig. 21(c). 

Using the load line of Fig. 18, we find that when Ec is at its least negative 
value (0 V), Ib is 10.7 mA. Since the plate current is the greatest when 
the grid voltage is the least, the highest instantaneous value for the plate 
current is 10.7 mA. The lowest instantaneous value of plate current 
occurs when the grid voltage is at its most negative instantaneous value, 
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Fig. 21 Circuit waveform values for a 2-V peak input signal. 

which is - 4 V. The load line shows that the plate current is then 7.3 mA. 
Hence, the plate current swings back and forth between 7.3 and 10.7 mA, 
as shown in Fig. 21(d). 

By reading the plate voltage from the load line for Ec = 0 and Ec = -4 V, 
we find that the plate voltage swings back and forth between 92 V and 



38 144 V, as shown in (e). The average, or d-c value, of the plate voltage is 
92 + 144 
--- = 118 V. When signal passes through capacitor Ci in Fig. 

21(a), the d-c component is removed, so that the output signal £, to the 
next stage is as shown in part (f) of Fig. 21. The voltage values in (f) are 
merely the values in (e) with 118 V (the average voltage) subtracted from 
each. 144 - 118 = +26 V, the positive peak of waveform (f), and 92 -
118 = - 26 V, the negative peak of waveform (f). 

Point D on the load line of Fig. 18, which shows the values of /*, Ek, and 
Ec in Fig. 21 when there is no input signal, is called the operating point. 
You will see in the next topic that the choice of a suitable operating point 
is important in reducing amplifier distortion, particularly when large 
signal voltages are being amplified. 

WHAT HAVE YOU LEARNED? 

1. Refer to Fig. 19(b). Assume an a-c signal voltage whose peak-to-peak 
value is 0.5 V is applied to the grid of the tube whose operating point is 
A on the load line that you have drawn. The maximum instantaneous 
value of plate current will be (a)_, and the minimum instantane¬ 
ous value of plate current will be (b)_The maximum instan¬ 
taneous value of plate voltage will be (c)_, and the minimum 
instantaneous value of plate voltage will be <d>_ 

2. Refer to Problem 1. The average, or d-c value, of the plate voltage will 
be_volts. 

3. Refer to Problem 1. The positive peak value of the output signal volt¬ 
age £, is (o)-, and the negative peak value of the output signal 
voltage E i is (b)_ 

4. The operating point of the load line shown in Fig. 20 is labeled 
IAKBHC). 

5. (Review) The effective value of the output signal voltage E¡ in Fig. 19 
is_ 

ANSWERS 

1. (a) 4.5 mA . . . Using the load line drawn previously on the graph of Fig. 
19(b), we can determine the instantaneous plate current values. Since the peak-to-
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peak value of the input signal voltage is 0.5 V, you know that the input signal 
voltage varies 0.25 V above and below the reference voltage of - 2.75 V when 
applied to the grid. Thus the voltage at the grid will vary between -2.5 and 
-3 V. Maximum instantaneous plate current will occur when the instantaneous 
grid voltage is at its most positive value, which is -2.5 V. Using the load line, 
we can see that the load line and the - 2.5-V curve intersect at the 4.5-mA line, 
point D, Fig. 20. 
(b) 3.1 mA, point £, Fig. 20; (c) 170 V; (d) 136 V 

2. 153 .. . + 136 V 153 y Note that this is the same value as the d-c 

plate voltage when no signal is applied to the tube. 
3. (a) 17 V . . . 170 V - 153 V = 17 V (b)- 17 V ... 136 V - 153 V = 
-17 V 
4. A . . . The operating point is the point on the load line where the tube operates 
when no signal is applied. You determined this in Problem 1 of the WHAT HAVE 
YOU LEARNED? section following Topic 11. 
5. 12.02 V ... 17 X 0.707 = 12.019 = 12.02 V. 
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distortion due to flattening 
of positive peaks 

Fig. 22 Amplitude distortion due to rounding off of positive peaks of plate 
current waveform. 

IMPORTANCE OF SUITABLE OPERATING POINT ... A single-
ended (that is, not push-pull) audio amplifier handling a strong input 
signal (a large grid swing) must have its operating point carefully chosen 
so that distortion is not caused by the rounding off of either the positive 
peaks of the current waveform (as in Fig. 22) or the negative peaks (as in 
Fig. 23). Any distortion of the plate current waveform causes a cor¬ 
responding distortion of the signal voltage waveform. 

One cause of flattening of the positive peak is allowing the grid to swing 
positive and thus draw grid current. Single-ended audio amplifiers are not 
normally designed to draw grid current. If through improper operation 
grid current does flow, the preceding stage must furnish this current and 
the corresponding grid power. Since the preceding stage was not designed 
to do so, the input to the grid is loaded down by the extra power and 
current requirements on the positive peaks of the grid signal. The result 
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Fig. 23 Amplitude distortion due to flattening of negative peaks. 

isa flattening or limiting of the positive peak of the grid signal, which in 
turn causes the limiting (flattening) of the positive peaks of the plate cur¬ 
rent, as shown in Fig. 22. 

If signal Ee in Fig. 21 exceeds 2 V peak value, distortion due to grid 
current flow will occur. If a larger input signal is to be used, the grid bias 
must be made more negative, shifting the operating point down on the load 
line of Fig. 18. If a triode tube is used, positive peak flattening does not 
occur as long as the grid does not go positive even though the instan¬ 
taneous value of the grid voltage swings to 0 V, as it does in Fig. 21(c). 

We have seen that the operating point must be so chosen that the grid is 
sufficiently negative to prevent flattening on positive signal peaks. How¬ 
ever, the grid bias must not be set too far negative or the negative peaks 
of the grid signal will drive the tube into plate current cutoff (bottoming). 
Plate current cutoff occurs when the grid is so negative that no plate cur¬ 
rent can flow. Figure 24 shows that for the load line of Fig. 25, distor¬ 
tion will occur if we let the grid swing more negative then - 3.5 V. While 
this is not enough negative grid voltage to fully cut off the tube, the plate 
current starts to flatten out (bottom), as always happens when cutoff is 
being approached, if the grid goes further negative. Bottoming is shown 
in Fig. 26. 

Examination of Fig. 24 shows that a bias of about - 2.75 V would make a 
good operating point for the load line of Fig. 25. Then the grid can swing 
1.75 V in each direction without causing distortion. 

If a pentode tube is used, positive peak flattening occurs before the grid 
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Fig. 24 An EJb transfer curve drawn from the load line in Fig. 25 to show 
plate current limiting due to saturation. 

swings so far as to draw grid current. Although the grid can, without 
much distortion, be swung to 0 V when a triode is used, such a swing with 
a pentode seriously distorts the signal output. To see why, let’s draw a 
graph from the load line in Fig. 25 showing how plate current varies with 
grid voltage. This has been done in Fig. 24. From Fig. 25 we note that 
the curve for - 1.5 V on the grid crosses the load line at /* = 6.5 mA. 
Hence, in Fig. 24 we plot one point for our curve at Ec = - 1.5 V, Ib = 
6.5 mA. Similarly, we plot other points for other grid voltage curves in 
Fig. 25, and then we draw the smooth curve shown in Fig. 24 through the 
plotted points. 

Notice that the curve of Fig. 24 is linear between points A and B. Hence, 
as long as we keep our grid swing between —3.5 and -2.0 V, negligible 
distortion occurs. If we let the grid swing considerably less negative than 
- 2.0 V on positive grid signal peaks, we swing into the flat area at the top 
of the curve, getting severe distortion. 

In the limiting area in Fig. 24 plate current increases very little as the bias 
become less negative. The reason is that the plate voltage is much lower 
than the screen voltage for grid voltage values in this area. The result is 
the formation of a heavy space charge (called a virtual cathode) between 
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Fig. 25 Pentode tube with load line. 

Ib 

distortion due to swinging 
plate current to cutoff 

^waveform without 
distortion 

Fig. 26 Amplitude distortion due to bottoming. 

suppressor grid and screen grid. The negative charge of this cloud of elec¬ 
trons repels electrons coming from the cathode and thus makes the tube 
current insensitive to any further decrease in grid potential. 



Fig. 27 

WHAT HAVE YOU LEARNED? 

1. Refer to Fig. 27. An amplifier, of which the stage shown is a part, is 
not working correctly. The complaint is that the signal at the speaker is 
distorted. You have traced the trouble to the stage shown and, by using 
an oscilloscope, you have found that the signal Eg is flattened at the peaks 
of the positive-going half-cycles. A cause of this condition could be that 
resistor R2_ in value. 

2. Refer to Problem 1. If the signal voltage Eg had shown the condi¬ 
tion of bottoming, a cause of the condition could be that resistor R2 

_ in value. 

3. You are again working on the amplifier of Problem 1 and have traced 
the trouble to the same stage. Once again the output signal Eg shows on 
the scope that it is limiting. You check the components and all check 
good. What could be the cause of the trouble? 

ANSWERS 

1. Decreased . . . Resistor R2 is used to supply cathode bias for the stage. If 
the value of R2 should decrease, the voltage drop across R2 would decrease. A 
decrease of the voltage across R2 would decrease the bias of the tube. A decrease 
in bias would move the operating point of the tube on its load line. If the operating 
point were moved so that the incoming signal voltage to the stage could draw grid 
current, limiting (flattening) would occur. 
2. Increased ... An increase in the value of R2 would increase the bias of the 
stage and move the operating point of the tube farther down on the load line. If 
the operating point is such that the incoming signal causes operation in the lower 
knee of the characteristic curves, bottoming will occur. 
3. A faulty tube. 

■J AMPLITUDE DISTORTION WITH LARGE SIGNAL SWING . . . 
lx Even though the operating point is so chosen as to avoid current limiting 



44 and bottoming, vacuum tubes amplifying large signals always distort the 
signal to some extent, although not always enough to be objectionable. 

Suppose that H in Fig. 18 is made the operating point. With no input 
signal, the plate current is then 5.8 mA and the plate voltage is 166 V. If 
an incoming signal has a peak value of 6 V, the grid swings back and 
forth between 0 and - 12 V. At 0 V on the grid the plate current is 10.7 
mA. At — 12 V on the grid the plate current is 2.3 mA. Thus the plate 
current swings between 2.3 and 10.7 mA as shown in Fig. 23, which also 
shows the distortion. 

In a class A amplifier free of distortion, the average plate current (the 
value read on a d-c ammeter in series with the plate supply voltage) will be 
the same when there is a signal being amplified as when there is no signal. 
Because of the rounding off of the bottom of the signal waveform shown 
in Fig. 23 the distortion has caused the average value of plate current to 
rise. lb is the plate current without a signal, and lbs is the average plate 
current with the incoming signal shown. 

Distortion due to nonlinearity of the characteristic curves (the type illus¬ 
trated in Fig. 23) can be kept down by so choosing the power supply 
voltage Ebb and the load resistance R, as to give a load line over which 
distortion is at a minimum and by limiting the grid signal swing to a value 
less than the maximum capability of the tube. The choice of operating 
point is just as important as the choice of a load line in keeping distor¬ 
tion to a minimum. 

From the equipment maintenance point of view, the lesson to be learned 
from this discussion of distortion is that changes in component and volt¬ 
age values due to aging or failure can change the load line or operating 
point and thus introduce additional distortion. Changes in tube char¬ 
acteristics will change the characteristic curves and therefore also cause 
distortion. 

WHAT HAVE YOU LEARNED? 

1. Assume a class A amplifier operating without distortion. The average 
plate current lbs will be (a) (less than ((equal to ((greater than) the no-signal 
d-c plate current lb. The average plate voltage Eb¡ will be (b)(less than) 
(equal to)(greater than) the no-signal d-c plate voltage Eb. 

2. Assume a class A amplifier operating with distortion. If the peak value 



of the positive half-cycle of the plate signal current has a greater value 
than the negative half-cycle, the value of lb, will be (greater than))less 
than ) the value of lb. 
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3. Refer to Problem 2. If the negative half-cycles have a greater peak 
value than the positive half-cycles, the value of Ibs will be (a) (greater than) 
(less than ) the value of the d-c plate current Ib. The wavform of the output 
signal voltage will show the (b) f positive )( negative) half-cycle with the 
greatest amplitude. 

4. Refer to Fig. 23. The negative half-cycle of the waveform shown has a 
(a) (greater )(smaller) peak value than the positive half-cycle. Instead of 
saying peak value, you can say peak <b)famplitude )(curve)( rise ). Thus, 
when the value of the average plate voltage, or plate current, does not 
equal the value of the no-signal d-c plate voltage, or current, the output 
signal voltage, or current, is said to contain (c)_ distor¬ 
tion. 

5. Refer to Fig. 18. If point H is the operating point, what is the value 
of the grid bias used on the tube? To what peak value would you limit 
the input signal? 

6. Refer to Fig. 18. If the tube were biased at - 2 V and the input signal 
to the tube had a peak value of 2 V, would the output waveform be dis¬ 
torted? 

7, Refer to Fig. 20. Assume the pentode tube is biased at - 2 V and the 
input signal applied to the pentode has a peak value of 2 V, will the out¬ 
put waveform be distorted? 

8. Refer to Fig. 20. If D were the operating point of the pentode, to what 
value would you limit the peak value of the pentode input signal to avoid 
distortion? 

ANSWERS 

1. (a) Equal to (b) Equal to . . . See Fig. 20. As you have learned previously 
in this lesson, the tube operating between points D and E, with A as the operating 
point, produces equal-current positive and negative swings, so that the average 
value of plate current with signal applied is the same as the no-signal d-c value 
of plate current. The same is true for the plate voltage. 
2. (a) Greater than 
3. (a) Less than; (b) positive 4. (a) Smaller; (b) amplitude; (c) amplitude 
5. (a) -6 V (b) 1 V ... A 1-V peak input signal to the triode with point H 
as the operating point would produce a current swing of 0.7 mA above and below 
the d-c no-sisnal value of plate current, 5.8 mA. An input signal with a peak 



46 value greater than 1 V would not produce equal current swings, as can be seen if 
you assume an input of 2 V peak. A 2-V peak input signal would produce a 
positive signal current swing of 1.5 mA and a negative swing of 1.2 mA, a dif¬ 
ference of 20 per cent. Thus it can be seen that a small signal can produce a 
nearly distortionless output and a large input signal can produce a distorted 
output. The position of the operating point will determine the peak value of input 
signal which will not produce an excessive amount of distortion in the output 
signal. 
6. Yes . . . The output would be distorted because the negative plate signal cur¬ 
rent swing would be 1.8 mA and the positive swing would be 1.7 mA. 
7. Yes . . . Asean be seen by inspection, when the sum of the bias voltage and 
the signal voltage causes the grid voltage to be zero, the instantaneous plate 
current will be less than 9.5 mA, while the instantaneous minimum current will be 
1.1 mA. The negative plate signal current swing is far larger than the positive 
swing, and thus the value of is considerably below the value of and a large 
percentage of amplitude distortion will occur. Note that as the signal voltage 
applied to the grid of the pentode approaches zero volts, the load line passes 
through the curved (knee) portion of the characteristic curve. Because the load 
line passes through the nonlinear portions of the curves, amplitude distortion 
occurs. 
8. 0.5 V peak . . . An input signal of this amplitude would cause equal positive 
and negative plate signal current swings. If 1-V peak were applied to the pentode, 
the positive plate signal current swing would be 0.3 mA greater than the negative 
swing. 

■i r USING TUBE MANUALS . . . Manufacturers publish technical data 
on their tubes, and some publish tube manuals that conveniently collect 
together, in one binding the necessary technical information on a great 
many tubes. Tube manuals have information of value to all technicians. 
A page from such a tube manual, covering the 6L6 tube, is shown on the 
facing page. 

The pin connection diagram is shown in the upper left-hand corner. Pins 
are numbered clockwise looking at the bottom of the tube socket and 
starting at the tube alignment slot in the socket. The data start with a 
general description of the tube and the uses for which it was designed. 
(However, you will often find tube types used for widely different 
purposes than the uses suggested in the manual.) The first number in 
the tube type (the 6 in 6L6) indicates the approximate filament voltage 
used, but you should refer to the data to get the exact filament voltage, 
which is 6.3 V for the 6L6. The letters and suffix numbers in the tube 
type have only limited meaning any more, but, in general, rectifier tubes 
use the later letters of the alphabet. Thus the 35Z5GT is a rectifier tube 
requiring 35 V for heating its filament. The GT at the end means that 
the tube envelope is a glass tube. The 6L6 is a metal tube and the 6L6GC 
is the equivalent glass tube. 

The maximum ratings of a tube are important. Under maximum ratings 



BEAM POWER TUBE 
Metal type 6L6 and glass octal type 
6L6GC are used in the output stage 
of audio amplifying equipment, espe¬ 
cially units designed to have ample re¬ 
serve of power-delivering ability. These 
types provide high power output, sen-

6L6 
6L6GC 

sitivity, and high efficiency. Power output at all levels has low third- and higher-order 
harmonics. Type 6L6, Outline 4, type 6L6GC, Outline 19D; Outlines section. Tubes 
require an octal socket and may be mounted in any position. It is especially important 
that these tubes, like other power-handling tubes, be adequately ventilated. Type 6L6GC 
can be used in place of type 6L6 and may be supplied with pin 1 omitted. 
Heater Voltage (ac/dc). 
Heater Current. 
Peak Heater-Cathode Voltage. 

6.3 volts 
0.9 ampere 

Heater negative with respect to cathode. 
Heater positive with respect to cathode. 

Direct Interelectrode Capacitances (Approx.): 
Grid No. 1 to Plate. 
Grid No. I to Cathode, Heater, Grid No. 2, and 
Grid No. 3. 

Plate to Cathode, Heater, Grid No. 2, and 
Grid No. 3. 

•With pin I connected to pin 8. 

180 max 200 max volts 
l80max 200 max volts 
6L6* 6L6GC 
0.4 0.6 pF 

10 10 pF 

12 6.5 pF 

Class A, Amplifier 

MAXIMUM RATINGS: 
Plate Voltage. 
Grid-No. 2 (Screen-Grid) Voltage. 
Plate Dissipation. 
Grid-No. 2 Input. 

Design-
Center 
Values 
360 max 
270 max 
19 max 
2.5 max 

Design-
Maximum 
Values 
500 max 
450 max 
30 max 
5 max 

volts 
volts 
watts 
watts 

TYPICAL OPERATION: 
Plate Voltage. 
Grid-No. 2 Voltage. 
Grid-No. 1 (Control-Grid) Voltage. 
Peak AF Grid-No. 1 Voltage. 
Zero-Signal Plate Current. 
Maximum-Signal Plate Current. 
Zero-Signa! Grid-No. 2 Current. 
Maximum-Signal Grid-No. 2 Current. 
Plate Resistance (Approx.). 
Transconductance. 
Load Resistance. 
Total Harmonic Distortion. 
Maximum-Signal Power Output. 

250 
250 
— 14 

14 
72 
79 
5 

7.3 
22500 
6000 
2500 

10 
6.5 

300 350 volts 
200 250 volts 

-12.5 -18 volts 
12.5 18 volts 
48 54 mA 
55 66 mA 
25 2.5 mA 
4.7 7 mA 

35OOC 33000 ohms 
5300 5200 //mhos 
4500 4200 ohms 
II 15 per cent 
6.5 10.8 watts 

*ln push-pull circuits where grid No. 2 of each tube is connected to a tap on the plate winding of the 
output transformer, this maximum rating is 500 volts. 
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Push-Pull Class AB, Amplifier 

MAXIMUM RATINGS: 
(Same as for Class A । Amplifier) 

TYPICAL OPERATION 
(Values are for two tubes): 

Plate Voltage. 
Grid-No. 2 Voltage. 
Grid-No. 1 Voltage. 
Peak AF Grid-No. l-to-Grid-No. I Voltage . 
Zero-Signal Plate Current. 
Maximum-Signal Plate Current. 
Zero-Signal Grid-No. 2 Current. 
Maximum-Signal Grid-No. 2 Current. 
Effective Load Resistance (Plate-to-plate). 

6L6 
360 360 
270 270 

-22.5 -22.5 
45 45 
88 88 
132 140 
5 5 
15 11 

6600 3800 

6L6GC 
450 volts 
400 volts 
-37 volts 
70 volts 
116 mA 
2)0 mA 
5.6 mA 
22 mA 

5600 ohms 



48 for use as a class A| amplifier, notice that two sets of maximum values 
are given; one set is called design-center values and the other is called 
design-maximum values. The design-maximum values should not under 
any circumstances be exceeded. The design-center values are the practical 
limits used in design. They are enough lower than the design-maximum 
values that variations due to operating conditions will not cause the 
design-maximum values to be exceeded. Thus the highest practical plate 
voltage to use with the 6L6 is 360 V and the highest screen voltage that 
it is practical to use is 270 V. 

Exceeding the maximum plate dissipation which is 19 W design-center 
value for the 6L6, will cause the tube to overheat and will shorten its 
life. Similarly, the wattage input to the screen grid (grid 2) must be 
limited to 2.5 W. The maximum-signal output power shown on the chart 
is not a tube rating for safe operation, but represents the maximum signal 
power output to the load that can be expected under the operating con¬ 
ditions given and without the harmonic distortion exceeding the values 
listed. 

You should study the sample tube data chart to note the information 
available. Manual data not already commented on should be self-explan¬ 
atory. 

WHAT HAVE YOU LEARNED? 

1. If you had a type 12AT7 vacuum tube, you would know at once that 
the filament voltage needed for the tube was approximately_volts. 

2. Refer to page 47. If the tube is to be used as a class A amplifier with a 
plate voltage of 300 V, what is the approximate value of the tube plate 
resistance? (a)_The tube transconductance is <b>_ 
micromhos. 

3. Refer to Problem 2. The tube manual does not list the n of the tube, 
but you calculate p to be _The amplification factor is not 
listed because the 6L6 is a <b)( pentode)(tetrode))triode) tube, so that the 
important tube constant is the <«) (rp)(g„) rather than the amplification 
factor. 

4. Refer to Problem 2. The maximum peak-to-peak value of input signal 
you could use with this tube would be_volts. 



ANSWERS 4< 
1. 12 . . . The actual required filament voltage would be 12.6 V. 
2. (a) 35,000 Í2; (b) 5300 3. (a) 185.5; (b) pentode: (c)gm
4. 25 . . . The peak value of the audio frequency applied to the grid is listed as 
12.5-V peak. Thus the peak-to-peak value is 12.5 x 2 = 25 V. 

NEGATIVE FEEDBACK AMPLIFIERS 

An amplifier so designed that part of its output signal is fed back to the 
input out of phase with the input signal is called a negative or inverse, 
feedback amplifier. Because the incoming signal is opposed by the out-of¬ 
phase feedback signal, the voltage gain of the amplifier is greatly reduced, 
an obvious disadvantage. As for benefits, negative feedback substantially 
reduces amplitude distortion, stabilizes the amplifier gain, and improves 
the amplifier frequency response. Because the resulting distortion is 
largely eliminated, power amplifiers using negative feedback can be driven 
harder for a higher power output. Negative feedback also reduces hum, 
so that less power supply filtering is required. In audio power ampli¬ 
fiers, negative feedback makes it possible to obtain better performance at 
lower cost. 

1 A ACTION WITH POSITIVE FEEDBACK ... So that you can better 
understand negative feedback, we will first discuss positive feedback. 

Figure 28(a) shows an ordinary amplifier with transformer coupling to its 
output. The output signal E is shown as in phase with the input signal 
e\. By merely reversing the primary leads, the output could be made to 
be out of phase with the input. Phasor diagrams for et and E are shown 
to the right of the figure. 

In Fig. 28(b) a small part C/of the output signal is fed back to the input 
in such a manner as to be in series with the grid input signal ei. The 
total signal applied to the grid is thus e2 + ey, and it is this sum that is 
amplified by the stage. If the output signal E is to stay the same ampli¬ 
tude as it is in (a), the input signal must be much reduced in value, re¬ 
duced enough that e2 + is equal in amplitude to the input signal of 
(a). Then the signal actually applied to the amplifier input, which is is 
the same in both part (a) and part (b) of Fig. 28, and consequently the 
output signal E is the same in both cases. 
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(b) Positive feedback 

Fig. 28 Amplifier with positive feedback. 

Feedback in which the signal fed back reinforces the input signal, as in 
Fig. 28(b), is called positive or regenerative feedback. Notice in Fig. 28 
how a much smaller input signal e2 with feedback produces the same out¬ 
put signal as does the larger et in (a), where there is no feedback. This 
shows that positive feedback greatly increases the amplifier gain. 

If the amplitude of the signal e/fed back in Fig. 28(b) is increased until it 
is equal to the amplitude of then the output signal E is maintained 
without any input signal e2. The amplifier then becomes an oscillator. 
Because of the high gain of most modern amplifiers, the amount of posi¬ 
tive feedback required for the amplifier to lapse into oscillations (and 
therefore become useless as an amplifier) is quite small. Positive feedback 
is seldom used intentionally in modern audio amplifiers. Postive feedback 
increases amplitude and frequency distortion; operation is more erratic 
and unstable; and there is always the danger of oscillations. It is easy 
with modern tubes and transistors to get all the gain you want without the 
need of positive feedback. 

Although positive feedback is not wanted, it cannot be avoided com¬ 
pletely, since there is always some stray coupling between output and 
input circuits, often through the power supply. The problem is to keep 
it as low as possible, and in any case below the level at which oscillations 
occur. 
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1. (Review) An oscillator is an amplifier that supplies its own -
signal voltage. 

2. Refer to Fig. 28(b). The amplifier shown supplies (of ail)(a part ) of its 
input signal voltage. The amplifier accomplishes this through the use of 
(b)_feedback. 

3. Refer to Fig. 28(b). The input signal e2 from the preceding stage is in 
(o)(series )( parallel) with ef, the portion of the output signal fed back to 
the amplifier input terminals. The voltage e2 (*>)(is )(is not ) in phase with ef. 

4. Refer to Problem 3. Since e2 and ef are in series and in phase, the 
input to the amplifier e¡ is equal to the (ajfsum of¡ (difference between ¡ the 
two waveforms (b>_ and_ 

5. If the amplifier shown in Fig. 28(b) is suddenly overdriven (e2 becomes 
large), the amplifier could go into_ 

ANSWERS 

I. Input 2. (a) Apart; (b) positive 
3. (a) Series . . . As shown in Fig. 28(b), e2 must travel to the tap on the second¬ 
ary of the output transformer and then in the same path as ef. Hence the two are 
in series. (b) Is . . . This fact is determined by use of the phasor diagram, 
which shows e2 and e¡ in phase. 4. (a) Sum of; (b) e2, ef 
5. Oscillation . . . If e2 became so large that ef equaled et, an input signal 
would no longer be necessary, because the amplifier would then function as an 
oscillator. 

ACTION OF NEGATIVE FEEDBACK . . . Figure 29(a) is the same as 
Fig. 28(a) except that in Fig. 29(a) the output signal E is out of phase 
with the input signal e,. In Fig. 29(b) part of the output signal ef is fed 
back in series with the input signal e2. Since e2 is out of phase with ef, the 
signal applied to the amplifier input is equal to e2 - ef, or, to state it 
another way, e2 = e, + ef. If the output E is to be the same amplitude 
in (b) as it is in (a), then ?i must have the same amplitude in both parts of 
the figure. Thus for the same output, e2 in (b) must be greater than e, in 
(a) by the amount of ef. Since the signal input for the same output must 
be greater with negative feedback, the voltage gain with negative feedback 
is less than without feedback. 

The greater the fraction of the output signal fed back, the less will be the 
gain in an inverse feedback amplifier. The incoming signal e2 must always 
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(a) e, and E out of phase, no feedback 

E 

Fig. 29 Amplifier with negative feedback. 

be enough stronger than the feedback signal to overcome the feedback 
signal and still have enough signal et left to feed the amplifier input. 

A few figures will help make the signal relationships with inverse feedback 
clearer. Suppose that the gain of the amplifier without feedback in Fig. 29 
is 100. What must be the value of the incoming signal e2 in Fig- 29(b) to 
produce an output E of 500 mV? Assume that 20 per cent of the output 
signal is fed back to the input; that is, ef = 0.20 x 500 = 100 mV. If E is 
to be 500 mV, then e, (which is equal to E/A ) must be 500/100 = 5 mV. 
The input signal e2 must furnish not only the 5 mV for e, but also another 
100 mV to overcome ef. The amplitude of e2 must thus be 105 mV. The 
gain of the stage is thus 500/105 = 4.76. The use of 20 per cent negative 
feedback brought the stage gain down to 4.76 from a gain of 100 without 
feedback. 

The voltage gain of a feedback amplifier is given by the formula 

voltage gain with feedback = --— 

where J is the gain without feedback and ß is the fraction of the output 
signal fed back. 

In using the above formula, the feedback factor Aß is considered positive 
if the feedback is positive and negative if the feedback is negative. For the 
benefit of interested readers, the derivation of the above formula is given 
in Appendix I. 



WHAT HAVE YOU LEARNED? 5; 

18 

1. What has probably been done to reverse the phase of E in Fig. 29(b) as 
compared with E in Fig. 28(b)? 

2. Refer to Fig. 29(b). The input signal e2 from the preceding stage is in 
(a) (series )( parallel) with ef, the part of the output signal fed back to the 
amplifier input terminals. The voltage e2 is (b)(in phase )( 180° out of phase) 
with ef, the feedback voltage. 

3. Refer to Problem 2. Since e2 and ef are in series and 180° out of 
phase, the input to the amplifier e, is equal to the (afsum of( (difference 
between ) the two waveforms (b)_ and_ 

4. Refer to Fig. 28(b). Assume the gain of the amplifier without feed¬ 
back is 150. If 10 per cent of the output signal voltage is fed back to the 
amplifier input terminals, what is the gain of the stage? Use the formula, 

feedback with gain = --, 
1 — Aß 

ANSWERS 

1. Probably the primary leads of the output transformer have been reversed . . . 
The leads of the secondary could not be reversed because of the feedback tap. The 
position of the tap determines the value of ß. If the secondary leads were re¬ 
versed, ß would not be the same. For example, if ß were 0.1 and the leads of the 
secondary were reversed, it would become 0.9. 
2. (a) Series; (b) 180° out of phase 3. (a) Difference between; (b) e2, ef 
4. 9.375 . . . Feedback with gain = 

/I 150 150 150 _ 150 _ q
1 - Aß " 1 - (150 X 0.1) 1 - (- 15) 1 + 15 16 

Note that the value of the term Aß is negative because negative feedback is used. 

HOW NEGATIVE FEEDBACK REDUCES DISTORTION ... Let us 
understand first of all that negative feedback will reduce only distortion 
that has originated within the amplifier or sections of the amplifier that 
are part of the feedback loop. The feedback loop is the complete path 
that one would walk through if he started at some point in the feedback 
path and walked around the circuit until he came back to the point at 
which he started. The feedback loop consists of the feedback path and the 
amplifier. However, in many cases the feedback path may not bridge all 
of the amplifier stages. Distortion originating in any stages or circuitry 
not part of the feedback loop is not reduced by the negative feedback. 

We will consider first the case when the amplifier generates a spurious 
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o amplifier 

(a) 

^spurious signal 
generated in amplifier 

(b) 

Fig. 30 How negative feedback reduces the amplitude of spurious signals. 

output signal at a frequency at which there is no input signal. Hum 
picked up within the amplifier and amplified by the following stages 
would be an example of such a spurious signal. Another example would 
be harmonics of frequencies being amplified that develop within the 
amplifier. The situation without feedback is represented in Fig. 30(a). 
There is an output signal but no corresponding input signal. There may 
be inputs and corresponding outputs at other frequencies, but they have 
nothing to do with the spurious signal and so need not be considered. 

If we now add negative feedback to the amplifier of Fig. 30(a), part of 
the spurious signal feeds back to the input, as shown by e¡ in (b). The 
phase of e/is inverted by the amplifier. (This must be assumed, because 
otherwise the feedback would be positive rather than negative.) Figure 
30(b) shows that in the amplifier output the amplified value of ef is out 
of phase with the original spurious signal and therefore largely cancels it 
out, leaving the reduced spurious signal shown. 

All the spurious signal in Fig. 30 can’t be canceled out, because the signal 
e/fed back is a fraction of the reduced spurious signal output from the 
amplifier, and not a fraction of the much larger spurious signal output one 
would have if there were no feedback. As long as a spurious signal is 
generated within the feedback loop, there must be some spurious signal 
output. If there were not, then would be zero, and if that were so, the 
spurious signal would not be canceled at all. The higher the value of the 
feedback factor ß, the more the spurious signal will be reduced. 

Figure 31 shows how amplitude distortion generated within the amplifier 
is reduced by negative feedback. Part (a) of the figure shows an input 
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Fig. 31 How amplitude distortion is reduced by negative feedback. 

signal not distorted. If the amplifier does not amplify the positive part 
of the wave as much as the negative part, the result without feedback will 
be the distorted output wave E that is shown. Figure 31(b) shows how 
negative feedback reduces this distortion. The signal fed back, ef, will, of 
course, have the same waveshape as E, and therefore it will also be dis¬ 
torted as E is. 

Now feedback signal ef subtracts from incoming signal e2 to give the 
signal at the amplifier input. The negative half of the e2 cycle has less 
than the normal amount subtracted from it because the corresponding 
half of ef is less in amplitude than it should be. The result is that the 
negative half of e, is of greater amplitude than the positive half and is 
greater than it would be if there were no distortion. The negative half of 

when amplified, becomes the positive half of the output signal E. 
Because the signal being amplified is greater than normal, the fault of the 
amplifier in not amplifying this part of the cycle so well is partly compen¬ 
sated for, so that the distortion of E is less than it would be if there were 
no feedback. 

For the reason mentioned previously, negative feedback never removes all 
of the amplitude distortion. The greater the feedback fraction ß, the more 
the distortion will be reduced. However, increasing ß reduces the ampli¬ 
fier gain with feedback, so that an additional stage may be required to get 
the needed gain. 
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FEEDBACK . . . The gain of an ordinary amplifier varies with the 
supply voltage, temperature changes, and changes in component values 
due to aging. The radio that gradually becomes louder after it has been 
on a while is an illustration of the undesirable effects of varying gain. 
Negative feedback greatly reduces the fluctuation in amplifier gain. While 
the amplification of the amplifier itself may vary greatly, the negative 
feedback causes the overall amplifier gain to be nearly constant. How¬ 
ever, for this to be true the amplifier gain without feedback must be many 
times the amplifier gain with feedback. 

The reason why negative feedback stabilizes the gain is easy to see. Sup¬ 
pose that the gain of the amplifier without feedback increases. Then in 
the absence of feedback, the ouput signal increases. With feedback the 
increased output signal feeds back to the input a larger feedback signal 
ef. Since ef subtracts from the incoming signal, a greater ef means a 
smaller signa) on the amplifier input. This reduces the output signal, so 
that the variation in output is not as great as it would be if there was no 
feedback. The higher the feedback factor ß, the better the gain is stabi¬ 
lized. 

Negative feedback using a high value for ß is widely used in instrumenta¬ 
tion to give highly stabilized gain, which is essential if instruments fed by 
amplifiers are to read accurately. Operational amplifiers used in analog 
computers are feedback amplifiers that have a very high gain (without 
feedback) and in which the amount of feedback can be varied to get 
precisely, and very reliably, the amount of gain (with feedback) that is 
desired. It is practical to stabilize the gain to within 0.1 per cent. 

Because negative feedback stabilizes amplifier gain, the frequency re¬ 
sponse range of the amplifier is increased. You have learned how the gain 
of an ordinary audio amplifier drops off at low and at high audio fre¬ 
quencies. Since negative feedback stabilizes the gain, the range of con¬ 
stant amplifier gain will extend further into the low- and high-frequency 
regions. The discussion above assumes that ß stays the same at all 
frequencies. Another advantage of negative feedback is that the frequency 
response can be shaped to desired characteristics by so designing the feed¬ 
back circuit that ß varies with frequency in a manner suitable for getting 
the desired frequency response. 

WHAT HAVE YOU LEARNED? 

1. A high value of ß means (a) ( lower )( greater) amount of feedback and a 



(b) (lower))greater) percentage of stage-introduced distortion in the out¬ 
put. If negative feedback is used, the stage gain is ^»increased »decreased) 
and (d)f more »fewer ) stages of amplification may be needed. 

5/ 

2. Negative feedback (will»will not) reduce noise generated within the 
tube of the stage. 

3. Negative feedback tends to keep the amplifier gain (more»less) con¬ 
stant than it would be without the negative feedback. 

4. If the gain of an amplifier without feedback is 7500 at 100 Hz and the 
feedback fraction is 30 per cent, calculate the gain with negative feed¬ 
back A f. 

5. Refer to Problem 4. If the amplifier has a gain without feedback of 
4000 at 30 Hz, calculate the gain with negative feedback. Assume the 
feedback fraction is the same in this instance. 

6. Refer to Problem 4. At 15 kHz the amplifier has a gain without feed¬ 
back of 3800. Assume the feedback fraction is unchanged and calculate 
the gain with negative feedback. 

7. Refer to Problems 4, 5, and 6. Without negative feedback the gain of 
the amplifier varies greatly at 30 Hz and 15 kHz. With negative feedback 
the gain of the amplifier (a)(is nearly constant » varies a great deal). Thus 
by using negative feedback, the frequency response of the amplifier is 
(b) ( increased ) ( decreased ). 

ANSWERS 

1. (a) Greater; (b) lower; (c) decreased; (d) more 
2. Will . . . Negative feedback will reduce only the distortion introduced in the 
feedback loop, and this includes any noise generated by the tube of the stage. 
3. More 

A 7500 7500 
4 3 332 A t = - = - = - = 3.332. 

’ ’ ‘ f 1 - Aß 1 - (-0.3 X 7500) 2251 
Note that, since the feedback is negative, the value of ß is —0.3 instead of +0.3 
and thus the denominator is the sum of 1 and Aß rather than the difference 
between A and ß. 
5. 3.331 6. 3.330 
7. (a) Is nearly constant . . . At 30 Hz the gain of the amplifier without feedback 
decreases from 7500 to 4000, almost a 50 per cent decrease in amplification. With 
negative feedback the gain decreases from 3.332 to 3.331, which shows the gain 
in this instance to be nearly constant. (b) Increased . . . The frequency re¬ 
sponse is extended, but the overall gain of the amplifier is much reduced and more 
stages of amplification may be needed than would be the case if negative feedback 
were not employed. 
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(b) Push-pull stage 

Fig. 32 Negative voltage feedback around a single stage feeding into grid 
circuit. 

Q0 PRACTICAL VOLTAGE FEEDBACK ARRANGEMENTS ... The 
number of stages within the feedback loop can vary from one to several. 
A suitable arrangement for a single stage is shown in Fig. 32(a). If a 
suitable tap were available on the secondary of T2 for taking off the feed¬ 
back signal, the circuit would be the same as Fig. 29(b) with the tube 
replacing the block labeled “amplifier.” The voltage divider network 
R¡R2 in Fig. 32(a) serves the same purposes as a secondary tap. The 

R ■> fraction of the output signal fed back, ß, is equal to--—. 
R i + Ri 

Instead of being taken from the secondary in Fig. 29(b), the feedback can 
be taken from the primary. When it is, the capacitor C, must be inserted 



in order to block the d-c plate voltage so that it will not also feedback to 
the grid. Although both primary and secondary are in common use as 
points for taking off the feedback signal, the two are not equivalent. 
When the signal is taken from the secondary, the transformer is also 
within the feedback loop, so that its characteristics are also affected by the 
negative feedback action. Atlhough connecting to the secondary reduces 
transformer-caused distortion and improves the frequency response, it 
may cause the amplifier to oscillate at very high and very low audio 
frequencies, particularly if the feedback is around more than one stage. 
Why negative feedback amplifiers are apt to oscillate if not carefully 
designed is explained later. 

The feedback principles used in Fig. 32(b) are the same as in (a). Two 
feedback circuits are used, one for each tube of the push-pull arrange¬ 
ment. 

The phase of the feedback signal is correct for negative feedback in Fig. 
32(b), and in Fig. 32(a) when the feedback is taken from the primary, 
because the signal voltage output from a tube is 180° out of phase with 
the grid signal voltage. When the feedback is taken from the secondary, 
the feedback signal may be either in phase or out of phase with the grid 
signal. However, if the phase is wrong so that positive rather than nega¬ 
tive feedback is obtained, correction is merely a matter of reversing the 
leads on either the primary or the secondary of the transformers. 

All the negative feedback arrangements discussed in this topic are known 
as voltage feedback because the feedback is taken in each case from the 
output signal voltage. 

The circuit of Fig. 33 is very similar to that of Fig. 32(a) except that the 

Fig. 33 Voltage feedback around two stages feeding into grid circuit. 
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(a) Circuit 

(b) Equivalent feedback circuit 

Fig. 34 Voltage feedback into grid circuit in parallel with incoming signal. 

feedback loop is around two stages instead of only one. Also, since RC 
coupling rather than an input transformer is used for the input to the first 
stage, the method of getting the feedback signal in series with the signal 
input is slightly different. The feedback signal voltage is the voltage 
across R2 within the feedback network RtR2. In Fig. 33 the 
feedback voltage is in series with the grid resistor Rt and the signal input. 

In Fig. 34(a) the feedback signal through R, feeds to the grid in parallel 
rather than in series with the incoming signal. The equivalent circuit, in 
Fig. 34(b), shows how negative feedback takes place even though the feed¬ 
back voltage is not in series with the signal input voltage. First let’s con¬ 
sider the circuit with switch S open so that there is no feedback. Con¬ 
sidering Vi as the signal voltage source, this voltage causes a signal 
current /p to flow through rp and also through R2 and R} in parallel. The 



signal on the grid is, of course, the voltage across Ry caused by signal 
current I} flowing through R}. When S is closed, the output signal voltage 
E also furnishes current (/J to the grid circuit. 
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Notice that, looking from the grid resistor Ry, the two voltage sources for 
the grid current I) (E and the signal output from KJ are out of phase 
with each other. Hence, E is trying to force current through Ry in the 
direction opposite to that of the current /3 set up by the signal output 
from K,. The effect of this bucking action of lf is to reduce the grid 
signal current /}, and hence the grid signal voltage. Therefore, lf produces 
negative feedback, since it reduces the strength of the signal at the grid 
in accordance with the value of If. 

WHAT HAVE YOU LEARNED? 

1. How many stages are included in the feedback loop of the amplifier 
shown in Fig. 33? 

2. Refer to Fig. 33. Could the feedback be taken from the primary of 
the output transformer rather than the secondary by using a capacitor in 
series with R, as shown by Ci. 

3. How many stages are included in the feedback loop of the amplifier 
shown in Fig. 34(a)? 

4. Does the circuit shown in Fig. 34(a) reduce any distortion that is 
generated in tube KJ 

5. The amplifier shown in Fig. 33 is brought to you for repair and you 
find that the output transformer Tt has a shorted turn in the secondary. 
You replace the output transformer and, when you test the amplifier, a 
loud howl comes out of the speaker, (a) What could cause this? (b) How 
could you correct the trouble? 

6. Refer to Fig. 32(b). The purpose of the two capacitors marked C, is to 
(o)_The purpose of the resistors marked 
R\ and R2 is to form a voltage divider network for the purpose of 
(b)_Resistor R} provides (c)_ 
-for the push-pull stage, and capacitor C2 is used to (d)_ 

7. Refer to Fig. 32(a). If resistor Rt has a value of 480 kQ and resistor 
R2 has a value of 120 kQ, the feedback fraction 0 will equal _ per 
cent 
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1. Two . . . Note that the feedback loop is from the secondary of Tt back to the 
grid of E,, through K, and kj, to the primary of T}, and back to the secondary of 
Ti. 
2. No ... If the feedback were taken from the top of the primary of T\, the 
polarity of the feedback would be regenerative rather than degenerative because 
there are two 180° phase shifts between the two stages. You could not tap the 
bottom of the primary of Tt, because this would place the tap at a-c ground. 
3. One . . . Only the stage of k2 is contained within the feedback loop. 
4. No 5. (a) The amplifier has gone into oscillation at an audio frequency 
because the feedback is regenerative. (b) Reverse the leads of the primary or 
secondary of the output transformer, but not both. This will change the regenera¬ 
tive feedback to inverse feedback. 
6. (a) Block the d-c plate voltage from the grid of the tube while passing the 
a-c feedback signal; (b) providing the correct amount of feedback signal to the 
grid of the tube, (c) cathode bias; (d) bypass the a-c around the resistor Rj so 
the bias voltage will be a pure d-c. 

R 120 kQ 
7. 20 ... 0 = --- = - = 0.20, or 20 per cent 

R, + R2 600 kQ 

(a) 

Fig. 35 Single-stage negative current feedback using cathode degeneration. 

CURRENT FEEDBACK CIRCUITRY ... In the voltage feedback cir¬ 
cuitry considered in the preceding topic, the amount of signal fed back 
was proportional to the signal voltage across the load. In this topic we 
consider circuits in which the voltage fed back is proportional to the cur¬ 
rent through the load. Negative feedback circuits of this type are said to 
use current feedback. 

Feedback occurs in the single-stage circuit of Fig. 35 because no bypass 
capacitor is used across R2. As a result the varying component Ip of the 
plate current flows through R2, resulting in the feedback voltage ef being 
developed across R2. The type of feedback is current feedback because 
the plate signal current flows through the load (the primary of T,) and 
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Fig. 36 Cathode degenerative current feedback with part of cathode resistor 
bypassed to reduce ß value. 

therefore e/is proportional in amplitude to the signal current through the 
load. 

Is the feedback e^in Fig. 35 positive or negative? As the small sine waves 
drawn on the figure show, e2 and ef are in phase with respect to ground. 
In spite of this, ef subtracts from e2 to give e,. To see why, look at the 
equivalent circuit in Fig. 35(b), where we have replaced e2 and e¡ with two 
batteries B2 and Bf. Both batteries have the same polarity with respect to 
ground, and therefore they correspond polaritywise to the in-phase rela¬ 
tionship between e2 and ef. But the voltage between grid and cathode in 
Fig. 35(b) is the difference between the voltages of B2 and Bf. 

Since one purpose of R2 in Fig. 35 is to bias the grid, the value of this re¬ 
sistance is set by the amount of grid bias needed for the stage. If the feed¬ 
back voltage e/developed across the entire cathode resistance is more than 
is wanted, part of the resistance can be bypassed as shown in Fig. 36. 

Figure 37 shows current feedback around a two-stage loop. The feedback 
voltage is developed across the unbypassed capacitor R2. Notice that R2 

is in series with the output signal, which is why the circuit is described as 
current feedback. The signal current output from both PÇ and V2 flows 
through R2. However, because of amplification, the signal current in R2 

from V2 is much greater than the signal current from PÇ, and therefore it 
produces most of the feedback voltage across R2. Hence, both stages are 
within the feedback loop. 

The fact that the feedback voltage is generated across the cathode resistor 
does not necessarily mean that current feedback is used. In Fig. 38 the 
main feedback current is taken from across the output (rather than in 



64 Rí 

Fig. 37 Current feedback around two stages. 

series with it) and is therefore voltage feedback. Since the feedback is 
around two stages, we can’t run the feedback back to the grid, because 
that would produce positive feedback. To obtain negative voltage feed¬ 
back, the feedback must be to the grid when the loop is around an odd 
number of stages, and it must be to the cathode if an even number of 
stages are within the loop. Of course, if there is a transformer within the 
loop, these requirements do not hold; you can always reverse the polarity 
of the feedback, if required, by reversing either the primary or secondary 
transformer leads. 

WHAT HAVE YOU LEARNED? 

1. If the feedback voltage is proportional to the voltage across the load, 
the feedback is (□)( voltage )( current ) feedback. If the feedback voltage is 
proportional to the current through the load, the feedback is (b)_ 
_ feedback. 

Fig. 38 Voltage feedback by means of cathode degeneration. 
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2. The feedback path shown in Fig. 37 shows that the total current 
through resistor R2 is composed of the current flowing through tube H 
and the entire output (a){ voltage)) current ). Thus the feedback voltage 
across R2 is proportional to the (b)f output voltage )( output current ) and the 
feedback is (c)_feedback. 

3. The feedback current shown in Fig. 38(a) ^(is)(is not) the total out¬ 
put signal current. The feedback current that flows is dependent upon the 
(b)-across the output terminals, and hence the feedback is 
(c)_feedback. 

4. If an RC-coupled amplifier has five stages and you wanted to use 
inverse feedback across three of them, you could feed back signal current 
from the plate of the fifth stage to the {grid )( cathode) of the third stage. 

ANSWERS 

1. (a) Voltage; (b) current 2. (a) Current; (b) output current (c) current 
3. (a) Is not; (b) voltage; (c) voltage 4. Grid 

COMPARISON OF VOLTAGE AND CURRENT FEEDBACK . . . 
Voltage feedback reduces distortion and noise generated within the loop 
from the output signal voltage. Current feedback reduces distortion and 
noise generated within the loop from the output signal current. If the load 
is resistive, the two effects are synonymous. The current through a re¬ 
sistance is always exactly proportional to the voltage across that resist¬ 
ance. Therefore, if the signal voltage is distorted, so is the signal current 
distorted through a resistance to which the signal voltage is applied. 
Conversely, any distortion in the signal current through a resistance 
causes a corresponding distortion in the signal voltage across that resist¬ 
ance. 

If a transformer is the load in the feedback loop, the effects of voltage 
and current feedback are not the same. Transformer losses and winding 
reactance vary with frequency. Since noise and distortion represent fre¬ 
quencies different from the desired signal frequency, the response of the 
transformer to the spurious signal components is different than to the 
desired signal. As a result voltage and current feedback have different 
characteristics, which will next be listed. Because of the complexity of 
transformer action when losses and distortion are considered, it is not 
practical for us to give the reasons for these differences. 
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Voltage feedback taken from the primary improves frequency response at 
low frequencies and reduces amplitude distortion produced by nonlineari-



66 ties in the tube and by transformer core saturation, but the high-frequency 
response is not improved. With current feedback the frequency response 
is better at high frequencies and worse at low frequencies than would be 
the case in the absence of feedback. Also, current feedback increases 
amplitude distortion due to transformer core saturation. If the voltage 
feedback is used and it is taken from the secondary, the response at both 
high and low frequencies is improved. Since the entire transformer, rather 
than just the primary, is now within the feedback loop, distortion is less 
than when voltage feedback is taken from the primary. However, the 
amplifier is then more apt to oscillate. 

Careful design is required to prevent negative feedback amplifiers from 
oscillating, particularly if there is more than one stage in the feedback 
loop. The feedback is negative over the frequency range in which the 
amplifier is intended to operate, and therefore it will not oscillate at any 
frequency within this range. However, at both very low and very high 
frequencies, the amplifier stages produce phase shifts that may at some 
frequency produce positive feedback. If the amplifier gain is sufficient at 
this frequency, oscillations will occur. The reactance of circuit capacitors, 
stray and tube capacitances, and circuit inductance all shift the signal 
phase. 

Transformers also shift the signal phase at very high and very low fre¬ 
quencies. The phase shifts may easily accumulate to 180° from the normal 
phase reversals given by the tubes. As a result the feedback at the fre¬ 
quency at which this occurs is positive rather than negative, so that the 
circuit oscillates. Negative feedback amplifier loops are generally limited 
to three stages, since it is extremely difficult to avoid oscillations when 
more stages are used. 

An important difference between voltage and current feedback is in re¬ 
spect to their output impedances. Voltage feedback reduces the ampli¬ 
fier output impedance from the output impedance value without feedback. 
Current feedback increases the output impedance. Voltage feedback 
keeps the output signal voltage fairly constant under varying load con¬ 
ditions. You will remember that the definition of a low-impedance source 
is one that is able to keep its voltage nearly constant as the load varies. 
Current feedback keeps the output signal current fairly constant under 
varying load conditions. The output signal is thus a constant-current 
source, which you will remember is a high-impedance source. 
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Fig. 39 Cathode follower amplifier. 

WHAT HAVE YOU LEARNED? 

1. The current through a resistance is (^(inversely )( exactly ) proportional 
to the voltage across the resistance. If the signal current through a resist¬ 
ance contains distortion, the signal voltage across the resistance (b)(will ) 
(will not ) contain distortion. 

2. If the feedback is taken from the primary of the output transformer, 
distortion introduced in the secondary of the transformer (a)(will ¡(will 
not) be reduced by the action of the feedback signal. If the feedback 
signal is taken from the secondary of the output transformer, distortion 
introduced in the transformer M will)( will not) be reduced by the action 
of the feedback signal. 

3. If you had an amplifier that suddenly emitted a very low-pitched howl, 
would you suspect the negative feedback loop even though there was no 
transformer in the feedback loop? 

ANSWERS 

1. (a) Exactly; (b)will 2. (a) Will not; (b) will 
3. Yes ... It is not necessary to have a transformer within the feedback loop in 
order for low- or high-frequency oscillation to occur. 

0Q THE CATHODE FOLLOWER AMPLIFIER ... The important nega-
tive feedback circuit of Fig. 39 is known as a cathode follower circuit. 
The feedback voltage is developed across the unbypassed cathode resistor 
R2. However, since the feedback signal voltage is also the signal volt¬ 
age to the load, the circuit uses voltage feedback. Since voltage feedback 
is used, the output signal is a low-impedance signal source. The input 
signal, working into the grid of the tube, sees a very high impedance. 
This suggests the most important use of the cathode follower circuit, that 
of matching a high-impedance input to a low-impedance load. 
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signal is a little less than the voltage of the input signal. Thus the 
voltage gain of the cathode follower amplifier is a little less than 1. To 
see why the output signal voltage must be less than the input signal volt¬ 
age, remember that the output signal voltage is also the feedback voltage. 
The feedback voltage of any negative feedback amplifier must always be 
less than the signal input by the value of the signal voltage on the grid. 

Note also that in the cathode follower circuit there is no signal phase 
inversion between input and output. The output signal voltage is in phase 
with the input signal voltage, which you can see from Fig. 35(a). The 
cathode follower takes its name from the fact that the input and output 
signals are in phase and are of nearly equal voltage amplitudes. 

Because of its low-impedance output, the cathode follower is able to 
supply considerable current (and therefore considerable power) to its 
load. The cathode follower is thus a power amplifier. Because of its 
high input impedance, the cathode follower can be fed from a high-
impedance source without drawing appreciable power from that source, 
and therefore without excessively loading the circuit. On the other hand, 
its output can be connected to a low-impedance load—such as a coaxial 
cable—to deliver a relatively large power to the load. 

When the input signal to a cathode follower circuit does not contain 
a d-c component, capacitor Cc, and consequently Rt, can be eliminated. 
The advantage to this is to provide the stage with a uniform power gain 
down to very low frequencies. Without the coupling capacitor the circuit 
can pass frequencies from about 10 Hz to 4 MHz or higher without 
appreciable distortion. For this reason cathode followers are often used 
in oscilloscopes and vacuum-tube voltmeters, which must be used to make 
measurements over a wide range of frequencies. 

In summary, the cathode follower provides the following characteristics: 

1. Excellent power amplification 
2. High input impedance 
3. Low output impedance 
4. Excellent frequency response 
5. Voltage amplification that approaches but never reaches unity 
6. An output that is in phase with the input 



WHAT HAVE YOU LEARNED? 69 

1. The output signal voltage of the cathode follower amplifier is also the 
(voltage )( current) feedback signal. 

2. Because of the cathode follower high input impedance and low output 
impedance, the circuit can be used to match a (a)_ output 
impedance circuit to a (b)_ impedance load. 

3. If the input coupling capacitor and grid resistor of the cathode follower 
are removed, the amplifier can be made to have a (narrow )( wide) fre¬ 
quency response. Because of this, the cathode follower amplifier is quite 
often used in various types of test equipment. 

ANSWERS 

1. Voltage 2. (a) High; (b) low 3. Wide 

APPENDIX I 

A DERIVATION OF FEEDBACK GAIN FORMULA . . . Refer to page 
52 and Fig. 28. 

E 

ef = ßE 

e, = + ef

E E - AßE £(1 - Aß) 
et .e,-e,.--ßE -----

f . E _ E(1 - Aß) gain with feedback = — = E ---

A EA A 
£(1 - Aß) - £(1 - Aß) - 1 - Aß 



70 LESSON 2413-1 

UNTUNED AMPLIFIER CIRCUITRY 

EXAMINATION 

Circle the number of the correct answer to each question that follows. When you 
are finished, transfer the answers to the answer sheet by putting X's in the proper 
squares. When the graded answer sheet is returned to you, correct in this book 
any questions you may have missed. By doing so, you will have a record of the 
correct answers to all the questions for review purposes. 

1. A triode tube can be considered as an approximate constant-voltage 
source because 
(1) the a-c voltage generated in the tube (for example, £| in Fig. 1) 

does not vary with a change in load. 
(2) the plate signal current through a triode does not vary with a 

change in plate load resistance. 
(3) the plate resistance of the triode changes so the voltage delivered 

to the plate load resistance remains constant. 
(4) it has a relatively low plate resistance in series with a relatively 

high resistance load. 

o— 
signal 
input 

Vt E g = l.5V 
fl - 44 
gm = 11,000 //mhos 

Fig. 40 

2. Refer to Fig. 40. The plate resistance of H is 
(1) 400 ». (3) 2500 ». (5) 4840». 
(2) 484». (4) 4000». (6) 25,000». 

3. Refer to Fig. 40. What value of signal current will flow through R{1 



Assume the reactance 
(1) 4.13 ma 

of C2 and of C3 is zero. 
(2) 5.5 mA (3) 41.3 mA (4) 55 mA 

4. 

5. 

6. 

Refer lo Fig. 40. What is the voltage gain of the stage'? 
(1)3.3 (2)U U) 33 (4)44

Refer to Fig. 40. If R, were changed to 16 kO. the voltage gain of 

stage would be g g (J| „ 2 0) „ 

When considering signal voltage gain, for a stage, the important tube 

parameter is 
(1) gm for a triode and g for a pentode. 
(2) fi for both a triode and a pentode. 
(3) rf for a triode and gm for a pentode. 
(4) fi for a triode and gm for a pentode. 

7 Refer to Fig. 40. If the voltage gain 
increase in distortion, one cause might 

(1) an open C2. 
(2) a shorted C2. 
(3) Ry increased in value. 

suddenly decreased, with no 
be 

(4) C2 is leaky. 
(5) Ci is leaky. 
(6) C3 is leaky. 

(1) 

Fig. 41 

_. .. frpanencv of the signal voltage applied to 
8' Sid of'r, decreases below 75 Hz, the signal voltage gain of stage 

increase because no signal current is lost through stray 

(2) decrease because the reactance of C3 decreases. 
(3) decrease because of regeneration caused by c
4 decrease because the reactance of C, and C2 increases. 

71 



72 9. Refer to Fig. 41. As the signal voltage frequency increases above 
15 kHz, the signal voltage applied to the load 
(1) increases because the reactance of C,, C2, C}, C4, and C5 de¬ 

creases 
(2) increases because a pentode can amplify high frequencies better 

than a triode. 
(3) decreases because of the effect of intertube and stray capacitances. 
(4) decreases because of degeneration caused by C2. 

10. One way to substantially improve the frequency response of an un¬ 
tuned amplifier would be to 
(1) increase the capacitance of all coupling and bypass capacitors. 
(2) decrease the value of the grid resistor. 
(3) decrease the value of the plate load resistor. 
(4) do all of the above. 

2j- to I 

Eg * 0.2 V V( v2

¿¿=25 Z/=25 
rp=2OOO-o- rp=5OOO-^ 

Fig. 42 HP 

Question 11 to 15 refer to Fig. 42. 

11. Assume the reactance of capacitors C, and C2 is zero. Calculate the 
value of signal voltage applied to the primary of Tt for middle fre¬ 
quencies. 

(1) 5.0 V (2) 3.0 V (3) 0.5 V (4) 49.9 V 

12. Calculate the signal voltage gain of the first stage. 
(1) 62.5 (2) 37.5 (3) 75 (4) 126 

13. Assume the reactance of capacitors C} and C< is zero. Calculate the 



value of signal current through the load of kj. 
(1) 0.0208 A (2) 0.0142 A (3) 0.125 A (4) 0.2083 A 

14. Calculate the signal voltage across the load. 
(1) 12.5 V (2) 20.8 V (3) 208 V (4) 142 V 

15. Including both stages, what is the total signal voltage gain of the 
amplifier? 

(1) 1042 (2) 104.2 (3) 15,500 (4) 25,000 

16. Comparing an ÆC-coupled amplifier with a transformer-coupled 
amplifier, you can state 
(1) the transformer-coupled amplifier is more efficient. 
(2) the /JC-coupled amplifier passes a wider bandwidth of 

frequencies. 
(3) using the same type tubes and the same number of stages, the 

ÄC-coupled amplifier will have less signal voltage gain than the 
transformer-coupled amplifier if the coupling transformers have 
step-up ratios. 

(4) all of the above. 

17. Assume you are designing a power amplifier circuit using a pentode 
tube. If the tube has an amplification factor of 4750 and a trans¬ 
conductance of 9500 ^mhos, a good value of load impedance for low 
distortion would be 

(1) 15k£2. (2) 25 k«. (3) 75 k«. (4) 250 k«. 

18. The flattening of the positive peaks of the plate current waveform 
could be caused by an incorrectly chosen operating point. The input 
signal 
(1) draws grid current, and the bottom of the output signal current 

waveform is clipped. 
(2) causes the tube to be biased to cutoff, and the bottom of the out¬ 

put signal current waveform is clipped. 
(3) draws grid current, and the top of the output signal current wave¬ 

form is clipped. 
(4) drives the tube into cutoff, and the top of the output signal 

current waveform is clipped. 

19. A pentode tube can be considered as an approximate constant-current 
source because 
(1) the plate signal current through a pentode does not vary with a 

change in grid signal voltage. 
(2) the plate resistance of the pentode changes so the current de¬ 

livered to the nlate load resistance remains constant. (Cont’d) 



74 (3) the a-c signal current generated in the tube does not vary with a 
change in load. 

(4) it has a relatively high plate resistance in series with a relatively 
low-resistance load. 

20. You can tell the relative value of a tube’s plate resistance from a glance 
at the tube characteristic curves because the plate resistance is 
(1) relatively high if the characteristic curves slope considerably. 
(2) relatively high if the characteristic curves slope very little. 
(3) relatively low if the characteristic curves slope very little. 
(4) low if the curve of the knee of the characteristic curve is very 

sharp. 

21. The amplification factor of a tube is equal to the 
(1) change in grid voltage divided by the change in plate voltage 

caused by the change in grid voltage, with the plate current held 
constant. 

(2) change in plate current divided by the change in grid voltage that 
caused the change in plate current with the plate voltage held 
constant. 

(3) change in plate voltage divided by the change in grid voltage that 
caused the change in plate voltage with the plate current held 
constant. 

(4) change in plate voltage divided by the change in plate current 
caused by the change in plate voltage with the grid voltage held 
constant. 

22. Which load line shown in Fig. 43(b) is correctly drawn for the circuit 
shown in Fig. 43(a)? 

(1) line 1 (2) line 2 (3) line 3 (4) line 4 

23. Using the load line found in Question 22, find the value of Ec in 
Fig. 43(a). 
(1) 0 V (3) 2 V (5) 4 V 
(2) IV (4) 3 V (6) 5 V 

24. By using the load line found in Question 22, find the value of the no¬ 
signal plate current of the circuit shown in Fig. 43(a). 

(1)8 mA (2) 12 mA (3) 20 mA (4) 30 mA 

25. By using the value of Ec found in Question 23 and assuming Eg has a 
peak value of 1 V, find the transconductance of the tube from Fig. 43. 

(1) 5500 Mmhos (3) 11,000 M mhos 
(2) 8500 Mmhos (4) 17,000 gmhos 



Fig. 43 
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26. What is the maximum number of stages of amplification generally 
included in a negative feedback loop? 

(1) 2 (2) 3 (3) 4 (4) 5 

27. If you had three stages of ÆC-coupled amplification and fed back a 
signal from the plate of the third tube to the first stage, you would, 
for negative feedback apply the feedback signal to the 
(1) cathode of the first-stage tube. 
(2) plate of the first-stage. 
(3) grid of the first-stage tube. 
(4) grid or cathode of the first-stage tube. 

28. Two features of the cathode follower amplifier are 
(1) low input impedance and a voltage gain just less Ihan 1. 
(2) high input impedance and a voltage gain greater than 1. 
(3) high output impedance and considerable current gain. 
(4) high input impedance and considerable power gain. 



76 29. The equivalent signal circuit for a tube stage does not always show 
capacitors because 
(1) the equivalent circuit is a d-c circuit and capacitors do not pass 

d-c current. 
(2) the capacitors are used only to block the d-c and d-c has nothing 

to do with the equivalent circuit. 
(3) it is assumed that the capacitors are of sufficient size that their 

reactance at the signal frequency is negligible. 

30. Which of the following amplifiers is most likely to be used in test 
equipment because of its ability to operate over a wide frequency 
range? 
(1) Impedance-coupled amplifier 
(2) ÆC-coupled amplifier 
(3) Transformer-coupled amplifier 
(4) Cathode follower amplifier 

31. For proper operation of a pentode tube using a screen grid dropping 
resistor, the screen grid bypass capacitor must have 
(1) a high reactance at the signal frequency so that the screen grid 

is kept well above ground potential. 
(2) a low reactance to bypass the signal current around the screen 

grid voltage-dropping resistor to the load. 
(3) a high reactance at the signal frequency to keep signal current 

losses as low as possible. 
(4) as low a reactance as possible at the signal frequency so the screen 

grid is kept at signal ground potential. 

32. An impedance-coupled amplifier best amplifies 
(1) low frequencies. 
(2) a wide range of frequencies. 
(3) a relatively narrow band of frequencies. 
(4) frequencies above 75 MHz. 

33. If you wanted to build an amplifier that was inexpensive and rela¬ 
tively troublefree and had good frequency response, you would build 
(1) an impedance-coupled amplifier. 
(2) a transformer-coupled amplifier. 
(3) a combination of impedance- and transformer-coupled amplifier. 
(4) an ÆC-coupled amplifier. 



34. If you had a three-stage amplifier that incorporated negative feedback 
between the second and third stages, would noise generated in the 
tube of the first stage be reduced by the negative feedback? 
(1) Yes, but only at low frequencies. 
(2) No 
(3) Yes, but only at the medium audio frequencies. 

35. The static or d-c plate resistance is not the same value as the dynamic 
plate resistance because 
(1) the dynamic plate resistance is the resistance seen by the d-c cur¬ 

rent through the tube and the static plate resistance is the resist¬ 
ance seen by the a-c current through the tube. 

(2) the dynamic plate resistance is the plate resistance at a given 
operating point, and the static plate resistance is the plate resist¬ 
ance over the operating range of the tube. 

(3) the characteristic curves of a tube are nonlinear. 

36. A negative feedback loop, because of poor design, can cause an 
amplifier to oscillate 
(1) at some frequency above the range of frequencies at which the 

amplifier is designed to operate. 
(2) at some frequency below the range of frequencies at which the 

amplifier is designed to operate. 
(3) even though the feedback loop does not contain a transformer. 
(4) for all of the above reasons. 

37. The transconductance of a tube is equal to 
(choose your answer from the selections of Question 21) 

77 
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A chat with your instructor 

Radio-frequency amplifiers are used not only in radio and television 
receivers and transmitters but also in microwave circuits, X-ray 
equipment, pulsing apparatus, and control devices — in short, wher¬ 
ever radio frequencies are employed. 

In this lesson we will be concerned with the basic principles of r-f 
tube and transistor amplifier circuits, how different types of circuits 
fulfill specific purposes, and how amplifiers work and are maintained. 

Radio-F requency 
Amplifiers 

J. TYPES AND USES OF R-F AMPLIFIERS... Radio-frequency 
amplifiers are used to boost the voltage or power of radio-frequency 
signals applied to their input. They are used in receiving and trans¬ 
mitting equipment and in many types of industrial electronic equip¬ 
ment. The r-f amplifiers used to boost the signal power are called 
power amplifiers, and those used to boost the signal voltage are called 
voltage amplifiers. 

Most r-f amplifiers in receiving equipment are voltage amplifiers or, 
when transistors are used, current amplifiers. Both power and voltage 
r-f amplifiers are used in transmitters and industrial equipment. 

OPERATION OF R-F AMPLIFIERS ... Whenever practical, r-f 
power amplifiers are operated class C, since this offers greater effi¬ 
ciency and greater power output than class A or class B operation. 



2 
grid leak resistor and 

R2

Fig. 1 A typical class C r-f power amplifier using grid leak bias. 

Class B operation is used when amplifying a modulated r-f wave, since 
class C operation would cause intolerable distortion of the intelligence. 
Class A amplifiers are usually used as r-f voltage amplifiers. Although 
class A amplifiers are relatively inefficient, total power losses are low 
because of the small amount of power used in voltage amplifiers. 

In review, the plate current in a class C amplifier consists of a number 
of short pulses which are converted into a sine-wave output by the 
flywheel action of the amplifier’s plate tank circuit. On the other hand, 
plate current flows continuously in a class A amplifier and for at least 
half the time in a class B stage. 

The bias for class C amplifiers is often obtained by a grid leak arrange¬ 
ment as shown in Fig. 1. This arrangement has the advantage of 
simplicity; also, the bias tends to be self-adjusting with respect to the 
amplitude of the grid signal. The stronger the signal, the greater the 
negative bias developed by the grid leak. 

Grid leak bias has a disadvantage, however. If the excitation (input) 
signal to the stage should ever be removed for any reason, no bias will 
be developed and the plate current will rise to the point at which it 
may permanently damage the tube. To protect against this possibility, 
a resistor and bypass capacitor are often placed in the amplifier’s 
cathode circuit to limit maximum plate current, as shown by R,C, in 
Fig. 2. Now part of the total bias is developed by R,C¡ and part by 
the grid leak circuit C2R2

The grid leak resistor must be electrically connected between grid 
and cathode as far as d-c is concerned. In Fig. 1, since L2 has negligible 
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Fig. 2 Use of a cathode resistor R, as a safety device. 

d-c resistance, R, is effectively connected between grid and cathode 
through ground. It may be directly connected as shown by the 
dashed line. 

WHAT HAVE YOU LEARNED? 

1. You are called in to service a radio transmitter using grid leak bias, 
and, upon checking, you find that the class C r-f power amplifier stage 
tube is operating with excessive plate current. What might you first 
suspect as being the trouble? 

2. An r-f amplifier operated as class (□>_can use a tube with a 
lower plate dissipation rating than an amplifier with the same power 
output rating operated class A because of the greater (b)_ 
of this class of operation. 

3. Grid leak bias should be used only when the input signal to a class 
C amplifier is_at all times. 

ANSWERS 

1. Lack of signal to the input of the class C power amplifier stage ... This 
would reduce the bias to zero and cause very high plate current flow. 
2. (a) C (b) Efficiency ... With higher efficiency less power is lost on the 
plate as heat. 3. Present. 

CLASS B R-F POWER AMPLIFIERS . . . R-f power amplifiers 
operating class B are used in two general types of applications 
in transmitters. The first general application is as a buffer amplifier 
stage. (The buffer stage is the first stage following the oscillator.) 



4 Class B operation loads the oscillator less than class C operation, 
which is important for frequency stability. Since no great amount of 
power is handled by the buffer amplifier, the lower efficiency of class 
B operation is not a serious objection. 

The second type of class B r-f amplifier is the so-called class B linear 
amplifier, which is often used in transmitters for the amplification of 
a modulated r-f signal, that is, an r-f signal that has superimposed 
upon it the intelligence it is desired to transmit through space to a 
receiver. As already mentioned, class C amplifiers are not suitable for 
this purpose because they cause excessive distortion of the intelli¬ 
gence. Since we are not specifically concerned with transmitters in 
this lesson, we need not at this time be concerned with the techniques 
by which modulation may be accomplished. 

In general, the plate voltage, bias voltage, load resistance, and power 
output listed in tube tables for class B audio amplifiers also apply to 
class B linear r-f amplifiers. 

When using tetrode, pentode, or beam power tubes in either the class 
B or the class C power amplifier, the screen grid must be held at a 
constant value. The use of a separate, well-regulated power supply 
for the screen grid is, therefore, a common practice. 

WHAT HAVE YOU LEARNED? 

1. Compared to class A or class B amplifiers, the efficiency and power 
output of a class C amplifier is (□) _ However, the power 
gain of a class C amplifier is <b) _ than that of a class A or 
class B amplifier under similar conditions. 

2. You are servicing a class C r-f amplifier. The cathode is connected 
directly to ground, and grid leak bias is used. The plate of the tube 
has been ruined because of excessive dissipation. You should first 
check to see if the source of <□> - is operative. If it is 
not, no (b) - is developed to control (e)__ current 
in the amplifier. As a precaution against a recurrence of this trouble 
you could connect a id) _ and <»> _ in the 
(*) - circuit of the amplifier. 



ANSWERS 5 

1. (a) High (b) Less ... Considerable input power to the grid is required to 
drive a class C stage. 
2. (a) Excitation; (b) bias; (c) plate; (d) resistor (or capacitor) 

(e) capacitor (or resistor); (f) cathode. 

R-F AMPLIFIER NEUTRALIZATION 
Thus far, all of the r-f amplifiers shown have used pentode-type tubes. 
Actually, triodes are very often used in r-f power amplifiers. When a 
triode is used, neutralization is necessary to keep the amplifier from 
oscillating. With pentode tubes neutralization is not generally required 
for frequencies below 30 me, since the screen grid reduces the signal 
feedback from plate to grid to a low value. 

PLATE NEUTRALIZATION... Perhaps the most common method 
of achieving neutralization is by use of the plate, or Hazeltine, method 
illustrated in Fig. 3. Notice that the coil in the plate tank circuit is 
tapped and, as far as the r-f currents are concerned, the tap is returned 
to ground through the low reactance of bypass capacitor C. 

Now, with respect to ground, the signal at the top of the tapped coil 
is 180° out of phase with the signal at the bottom of the tapped coil. 

Fig. 3 Plate (Hazeltine) neutralization. 



6 By connecting neutralizing capacitor Cn from the bottom of the plate-
tuned circuit to the grid of the amplifier and by controlling the amount 
of feedback through Cn by making it variable we can neutralize the 
undesirable feedback through the interelectrode capacitance of the 
tube. The two sources of feedback, one through Cn and the other 
through Cgp, are equal but opposite in phase. Therefore, they tend to 
cancel each other, and there is no longer the danger of oscillation. 

It is interesting to note in Figs. 3 and 4 that a fixed-bias supply—E« 
is used in place of the other bias arrangements shown in Figs. 1 and 
2. Just remember that the method of bias used depends en¬ 
tirely on the application and may be fixed-source bias, grid leak 
bias, or cathode bias. With the fixed-bias arrangement an r-f choke, 
(RFC), is used to keep signal currents out of the supply source, while 
the bypass capacitor provides a ground return to the cathode for these 
same signal currents. Since the same power supplies usually furnish 
voltages to several different stages, any r-f currents entering the power 
supply might feed back to preceding stages and cause oscillations. 

WHAT HAVE YOU LEARNED? 

1. In order to achieve neutralization, it is necessary that the two feed¬ 
back energies be (a)_but of opposite (b)_The 
required change in polarity between the voltage fed back through Cgp 
and that fed back through Cn is achieved by <c>_the coil 
in the plate tank circuit and returning this tap to (d> _ 
through a bypass capacitor. The amount of energy fed back through 
Cn is controlled by making Cn <e)_ 

2. If you replaced the tube in a plate-neutralized r-f amplifier similar 
to that shown in Fig. 3, what else must be done before putting the 
transmitter back into operation? 

ANSWERS 

1. (a) Equal; (b) phase; (c) tapping; (d) ground; (e) variable 
2. The neutralizing capacitor Cn must be adjusted for complete neutralization 
because the grid-plate capacitance will vary from tube to tube. 

g GRID NEUTRALIZATION ... A tapped grid tank circuit may also 
be used for neutralization, as shown in Fig. 4. Cn is adjusted so that 
equal voltages feed back to the grid circuit through Cn and Cpg. The 
two feedback signals are in phase, but are applied to opposite ends of 
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Fig. 5 Push-pull neutralized r-f amplifier with coupling to Marconi antenna. Coil L 
is for resonating the antenna, the tap position being adjustable. 

INDUCTANCE NEUTRALIZATION ... In the neutralizing arrange¬ 
ments shown thus far we have made use of a neutralizing capacitor 
Cn. We may also accomplish neutralization by connecting an inductor 
between plate and grid as shown in Fig. 6. The capacitor placed in 

Fig. 6 Inductance (shunt) neutralization. 



series with the inductor is used only as a d-c blocking capacitor and 9 
has no effect on the neutralizing action. 

All that we are doing in Fig. 6 is forming a parallel resonant circuit 
in which Cpg acts as the capacitance in parallel with inductor L. At 
resonance, the two reactances cancel and the plate-to-grid path then 
offers an extremely high impedance to the flow of feedback energy. 

Because the lead length in the neutralizing circuit is practically negli¬ 
gible, the circuit of Fig. 6 is well suited to ultrahigh frequency cir¬ 
cuits in which other methods of neutralization may prove unsatisfac¬ 
tory. The same arrangement can be used in push-pull stages with a 
separate inductor and blocking capacitor connected between the plate 
and grid of each tube. Another advantage of this circuit is that it 
permits the use of single-ended tank circuits with single-ended 
amplifiers. 

WHAT HAVE YOU LEARNED? 

1. To achieve neutralization in a push-pull stage, both the grid and 
plate tank coils are (□)_to obtain the correct polarities of 
(b)_voltages. Then a neutralizing capacitor is connect¬ 
ed from the (c)_of each stage to the (d)-of the 
other. 

2. You are operating a transmitter in which the r-f stages use shunt 
neutralization. In one such stage, the capacitor in series with the 
shunt coil shorts. The plate current meter would indicate a (») (rise) 
(fall) since the (b) _ applied to the tube would be overcome 
by the B+ applied to the (c) -

ANSWERS 
1. (a) Tapped; (b) feedback; (c) grid (or plate); (d) plate (or grid) 
2. (a) Rise; (b) bias; (c) grid 

NEUTRALIZING PROCEDURE ... Either a neon bulb, a flashlight 
lamp or an r-f ammeter connected to the ends of a loop of wire may 
be used as an indicator when neutralizing low-power r-f amplifiers. 
The plate-voltage lead is opened during the neutralization process to 
completely remove d-c potential. Normal r-f excitation (input) is then 
applied to the stage, the neutralizing indicator is coupled to the plate 
coil, and the plate and grid tuning capacitors are set to resonance, as 
shown in Fig. 7. The neutralizing capacitor C, is then adjusted until 
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Fig. 7 Neutralizing an r-f amplifier stage 

the r-f indicator gives a minimum indication in both tank circuits. 
For the neon lamp and the flashlight lamp this is the point of least 
brilliance. When a symmetrical push-pull stage is being neutralized, 
both neutralizing capacitors are adjusted simultaneously and to ap¬ 
proximately the same value of capacitance. 

With the plate voltage removed, the tube does not amplify. The only 
way the r-f input in Fig. 7 can reach the plate tank circuit is through 
the interelectrode capacitance of the tube. With perfect neutraliza¬ 
tion there will be no r-f in the tank circuit of Fig. 7, since the entrance 
path has been balanced out (neutralized). 

As a final check, a d-c milliammeter is connected in series with the 
grid bias circuit. When the plate is tuned through resonance (still 
with no voltage applied), there should be no movement on the grid 
meter. 

In a completely neutralized amplifier, with plate voltage applied and 
with normal loading, maximum grid current and minimum plate cur¬ 
rent should both occur at the same point of tuning on the plate tun¬ 
ing capacitor. As the plate circuit is detuned slightly to each side of 
resonance, the grid current should decrease by equal amounts on each 
side of maximum without any sudden jumps. This is a very accurate 
way to determine neutralization when the load represents a resistive 
impedance at the operating frequency. 

-disconnect 
plate power 

Ebb 
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several times 
cutoff 

Fig. 8 A frequency doubler circuit. The circuit is distinguished by the high nega¬ 
tive bias used and by the plate tank circuit being tuned to twice the fre¬ 
quency of the input tank. 

notice that maximum grid current occurs at one frequency reading 
and that minimum plate current occurs at a slightly different read¬ 
ing. What does this indicate? __ 

ANSWERS 

1. (a) Neon lamp; (b) flashlight lamp and a loop of wire 
(c) r-f ammeter (answers may appear in any order) 

2. (a) Should not; (b) resonance 
3. Incomplete neutralization 

FREQUENCY MULTIPLIERS 

g OPERATING R-F AMPLIFIERS AS FREQUENCY MULTI¬ 
PLIERS ... The prime signal source in a transmitter is an oscillator 
that produces an r-f signal of constant amplitude at its output. How¬ 
ever, the frequency of the oscillator signal is often lower than the fre¬ 
quency desired for transmission, and r-f amplifiers operating as multi¬ 
pliers are required to raise the frequency. Frequency multipliers op¬ 
erate on exact multiples of the excitation frequency. When the out¬ 
put of the multiplier is 2 times the frequency of the input excitation, 
the multiplier is called a doubler; when the output is 3 times the fre¬ 
quency of the input excitation the multiplier is called a tripler; and 
so on. 



A simple doubler circuit is shown in Fig. 8. The plate tank circuit is 
tuned to twice the input frequency. The grid is biased to sev¬ 
eral times cutoff value. When a high-excitation voltage is applied to 
the grid, the output in the plate circuit is rich in harmonics because 
of the heavy biasing. The plate tank circuit is energized by the sec¬ 
ond-harmonic component to which it is tuned, and it produces an 
output frequency which is equal to twice the input frequency of the 
stage. 

Neutralization is unnecessary in an r-f amplifier used as a frequency 
multiplier because the plate is tuned to a harmonic of the signal pres¬ 
ent in the grid circuit. The impedance of the grid-driving circuit is 
very low at the harmonic frequency, and thus there is little tendency 
for oscillation. Any signal fed back from plate to grid is shorted to 
ground througlTthe low grid impedance to the feedback frequency. 

Frequency tripiers and even quadruplers may be formed by increas¬ 
ing the grid bias to produce stronger harmonics of the desired order 
and by tuning the plate tank circuit to resonate at the desired 
harmonic. 

Fig. 9 A push-push amplifier. 

Two tubes in parallel give twice the power output of a single-tube dou¬ 
bler. However, by driving the tubes out of phase (push-pull) instead of 
in phase (parallel), we can make them work one at a time and effective¬ 
ly “fill in” the missing pulses. Such a circuit, shown in Fig. 9, is called 
a push-push doubler. Note that the plates are connected in parallel 
and the grids in push-pull. Push-push circuits can be used only for 



multipliers operating on even harmonics (second or fourth, but not 
third). 

The push-push circuit not only provides double the output of a sin¬ 
gle-ended doubler but also effectively neutralizes the fundamental 
and all odd harmonics. This is most helpful in minimizing spurious 
emissions. 

WHAT HAVE YOU LEARNED? 

1. The input excitation frequency to an r-f amplifier is 5 me. The 
output frequency is 15 me. This indicates that the r-f amplifier is op¬ 
erating as a (a)-_ —-For operation to be 
successful, bias must be equal to several times (b)_ 

2. In the push-push circuit, the grids are connected in <□)_ 
-.while the plates are connected in (b)_The 
push-push circuit not only provides double the power output of a 
(')-doubler but also effectively neutralizes 
the (a)-and all (•)_harmonics. 

3. In a portable transmitter, batteries are used to provide bias to the 
various stages. A doubler fails to operate properly. What would you 
do? <o)-- Why? (b)_ 

ANSWERS 

1. (a) Frequency tripler; (b) cutoff 
2. (a) Push-pull; (b) parallel; (c) single-ended 

(d) fundamental; (e) odd 
3. (a) Check the bias battery. 

(b) Bias may be insufficient to produce harmonics of sufficient amplitude for 
the doubler to operate successfully. 

SPECIALIZED AMPLIFIERS 

W THE CATHODE FOLLOWER AMPLIFIER ... In the circuit of 
m íL. _X i_i • _. j - i ■ i i . . « Fig. 10 the output load is connected across the cathode resistor Rk, 

and no capacitor is used to bypass this resistor. Thus, output power 
is taken from the cathode circuit instead of from the plate circuit as 
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in the usual arrangement. Notice also that there is no impedance in 
the plate circuit. This amplifier is called a cathode follower, because 
the output signal is in phase with, and therefore follows, the input 
signal. 

Because Rk is not bypassed, the a-c component of the plate current 
flows through Rk, developing the signal voltage Ek across it. The signal 
Eg applied between grid and cathode consists of Es and Ek in series. 
Although Es and Ek are in phase with respect to the output load across 
Rk, they are out of phase with respect to each other. Consequently, 
Eg is equal to Es — Ek, and is therefore much smaller than either Es 
or Ek. 

To see why Es is out of phase with Ek, draw a battery in place of the 
input signal, with positive terminal connecting to top input lead and 
negative terminal to the lower (grounded) input lead. This battery 
represents that part of the input cycle when the upper input lead is 
positive with respect to the bottom. During this same part of the cycle, 
the polarity of Et will be such that the top of Rk is positive and the 
bottom negative for the a-c component of the plate current. Hence, 
draw a battery in place of Ek with positive terminal connected to top 
of Rk and negative to the bottom. Now note that the two batteries 
you have drawn are connected series bucking (negative terminal con¬ 
nected to negative terminal), so that the total voltage is the difference 
between the two. 



16 The output signal Ek is equal to the grid signal Eg multiplied by the 
gain of the tube. Since Eg is equal to E, — Ek, Ek must always be 
slightly less than E¡. Consequently, the voltage gain of the cathode-
follower amplifier is always slightly less than 1. That is, the output 
signal voltage to the load is always less than the input signal voltage. 

However, the cathode follower is exceedingly useful as a power am¬ 
plifier. Connecting a load across cathode resistor Rk shunts a portion 
of the plate current around Rk. This causes a reduced voltage drop 
across Rk, which reduces grid bias and permits more current to pass 
through the tube. The increased current causes a rise in voltage 
across Rk to very nearly the original value. Because considerably 
more load current is drawn with very little increase in the load volt¬ 
age, the output impedance of the cathode follower is small, and it can 
supply considerable power directly to a low-impedance load. 

The cathode follower is widely used where it is desirable to have an 
amplifier with high input impedance and low output impedance. It 
can be connected across a high-impedance circuit without drawing 
appreciable power, and therefore without excessively loading the cir¬ 
cuit. On the other hand, its output can be connected to a low-imped¬ 
ance load—such as a coaxial cable—to deliver a relatively large amount 
of power to the load. 

When the input signal to a cathode-follower circuit does not contain 
a d-c component, capacitor Ct, and consequently Rg, can be eliminated. 
The advantage to this is to provide the stage with a uniform power 
gain down to very low frequencies. Without the coupling capacitor 
the circuit can pass frequencies from about 10 cps to 4 me or higher 
without appreciable distortion. For this reason cathode followers are 
often used in oscilloscopes and vacuum-tube voltmeters, which must 
be used to make measurements over a wide range of frequencies. 

In summary, the cathode follower provides the following character¬ 
istics: 

1. Excellent power amplification 
2. High input impedance 
3. Low output impedance 
4. Excellent frequency response 



5. Voltage amplification that approaches but never reaches unity 
6. An output which is in phase with the input 
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WHAT HAVE YOU LEARNED? 

1. In the cathode follower the feedback is (a) (regenerative) (degener¬ 
ative). Since there is a 100 per cent feedback (total output voltage is 
subtracted from input voltage) the amplification (b)_ 
but never reaches (c)_ 

2. If you were servicing a cathode follower amplifier and found the 
grid of the follower slightly positive with respect to cathode, would 
you consider this normal? (□)_If not, what difficulty would 
you suspect?_ 

ANSWERS 

1. (a) Degenerative; (b) approaches; (c) 1, or unity 
2. (a) No... The grid should be negative with respect to the cathode. 

(b) A leaking coupling capacitor C< permitting d-c from the preceding stage 
to reach the grid of the follower. 

THE GROUNDED-GRID AMPLIFIER ... An r-f amplifier that is 
useful at very high frequencies is the grounded-grid amplifier shown 
in Fig. 11. In this circuit the grid acts as an electrostatic shield be¬ 
tween the cathode and plate in much the same manner as the screen 
grid of a pentode acts. Thus, the need for neutralization is eliminated. 
The triode has an advantage over the pentode at very high frequen¬ 
cies in that it produces less noise. 

Since the grid is grounded, the input voltage must be applied between 
cathode and ground. For the circuit shown, the input signal is devel¬ 
oped across the high-impedance resonant circuit composed of L2 and 
C2 between cathode and ground. Bias is developed across resistor Rt, 
and capacitor C3 serves as a low-resistance r-f signal path to ground. 

While it appears that the signal is applied to the cathode circuit only, 
it actually determines the potential difference between cathode and 
grid. Assume, for instance, that a positive alteration appears across 
the cathode circuit. This makes the cathode more positive with re¬ 
spect to ground potential and, because the grid is grounded, makes 
the grid more negative with respect to the cathode. 
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Fig. 11 A grounded-grid amplifier. 

Thus, current flow through the tube decreases and plate voltage rises. 
A negative-going alternation at the cathode circuit decreases the 
cathode potential with respect to ground and thus lowers grid bias. 
Plate current then increases and plate voltage drops, developing a 
negative-going signal at the output. This shows that in the grounded 
grid amplifier the input and output signals are in phase. 

The voltage gain of a grounded-grid amplifier is slightly more than 
that of a conventional grounded-cathode amplifier. This is because 
the a-c signal developed across the cathode load adds to the signal 
voltage developed across the tube in producing the total output sig¬ 
nal voltage. 

Since in the grounded-grid amplifier, the signal is induced in series 
with the cathode, all of the plate signal current must be supplied by 
the driving source. Or, in other words, the input impedance of the 
grounded-grid amplifier is low. This means that the driving source 
must be capable of delivering power. A cathode-follower circuit is 
often used to drive the grounded-grid circuit, because the output im¬ 
pedance of the cathode follower is low and it can supply the required 
power to the input of the grounded-grid circuit. 

WHAT HAVE YOU LEARNED? 

1. A grounded-grid amplifier eliminates the need for (o)_ 
as in a conventional grounded-cathode circuit, since the grounded 



grid acts as an (b) _ shield in much the same man¬ 
ner that the (c) _ grid of a tetrode or pentode type of tube 
acts. In the grounded-grid amplifier, the output signal is <a> (in phase) 
(out of phase) with the input signal. 

2. A certain r-f amplifier application requires a very high signal-to-
noise ratio at operating frequencies between 30 and 50 me. A (a) 
_ -_ amplifier using a <b> _ -type 
tube would probably prove satisfactory for this application. This type 
of tube is used because of its (c)_ 

ANSWERS 

1. (a) Neutralization; (b) electrostatic; (c) screen; (d) in phase 
2. (a) Grounded-grid; (b) triode; (c) low noise 

TRANSISTOR R-F AMPLIFIERS 
Although class A voltage and class B power transistor r-f amplifiers 
are common, vacuum tubes are usually employed for the high-power 
stages in which class C operation is used. 

NEUTRALIZING TRANSISTOR R-F AMPLIFIERS ... The need 
for neutralization in transistor r-f amplifiers is usually much greater 
(particularly in older equipment) than in corresponding vacuum-tube 
circuits, owing to higher internal capacitances. Without neutraliza¬ 
tion, it is found that tuning interaction between stages of a multi¬ 
stage tuned transistor amplifier may be so severe that synchronous 
tuning is difficult to achieve. Furthermore, it is generally possible to 
cause a stage to oscillate by mistuning. Because of improved design 
techniques, the newer circuits more and more do not require neutral¬ 
ization. 

A typical transistor r-f amplifier stage is shown in Fig. 12. Resistor 
R sets the base bias current to the correct value. Capacitor C, makes 
it possible to apply the incoming signal between base and emitter. 
The purpose of R2 is to stabilize the base bias so it will not vary wide¬ 
ly with temperature changes. C2 bypasses the collector-emitter signal 
current so that it is not attenuated by R2. The tank circuit 
forms the collector resonant circuit, which is tuned by adjusting the 
magnetic core. LA couples to this tuned circuit to feed the following 
stage. 

1‘ 
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Fig. 12 A typical r-f transistor amplifier stage with neutralization. 

Note that the collector, instead of being connected to the top of C3Lit 

is connected to a tap on L}. This practice is usual with transistor r-f 
stages. It provides better impedance matching, better selectivity, and 
more uniform operation for different battery conditions than if the 
collector were connected to the top of the tank circuit. 

Capacitor Cn with resistor Rn forms the feedback circuit for neutrali¬ 
zation. The signal in the transformer secondary Lt is used as the 
source of feedback voltage, the neutralizing signal being fed back to 
the base of T,. The neutralizing connection must be to the right ter¬ 
minal of Lt to obtain the correct feedback phase. Further adjustment 
of the phase of the neutralization signal is obtained by Rn, which in 
conjunction with Cn produces a phase shift. Rn is not required for 
vacuum-tube neutralization circuits, and it is not always found in 
transistor neutralization circuits. 

Resistor R, adjusts collector voltage to the correct value and also 
keeps the a-c signal out of the power supply. The signal bypasses 
through Ct. 

^3 SPECIALIZED TRANSISTOR R-F AMPLIFIERS ... The transis¬ 
tor counterpart of the cathode follower is the grounded-collector cir¬ 
cuit shown in Fig. 13, sometimes called the emitter follower circuit. 
Its characteristics are similar to those for the cathode follower circuit. 



21 

Ri , R2 = Base bias Network 

Fig. 13 The grounded-collector, or emitter follower, circuit. 

It is called a grounded-collector circuit because C2 places the collec¬ 
tor at a-c ground. 

The transistor version of the grounded-grid amplifier is the grounded-
base circuit shown in Fig. 14. In the grounded-base amplifier there is 
no signal inversion between input and output. 

WHAT HAVE YOU LEARNED? 

1. Transistor r-f amplifiers generally require (□)-
Also in transistor r-f amplifiers, a slight mistuning may cause a stage 
to (b)__ In the circuit of Fig. 12 component <«) -

Fig. I* A grounded-base circuit, the transistor counterpart of grounded-grid 
amplifier. 



22 is used to help obtain the correct feedback phase for neutralization. 
This component <a> (is) (is not) always used. 

2. In working on a receiver you find it necessary to replace a transis¬ 
tor in an r-f amplifier circuit similar to that of Fig. 12. You must use 
another type of transistor because an exact replacement is not avail¬ 
able. After you install the new transistor you find some instability 
(indicated by howls) over the tuning range. This indicates the need 
for readjustment of the_ 

ANSWERS 

1. (a) Neutralization; (b) oscillate; (c) R„; (d) is not 
2. Neutralization 

R-F AMPLIFIER COUPLING METHODS 
1A TRANSFORMER AND CAPACITIVE COUPLING . . . Transform¬ 

er coupling between r-f stages may be either single tuned as in Fig. 15, 
or doubled tuned as in Fig. 17. Double tuning gives better versatility 
in obtaining the desired frequency response, as will be explained in 
Topic 15. The primary and secondary of the transformer (L, and L2 in 
Fig. 15) are generally wound on a coil form with an air core, the two 
windings being separated the proper distance to give the desired amount 
of interaction between primary and secondary windings. Iron cored 

Fig. 15 Transformer coupling. 



transformers, required at audio frequencies, are not used at radio fre¬ 
quencies so as to avoid eddy current and hysteresis losses, which are 
excessive at high frequencies. However, adjustable powdered iron 
(ferrite) slugs are often used in the coils for tuning purposes. 

The performance of transformer coupled circuits is highly dependent 
upon the amount of coupling (interaction) between primary and sec¬ 
ondary, designated by the term coefficient of coupling, and represented 
by the letter symbol k. The coefficient of coupling k must have a value 
between 0 and 1. If there is no interaction between two coils, then k is 
zero. This condition occurs when the coils are far enough apart that 
none of the lines of force set up by either of the coils thread the turns 
of the other coil. 

The other extreme occurs when the one coil is wound on top of the 
other, so that all the magnetic flux associated with either coil threads 
the turns of the other coil. Maximum interaction between the two 
coils now occurs, and the coefficient of coupling is said to be 1. If only 
half the flux of one coil links the other, k = 0.5. A higher value of k, 
called tighter coupling, allows the changing magnetic field of one coil 
to induce more voltage in the other coil. Loose coupling, with a low 
value of k, has the opposite effect. A coefficient of coupling of only 
0.05 with an air-core r-f transformer is considered high, and therefore 
“close” coupling, while for loose coupling the value of k may be only 
a few thousandths. 

Instead of transformer coupling, capacitor coupling, shown in Fig. 16, 
is an alternate method of coupling r-f stages. With this method the 
coils of the two tuned circuits are separated sufficiently that there is 

Fin. 16 Complex (capacitive) coupling. 
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Fig. 17 Coupling between double-tuned stages. 

no coupling between them. The transfer of energy from the first stage 
to the second is entirely by means of the capacitor. 

Iß COUPLING BETWEEN DOUBLE-TUNED STAGES ... A double¬ 
tuned r-f voltage amplifier is shown in Fig. 17. The degree of coupling 
between primary and secondary tank circuits determines the ampli¬ 
tude of the signal voltage to the grid of the second stage, and also 
determines the sharpness of tuning. 

Obviously if the degree of coupling is low enough, only a small 
voltage is induced into the secondary (curve a of Fig. 18), so that the 
overall voltage gain of the circuit of Fig. 17 is poor. You might sup¬ 
pose that the highest voltage is induced across the secondary when 
the coefficient of coupling is as high as practical, but this is not the 
case. Fig. 18 shows that the secondary voltage at resonance reaches 
its highest value when k = 0.01 (curve c). Any further increase in the 
coefficient of coupling causes the secondary frequency response to 
become double humped (curve d), the voltage at resonance being 
reduced. 

The degree of coupling that gives maximum secondary voltage at 
resonance is called the critical coupling value. If the coupling is tighter 
than required for critical coupling, so that the secondary response is 
double humped, over coupling exists. If the coupling is looser than 
that required for critical coupling, under coupling exists. 

Note in Fig. 18 that the looser the coupling the sharper the tuning. 
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I--resonont frequency 

frequency 

(d) considerably 
overcoupled (k = O.O3) 

(c) critically 
coupled (k = O.OI) 

(b) undercoupled (k = 0.005) 

— (a) much undercoupled 
(k = 0.001) 

Fig. 18 How the secondary signal voltage in the circuit of Fig. 17 varies with the 
degree of coupling between the two tank circuits. (Curves assume that 
primary and secondary tank circuits are tuned to the same frequency, f„.) 

The much undercoupled curve of a has a relatively sharp tip at the 
top, which shows that the secondary voltage falls off very rapidly 
when the frequency departs from the exact resonant frequency. The 
critically coupled curve of c has a flat top, which shows that signal 
frequencies near resonant will be amplified equally as well as the 
resonant frequency. This flat top is often a useful characteristic, since 
if the tuning is too sharp, desired signal frequencies on each side of 
the resonant frequency may be lost. 

To see why the curves are shaped as shown in Fig. 18, remember 
that the energy exciting the secondary tank circuit comes from the 
primary tank circuit. This transfer of energy to the secondary saps 
the primary tank circuit just like adding additional resistance in the 
primary would. In other words, the Q of the primary tank circuit is 
reduced when the energy transfer from it to the secondary is increased. 
Lower Q means broader tuning and tank circuit oscillations of lower 
amplitude. For coupling looser than the critical value, the secondary 
does not load down the primary enough to seriously affect the per¬ 
formance of the primary. For coupling tighter than the critical value, 
the primary oscillations are so weakened that the voltage the primary 
is able to induce into the secondary is reduced at the resonant fre¬ 
quency. For points a short distance off resonance, the secondary 
(then out of tune) takes less energy from the primary, and thus the 
secondary voltage increases, giving the double hump of Fig. 18 d. In 
over coupled circuits such as this the primary oscillations are strong 
for frequencies slightly off resonance because the secondary reflects 
an L or C value (depending upon whether the frequency is above or 
below resonance) into the primary that brings the primary nearly 
back into resonance. 



26 WHAT HAVE YOU LEARNED? 

16 

1. In the circuit of Fig. 17, you can get sharper tuning by moving the 
tank circuit inductors so that they are (a) (closer together) (further 
apart). You can get high voltage gain and a often desired flat top on 
the response curve by adjusting the coupling to its <b) - value. 

2. You are aligning a section of a radio receiver called the i-f strip, in 
which double-tuned r-f amplifiers are employed. Coupling is varied by 
tuning a special form of iron slug. You are observing the resonance 
curve on your oscilloscope. As you turn the slug counterclockwise, you 
notice that the pattern changes from a single hump to a double 
hump. Are you increasing or decreasing the coupling?_ 

ANSWERS 

1. (a) Further apart; (b) critical. 
2. Increasing ... You have reached the point of critical coupling after which 
double humps appear. With overcoupling the humps will spread farther apart. 

LINK COUPLING ... Link coupling, as shown in Fig. 19, is a method 
of transferring energy from one r-f circuit to another when the two 
circuits are separated too far from each other for sufficient energy 
transfer by electromagnetic or electrostatic coupling. The link consists 
essentially of a pair of wires or conductors of sufficient length to 
reach between the two elements that are to be coupled together, and 
the link is terminated at each end by a coil of very few turns. Each 
coil is inductively coupled to the circuits being connected. In effect, 
link coupling acts like a step-down transformer at the output of one 
circuit and a step-up transformer at the input of the other. The link 

Fig. 19 Link coupling between two r-f amplifier stages. 



coupling arrangement between two r-f amplifier stages shown in Fig. 
19 is a typical one. 

Link coupling is used for coupling between the r-f stages of a trans¬ 
mitter, for coupling an antenna tank to the final r-f power amplifier, 
or for any other applications in which it is desired to couple two r-f 
circuits together but in which it is mechanically inconvenient to lo¬ 
cate the units sufficiently close together to permit another form of 
coupling. 

COUPLING TO AN ANTENNA ... In all types of transmitters, 
the output circuit must be so designed that only the desired signal is 
fed to the antenna and radiated into space. 

Harmonics are always present in the output of the final r-f stage, and 
they must be suppressed because the radiation of such signals may 
cause interference with another service. In short, keeping the har¬ 
monics from reaching the antenna is usually just as important as get¬ 
ting the fundamental to the antenna. 

One form of antenna-coupling circuit, shown in Fig. 20 and called w 
(pi) coupling, reduces the harmonic output considerably. This ar¬ 
rangement is simply a form of low-pass filter in which capacitors C2 

and C3 present a very low impedance path to ground for harmonic 
energy. The r-f choke RFC2 is a safety device which protects the cir¬ 
cuit in the event capacitor C, shorts. The B+ then follows the low-
resistance path to ground through the choke instead of making the 
antenna line “hot.” The resulting high current blows a fuse in the 
B 4- supply line. 

Another circuit to prevent the radiation of harmonics uses the so-
called Faraday screen, as shown in Fig. 21. The Faraday screen con¬ 
sists of a number of wires fastened together at one end and open at 
the other to form a fork. The ends of the wires which are connected 
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Fig. 20 A T7-coupled network. 
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Fig. 21 Method of coupling a single-ended final stage to a Hertz antenna. The Far¬ 
aday screen reduces harmonic radiation. 

together are grounded. The Faraday screen prevents capacitive cou¬ 
pling between Lt and the pick-up coil just as the screen grid in a vacuum 
tube prevents capacitive coupling between the control grid and the 
plate. 

Tank circuits can be adjusted to resonance either by varying L or by 
varying C. In the circuit of Fig. 21 the coil L, is so constructed that 
the tap can be attached to any turn. The coil can thus be adjusted 
until the tank circuit resonates, as indicated by the plate current be¬ 
ing a minimum. When the inductance is variable, a fixed capacitor 
can be used in the tank circuit, a definite advantage in high-voltage 
circuits. 

WHAT HAVE YOU LEARNED? 

1. When it is desired to transfer r-f energy between widely separated 
circuits, (o) - coupling may be used to advantage. This form 
of coupling acts like a (b) - transformer at one end and 
like a (c) - transformer at the other end. 

2. In transmitters, it is necessary to prevent the radiation of (a)_ 
- that may interfere with some other radio service. One 
method of preventing the transmission of harmonics to the antenna 
is to place a (b) - screen between the transmitter tank 
circuit and the <c)_ 
3. In a 77-coupling network, the d-c blocking capacitor becomes short-
circuited. If the r-f choke were not present in the output, would any 
safety hazard exist for operating personnel? (a) _ Why? (b) 
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4. A transmitter you are constructing consists of several subchassis 
which are to be rack-mounted. To connect the various r-f sections to 
each other and to transfer the output to the antenna, you could use 
_ coupling. 

ANSWERS 

1. (a) Link; (b) step-up (or step-down); (c) step-down (or step-up) 
2. (a) Harmonics; <b) Faraday; (c) pick-up coil 
3. (a) Yes; (b) B+ would be applied to the transmission line 
4. Link 
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TROUBLESHOOTING R-F AMPLIFIERS 
With the understanding of r-f amplifiers you now have, troubleshoot¬ 
ing procedures are for the most part straightforward. They require 
only that you make practical application of your theoretical knowl¬ 
edge. Never be in so much of a hurry to repair a circuit that you do 
not stop to reason out completely why the failure has occurred. All 
too frequently parts are replaced hurriedly and failure occurs again 
within in a very short time simply because the technician did not 
bother to reason out how a failure may affect components other than 
those obviously defective. Above all else, be thorough. 

TUBE FAULTS ... Of all components used in electronic equipment, 
vacuum tubes are most susceptible to failure. Let us briefly review 
some of the more common causes of tube troubles encountered in 
practice. 

As you know, grid bias determines the amount of plate current flow. 
In class A, the bias is so adjusted that plate current flows at all 
times, regardless of the input signal. In class B, bias is so adjusted 
that plate current flows for about one-half of the input signal cycle; 
and in class C, for about one-fourth of the input signal cycle. The 
greatest amount of power is dissipated by the tube when operating 
class A, since efficiency is then the lowest. Now if for some reason a 
tube operates with less than the required bias, the average plate cur¬ 
rent increases, causing the plate to heat excessively and perhaps 
eventually destroying the tube. 

Other faults that may cause overheating and possible destruction of 
a vacuum tube due to excessive plate current are: 



30 1. Improper neutralization, which leads to oscillations. 
2. Plate tank circuit not correctly tuned. Since the impedance of the 
parallel resonant tank circuit falls off rapidly on each side of reso¬ 
nance, improper tuning decreases impedance and causes an increase 
in plate current. 
3. Defective tube element. 
4. Improper operation of the cooling system in water or forced-air 
cooling systems of the type often used with high-power transmitters. 
5. Excessive plate voltage. 
6. Excessive loading. 
7. Parasitic oscillations. 

Parasitic oscillations are unintended and undesired self-sustaining os¬ 
cillations that occur in power amplifier or oscillator circuits at a fre¬ 
quency different from the operating frequency. Parasitic oscillations 
occur because lead capacitances, lead inductances, shunt-fed chokes, 
etc., when taken together sometimes form unintended resonant cir¬ 
cuits. These circuits may sap sufficient energy from the regular cir¬ 
cuits to sustain oscillations unless preventive steps are taken. Parasitic 
oscillations tend to occur in almost every r-f amplifier handling a sub¬ 
stantial amount of power. Such oscillations are considered at length 
in later lessons dealing with transmitters. 

Sometimes the plate current of an r-f amplifier may be abnormally 
high and operation may be erratic. If a blue haze appears between 
the filament and plate, there is a good chance that the tube is “soft.” 
This haze should not be confused with the bluish haze which appears 
on the inside surface of the glass envelope and is a result of the man¬ 
ufacturing process. A tube is said to be soft when it contains gas. 
That a tube contains gas happens occasionally during the manufac¬ 
turing process as a result of incomplete evacuation, or it may occur 
simply because the tube has been permitted to lie on a shelf for an 
extended period of time. 

In a transmitter there are several easily spotted indications of subnor¬ 
mal filament emission of a tube. The most common indications 
include: 

1. The suspected tube draws less than normal plate current when 
used as a class A amplifier with normal bias. 
2. The plate current does not swing up to its usual high value when 
the plate tank of the suspected tube is tuned off resonance. 
3. A stage provides abnormally low power output. 
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4. It is difficult to obtain normal grid current in a class B or class C 
r-f amplifier. 
5. Grid current, plate current, and output increase when the filament 
voltage is increased slightly. 
6. Oscillations cannot be obtained or are weak when the tube is used 
in an oscillator stage. 

Also in a transmitter, a variety of tube faults may be indicated by 
the following: 

1. Unlit tube, indicating a burned-out filament. 
2. Blue haze between the filament and plate and erratic operation, 
such as a red-hot plate or fluctuations in plate current, indicating a 
gassy tube. 
3. Low plate current with tube voltage nearly normal, indicating low 
filament emission. 
4. Abnormal grid current readings when adjustments are correct. 

Finally, low plate current in a vacuum-tube amplifier may be caused 
by any of the following: 

1. Excessive grid bias. 
2. Subnormal filament emission. 
3. Low plate or screen grid voltages. 
4. Low filament voltages. 
5. Open grid circuit. 
6. Insufficient excitation voltage in a class B or class C amplifier. 

Remember, for class B or C operation the amplitude of the excitation 
voltage must be appreciable to overcome the high bias and permit 
plate current to flow. If the excitation is lower than normal, the tube 
will conduct either for a shorter period of time or, perhaps, not at all. 

DISTORTION IN CLASS B AMPLIFIERS ... The common causes 
of distortion in class B r-f amplifiers have been discussed earlier in 
this lesson. They are reviewed briefly here to refresh your memory. 

In a class B r-f amplifier, excitation of the proper amplitude must, of 
course, be supplied if the amplifier is to operate within acceptable dis¬ 
tortion limits. Just remember that the amplifier must operate along 
the straight (linear) portion of its Eg-Ip characteristic curve. 

When using push-pull class B stages, the tubes should be properly 
matched to ensure equal conduction through the output on alternate 
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32 half-cycles. If, for any reason, the push-pull action is unbalanced, dis¬ 
tortion will result. 
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The tank circuit must have a sufficiently high Q. If the Q of the tank 
circuit is too low, high power losses take place across the resistance 
and damping occurs during that part of the cycle when no current 
flows, with resulting distortion. 

Finally, as with any class of amplifier, the proper load impedance 
must be used. Excessive loading, for example, will cause the tube to 
operate near the upper limit of its characteristic curve and draw ex¬ 
cessive current. Insufficient loading will result in too little power be¬ 
ing delivered to the load. 

FAULTS IN R-F CHOKES ... If the plate r-f choke, such as the one 
in Fig. 3, becomes open-circuited in either a series- or shunt-feed 
arrangement, the stage becomes inoperative because the plate volt¬ 
age is removed. 

In a parallel-fed amplifier, a short circuit of the r-f choke allows r-f 
energy to pass to ground through the power supply or the power sup¬ 
ply filter capacitor, as in Fig. 22. Because no r-f energy is supplied to 
the plate tank circuit, no signal can reach the next stage. 

In a series-fed amplifier, a short circuit of the r-f choke would not ser¬ 
iously affect the power output of the stage. It would, however, allow 
part of the r-f component of the plate current to flow through the 
power supply, from which it could possibly feed back to other parts 

Fig. 22 If the r-f choke shorts, the o-c signal follows the path of the arrows and is 
not forced through C, to the tank circuit C2t,. 
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34 LESSON 2406-4 

RADIO-FREQUENCY AMPLIFIERS 

EXAMINATION 

Circle the number of the correct answer for each question that follows. When you are 
finished, transfer the answers to the answer sheet by putting X’s in the proper squares. 
When the graded answer sheet is returned to you, correct in this book any questions 
you may have missed. By doing so, you will have a record of the correct answers to all 
questions for review purposes. 

1. The maximum voltage gain of a cathode follower is 
(1) Greater than unity 
(2) Much less than unity 
(3) Either greater or less than unity 
(4) Slightly less than unity 

2. In a class C r-f amplifier insufficient excitation may be indicated 
by 
(1) Excessive grid current 
(2) Low plate current if the stages use grid leak bias 
(3) High plate current if the stage uses grid leak bias 
(4) High reading on an r-f indicator connected in the load circuit 

3. Link coupling is used in r-f amplifiers 
(1) To prevent harmonic radiation by the antenna 
(2) To transmit r-f energy between two widely separated r-f 

stages 
(3) To provide coupling for a neutralizing indicator to the r-f 

tank circuit 
(4) Only when a stage is being operated as a frequency multiplier 

4. Unity coupling means 
(1) Two coils are wound on the same form 
(2) All of the flux from one coil cuts across another coil 
(3) 100 per cent feedback as in a cathode follower 
(4) All frequencies but the harmonic are suppressed in the out¬ 

put of a transmitter to the antenna 



5. The advantage of using a resistor in series with the cathode of a 
class C radio-frequency amplifier to provide bias is that 
(1) It acts as a safety device in the event fixed bias is removed or 

excitation ceases in a grid leak biased stage 
(2) It introduces a certain amount of degeneration since it is by¬ 

passed and therefore improves the output waveform 
(3) It provides a means of coupling a high-impedance source to a 

low-impedance load 
(4) It suppresses parasitic oscillations 

6. In a frequency doubler stage 
(1) The bias is equal to cutoff and the frequency of the output 

signal is twice that of the input signal 
(2) The bias is adjusted to ensure operation over the linear por¬ 

tion of the tube’s Eg-Ip curve 
(3) The bias is quite small to ensure production of harmonics 
(4) The bias is several times cutoff for rich harmonic content in 

the output and the plate tank is tuned to twice the frequency 
of the input 

7. An r-f doubler stage is used to 
(1) Raise the amplitude of the output signal to twice the ampli¬ 

tude of the input signal 
(2) Double the r-f power output 
(3) Double the frequency of the input signal 
(4) Double t he efficiency of the stage 

8. What class of amplifier is appropriate for use as a radio-frequency 
doubler? 
(l)ClassA (3) Class B 
(2) Class AB (4) Class C 

9. A vacuum tube with a screen grid normally requires no neutraliza¬ 
tion when used as an r-f amplifier because 
(1) It is used only at low r-f frequencies 
(2) The screen acts as an electrostatic shield between the plate 

and grid circuits 
(3) The screen acts as an electromagnetic shield between the 

plate and grid circuits 
(4) It is always used as a doubler 

35 



36 10. Which of the following tube types normally requires neutraliza¬ 
tion when used as an r-f amplifier? 
(1) Heptode (3) Tetrode 
(2) Triode (4) Pentode 

11. Why must some radio-frequency amplifiers be neutralized? 
(1) To prevent oscillation 
(2) To permit doubler operation 
(3) To permit the use of link coupling 
(4) To prevent degeneration 

12. The principal advantage of a tetrode over a triode as a radio-fre¬ 
quency amplifier is that 
(1) The tetrode has lower interelectrode capacitances 
(2) The tetrode provides higher gain 
(3) The tetrode can dissipate more power 
(4) The tetrode may be operated as a “straight through” ampli¬ 

fier or as a doubler, while the triode cannot be operated as a 
doubler 

13. Which one of the following indicators is not used for indication of 
neutralization? 
(1) A neon lamp 
(2) A flashlight bulb connected to a loop of wire 
(3) An r-f ammeter 
(4) An ohmmeter 

14. When using grid leak bias only, the loss of r-f excitation to a class 
C amplifier would cause 
(1) Grid current to increase sharply 
(2) Plate current to decrease sharply 
(3) Oscillation 
(4) Plate current to increase sharply 

15. A gassy tube may be indicated by 
(1) A blue haze between plate and filament 
(2) A blue haze on the side of the glass envelope 
(3) An orange haze between plate and filament 
(4) A multicolored haze in the center of the tube 
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38 21. What is meant by a soft vacuum tube? 
(1) A gas-filled tube, such as a thyratron 
(2) A gassy vacuum tube; one not completely evacuated of all gas 
(3) A tube with an envelope of a relatively soft grade of glass 

not so apt to crack in heating and cooling 
(4) A tube in which the elements have special flexible mountings 

to minimize damage from shock 

22. Which of the following is not correct with reference to a ground-
ed-grid amplifier? 
(1) Does not require neutralization 
(2) Draws power from preceding stage when operated class A 
(3) Produces a phase shift of 180° between input and output 

voltage 
(4) Used primarily at very high frequencies 

23. Insufficient excitation to a class C r-f amplifier may 
(1) Cause overheating when fixed bias is used 
(2) Cause parasitic oscillations and increase harmonic radiation 
(3) Cause low plate current or no plate current when fixed bias 

is used 
(4) Burn out the cathode bias resistor when fixed bias is used 

24. A class B amplifier used to amplify a modulated r-f wave is called a 
(1) push-pull amplifier. 
(2) linear amplifier. 
(3) doubler. 
(4) power amplifier. 

25. Which of the following circuits never require neutralization, even 
though triode tubes are used? 
(1) Class B operated push-pull circuits 
(2) Class C operated push-pull circuits 
(3) Circuits using capacitive coupling between double-tuned stages 
(4) Frequency multiplier stages 

26. A circuit using two tubes in which the grids are connected push-
pull and the plates in parallel is called a 
(1) push-pull circuit. 
(2) push-push circuit. 
(3) linear amplifier. 
(4) frequency tripler. 



27. A circuit with good low frequency response used to couple a high 
impedance input to a low impedance load would be a 
(1) linear amplifier. 
(2) d-c amplifier. 
(3) grounded-grid amplifier. 
(4) cathode follower amplifier. 

28. When there is no input signal to the grid of a properly operating 
class B stage, the plate current 
(1) will be zero, or nearly so. 
(2) will be the same as when there is a signal. 
(3) will be higher than when there is a signal. 
(4) will vary in value, operation being erratic—tube may be dam¬ 

aged. 

29. One device that helps reduce the transfer of harmonics is 
(1) a Faraday screen. 
(2) a high-pass filter. 
(3) capacitive coupling between stages. 
(4) link coupling. 

30. Undesired oscillations formed by the interelectrode capacity of 
the tube resonating with the inductance of the lead wires are called 
(1) harmonics. 
(2) parasitics. 
(3) signal distorters. 
(4) intermodulation distortion. 

39 

Fig. 23 



40 31. Both stages in the r-f amplifier of Fig. 23 are operated class C. 
Grid bias for tube V, is obtained by 
(1) the voltage drop across R, only. 
(2) the voltage drop across R2 only. 
(3) the voltage drop across both R, and R2, but mostly from R,. 
(4) the voltage drop across both R, and R2, but mostly from R2. 

32. If the r-f input is lost in the circuit of Fig. 23, 
(1) the plate current of both tubes will drop to zero. 
(2) the plate current of V2 will drop to zero, and that of V, to a 

lower than normal value. 
(3) tube V, may bum out. 
(4) tube V2 may bum out. 

33. What type of coupling is used between the stages in Fig. 23? 
(1) Capacitive coupling 
(2) Coupling is by means of the ^-network, consisting of L„ C5, and 

(3) Transformer coupling 
(4) Reactance coupling 

34. With regard to neutralization of the first stage in Fig. 23, 
(1) neutralization is not used. 
(2) grid neutralization is used. 
(3) plate neutralization is used. 
(4) inductance neutralization is used. 

35. With regard to neutralization of the second stage in Fig. 23, (Select 
answer from choices for Question 34.)_ 

36. What would be the effect of a short in C4 of Fig. 23? 
( 1 ) Plate current to V, will be reduced 
(2) R-f output from the amplifier will be much reduced 
(3) Plate supply voltage will be shorted 
(4) Circuit will oscillate 
(5) Amplifier will operate as an untuned amplifier 

END OF EXAM 



Notes 

"To err is human, 
but it takes a better excuse the second time. " 



Resonant Frequencies And Wavelengths Corresponding 
To LC Products 

To find the LC product multiply the inductance in microhenrys by 
the capacity in picofarads. 

Example 1. What will be the approximate frequency of an oscillator 
which uses an inductance of 0.3 mh and a capacity of 175 pf? The LC 
product is 300 X 175 = 52,500. The table shows that the resonant 
frequency is between 682 and 697 kc. 

Example 2. How much inductance needs to be used with a 500 pf 
capacitor in order to resonate at 2000 kc? The table shows that the 
required LC product is 6335. 6335/500 = 12.67 microhenrys. 



LC product 
(Ljuh X Cpf) 

0.28 
28.16 

112.9 
253 
450.3 
703.9 

1014 
1378 
1801 
2280 
2816 
3404 
4052 
4757 
5518 
6335 
7204 
8134 
9120 

10160 
11290 
12390 
13620 
14900 
16240 
17550 
19010 
20520 
22090 

frequency 
megacycles 

300 
30 
15 
10 
7. 5 
6 
5 
4. 286 
3.75 
3. 333 
3. 000 
2. 727 
2. 500 
2. 308 
2. 144 
2.000 
1.875 
1. 765 
1. 667 
1. 579 
1. 500 
1,428 
1. 364 
1.3042 
1.250 
1.200 
1.1538 
1. Ill 
1. 0713 

wave 
length 
meters 

1 
10 
20 
30 
40 
50 
60 
70 
80 
90 

100 
110 
120 
130 
140 
140 
160 
170 
180 
190 
200 
210 
220 
230 
240 
250 
260 
270 
280 

LC product 
(L/xh X Cpf) 

23720 
25300 
27040 
28840 
30690 
32500 
34460 
36480 
38560 
40700 
42770 
45030 
47330 
49680 
51980 
54460 
57000 
59600 
62250 
64850 
67570 
70390 
73270 
76060 
79030 
82080 
85180 
88360 

frequency 
kilocycles 

1034.3 
1000 
967.7 
937. 5 
909.1 
882.4 
859,1 
833.3 
810.8 
789. 5 
769,2 
750 
731.7 
714. 3 
697.7 
681.8 
666.7 
652.2 
638. 3 
625 
612.2 
600 
588.2 
576.9 
566 
555.6 
545.4 
535.7 

wave 
length 
meters 

290 
300 
310 
320 
330 
340 
350 
360 
370 
380 
390 
400 
410 
420 
430 
440 
450 
460 
470 
480 
490 
500 
510 
520 
530 
540 
550 
560 
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A chat with your instructor 

Kirchhoff’s laws are just as important as Ohm’s law for knowing what is 
going on in an electrical circuit, and they are even easier to understand. 
You can find the voltage and current distribution in any circuit by using 
Ohm’s and Kirchhoff’s laws, and this lesson will show you how. 

Knowing Kirchhoff ’s laws well will save you plenty of time in later lessons 
and make learning electronics a lot easier. Also, you will understand elec¬ 
tronics a lot better. For one thing, the number of formulas you need to 
learn will be greatly reduced. If you understand how to analyze a circuit 
by using Kirchhoff’s and Ohm’s laws, you won’t need to learn a different 
formula for each different situation — you will know how to analyze each 
problem without relying upon a lot of formulas. 

In studying this lesson you must work out all of the What Have You 
Learned? problems in the order that you come to them. If you don’t, you 
won’t be able to understand the lesson. For one thing, the text of each 
new topic is based upon principles and clarifications brought out in previ¬ 
ous What Have You Learned? questions, so that if the questions are 
skipped the text discussion becomes meaningless. Equally important, you 
can’t learn to analyze circuits without practicing. 

Simplifying Circuit 
Analysis by Using 
Kirchhoff’s Laws 

KIRCHHOFF’S LAW FOR CURRENT 

Although this section of the lesson is limited to a discussion of Kirchhoff’s 
current law, we will give both laws here for reference purposes. 



2 CURRENT LAW . . . The amount of current entering any part of a 
circuit, such as a junction point, is equal to the amount of current leaving 
that part of the circuit. 

VOLTAGE LAW . . . The sum of the voltage drops around any closed 
series path is equal to the sum of the voltage rises in the circuit. 1 BASIC PRINCIPLES ... You will notice in Fig. 1(a) that the total current 

A  of 20 amp enters junction A through R\ (from the left). Since 8 amp leaves 
this junction point and goes through the remainder of the current, or 12 
amp, must leave the junction through R}. Thus, Kirchhoff’s law for current 
is satisfied at junction A — the amount of current entering (20 amp) is equal 
to the amount of current leaving (8 amp + 12 amp). You can express this 
as follows: 

Current entering junction A = current leaving junction A 

20 amp entering junction A = 8 amp 4- 12 amp leaving junction A 

or 20 amp entering junction A = 20 amp leaving junction A 

In Fig. 1(b) you will notice that 9 amp of current enters junction B through 
R\ and 4 amp enters the junction through R2 The sum of these currents, 
or 13 amp, leaves junction B to the right through R\. Thus, Kirchhoff’s 
law for current is satisfied at junction B — the amount of current entering 
(9 amp 4- 4 amp) is equal to the current leaving (13 amp). You can express 
this as follows: 

Current entering junction B = current leaving junction B 

9 amp 4- 4 amp entering junction B = 13 amp leaving junction B 

or 13 amp entering junction B = 13 amp leaving junction B 

R3 

(o) The amount of current (20A) 
entering a junction point is 
equal to the current (8A+I2A) 
leaving the junction. 

R2

( b) The amount of current (9A + 4A) 
entering a junction point is 
equal to the current (I3A) 
leaving the junction. 

Fig. 1 Illustration of Kirchhoff's law for current. 

WHAT HAVE YOU LEARNED? 

1. In Fig. 2 what is the value of current through R^ 



2. In Fig. 3(a) what is the value and what is the direction of current 
through wR2 and (b) Rí? 

3 

Fig. 2 

and what is the direction of current 

Fig. 3 (o) 

3. Refer Fig. 3(b). What is the value 
through mR), ̂ Rï, and mR^ 

4. A basic meter movement can be used to measure a higher value of cur¬ 
rent by connecting a resistor (called a shunt) in parallel with the meter 
movement. The shunt resistor carries most of the current around the meter. 
What is the value of current through the shunt resistor Rs in the meter 
circuit shown in Fig. 4? 

400 mo 
- — A 

2 mo 

meter 
movement 

Fig. 4 
Rs 

AAAr 
I«? 



5. In Fig. 5 is shown a series-connected heater circuit for a vacuum-tube 
receiver. What is the value of current flowing through m ballast resistor 
R b and (bjshunt resistor R^. 

6. In Fig. 6(a) the current through load resistor RL is <a)_ ma in a 
direction toward junction point B. No current is flowing in the grid circuit. 
The total circuit current of (b>_ ma leaves the negative terminal of the 
battery in a direction toward ground. The current entering junction A from 
ground is w_ ma. 

(a) Single triode amplifier with 

bleeder resistor RB

(b) Push-pull triode amplifier circuit 

Fig. 6 



7. In Fig. 6(b) the current through tube V, is 40 ma (/*, = 40 ma) and the 
current through K, is, likewise, 40 ma (/w = 40 ma), (a) What is the value 
of current at the center tap (junction B) of and in what direction does 
the current flow between the center tap and the positive terminal of the 
battery? (b) What is the value of current through Rt and in what direction 
does the current flow through Rk between ground and junction Al 

ANSWERS 

1. 6 amp 2. (a) 14 amp in the direction from junction A through R2 into 
junction B. (b) 20 amp in the direction from junction B through Rt into 
junction C . . . The known current entering junction B is 36 amp: 22 amp through 
Rt and 14 amp through R2. The known current leaving junction B is 16 amp: 13 
amp through Rs and 3 amp through Rs- Since the known current leaving 
junction B (16 amp) is less than the known current entering the junction (36 amp), 
the remainder of the current(20 amp) must leave the junction through Rt- Thus, the 
current entering junction B (22 amp + 14 amp) is equal to the current leaving the 
junction (13 amp + 20 amp + 3 amp). Another way to work this problem is to note 
that the currents entering junction C (13 amp 4- 20 amp 4- 3 amp) must equal the 
current leaving the junction (36 amp). 3. (a) 16 ma in the direction from 
junction A through R 3 into junction D (b) 18 ma in the direction from junction 
B through R2 into junction C (c) 22 ma in the direction from junction D 
through Rt into junction C .. . A current of 6 ma enters junction D through Rs, and 
a current of 16 ma enters the same junction through Rs- The current through R5 is 
obtained from Fig. 3, and the current through Rs was determined in part (a) of this 
problem. Since the sum of the currents entering junction D (6 ma 4- 16 ma) must 
equal the current leaving that junction, a current of 22 ma leaves junction D through 
Ri in a direction toward junction C. As a check, the current entering junction C 
( 18 ma 4- 22 ma) must equal the current leaving junction C (40 ma). 
4. 398 ma 5. (a) 300 ma; (b) 150 ma 
6. (a) 30 ma; (b) 35 ma; (c) 35 ma 7. (a) 80 ma; (b) 80 ma from ground through 
Ri, toward junction A. 

2 CIRCUITS WITH MANY BRANCHES . . . You can use Kirchhoff’s current law just as easily in a circuit with many branches, such as the 
formidable looking one of Fig. 7, as in a circuit with few branches. An 
ammeter was used to measure the current through most of the components 
in Fig. 7, and the currents so measured are shown on the diagram. Pick 
out any junction you wish in the circuit, and you will find that the sum of 
the currents entering that junction is equal to the sum of the currents 
leaving. For example, take junction Pt. Currents come into this junction 
through R}, Rt, and Rs. The sum of the currents coming in is 2 amp 4-
9 amp 4- 4 amp = 15 amp. Current leaves the junction through R2 and 
Rs. The sum of the currents leaving is 7 amp 4- 8 amp = 15 amp, which 
is equal to the current entering. 

As another example, take point Pt. The current entering is the current 



6 Pt 

9a 

Fig. 7 Application of Kirchhoff's current law to circuit with many branches. 

through Ri, which is 7 amp, and the current leaving is the current 
through R u, which is also 7 amp. Since R2 and R are in series, this 
proves, by means of Kirchhoff’s current law, that the current is the same 
in all components connected in series. 

It is easy to see why the current leaving a junction must equal the current 
entering. Consider a highway intersection where a number of roads come 
together. If 125 cars come into the intersection per day, then 125 cars 
must leave the intersection per day. Current flow consists of moving elec¬ 
trons or other charged particles, just as traffic consists of moving cars. All 
of the electrons that come to a junction must leave that junction. Con¬ 
sequently, the sum of the currents entering a junction must equal the sum of 
the currents leaving. 

WHAT HAVE YOU LEARNED? 

1. In Fig. 7 the current through R^ is the same as the current through 
Rt, because (the current leaving point P^ must equal the current entering) 
(R s and R6 are in series with R ,). 

2. What value of current flows through R )5 in Fig. 7 and in which direction 
does it flow? 



3. What is the current value and what is the direction of current through Æ, 
of Fig. 7? 

4. Show that the sum of the currents entering P4 in Fig. 8 is equal to the 
sum of the currents leaving. 

5. The current through R ,6 in Fig. 8 is i.>- amp, and its direction of 
flow is toward the w( right) (left). 

6. The current through R5 in Fig. 8 is <.)- amp and its direction is 
w(up) (down). 

7. Study other junction points in Fig. 8 and verify that in every case the 
total current leaving equals the total current entering. 

ANSWERS 

1. The current leaving point /’s must equal the current entering. 
2. 15 amp; the direction is toward the right. 
3. 8 amp; the direction is toward the right . . . Ro connects to junction Pw 6 
amp leaves Pl0 through R*. and 2 amp leaves through R æ for a total of 8 amp 
leaving. Hence, 8 amp must enter Pt0. and the only path through which it can enter 
is Ro Hence. 8 amo flows to the right through R<>. We could also work from 



8 junction Pô- 15 amp enters Pé from Ä12 and R^; 1 amp leaves P6
through R(, and Ri. Since the total current leaving must be 15 amp, 8 amp evidently 
leaves through Rg. 
4. 7 amp + 2 amp = 9 amp enters; 3 amp 4- 6 amp = 9 amp leaves. 
5. (a) 3 amp (b) Right ... Notice that Ry, connects to the junction Pt. 15 amp 
enters the junction through Rt. 5 amp + 7 amp = 12 amp leave junction Pt 

through R2 and R4. Since a total of 15 amp must leave P\ to match the 15 amp 
coming in, 3 amp must also leave through Ry,. Notice that the current is flowing 
through the battery E¡ in reverse to the direction in which a battery normally 
furnishes current. This sometimes happens when there are several voltage sources 
in a circuit. Voltages E\ and E2 are evidently much higher than E¡ and hence 
overcome the voltage of E¡, forcing current backwards through E¡. 
6. (a) 4 amp (b) Down...Rs connects to junction P2. From Problem 5, 
3 amp is entering P2 through E3 and R\(,, and 5 amp is entering through R2. 
This is a total of 8 amp entering; hence, 8 amp must also leave P2. Since 4 amp 
leaves through R¡, 4 amp must also be leaving through Rs, for a total of 8 amp 
leaving. 
7. No answer provided. 

3 CURRENT LAW FOR BLACK BOXES ... The rule that the current leaving must equal the current entering applies to any part of a circuit 
and not just to junctions. For example, in Fig. 9 the current leaving the 
shaded area of the diagram must equal the current entering that area. The 
currents entering the area are /| and /9 for a total current entering of 
15+3 =18 amp. The currents leaving the area are /7, / 10, Zu, and /3, 

Fig. 9 Application of Kirchhoff's current law to a black box. 



for a total current leaving of3 + 6+ 5-f-4 = 18 amp. which is equal to the 
current entering. 

9 

An important application of this principle occurs in work with tubes and 
transistors. The sum of the currents entering a tube or transistor must be 
equal to the sum of the currents leaving. 

WHAT HAVE YOU LEARNED? 

1. The term “black box" is used in electronics to describe a block on a 
diagram within which the nature of the circuitry is not stated, because it is 
not important to know it. Figure 10 shows such a black box. We don't 
know what is inside the box, but we do know that there are six leads going 
to the box and that the current in five of the leads is known to be as shown 
on the diagram. What is the current in lead Y, and in what direction is it 
flowing? 

2. Figure 11 shows the leads and part of the currents associated with a tran¬ 
sistor and a pentode tube. The current in lead X is iai- g a, and it 
flows to the m( right) (left). The current in lead B is <e-ma. and it 
flows to the id>( right) (left). 

Co) (b) 

Fig. 11 

3. The d-c current through Rg in Fig. 12 is <»>_ ma, and its direction of 



10 

Fig. 12 

flow is (b)( up ) (down). The capacitors in the circuit play no part, since only 
d-c currents are involved. 

4. What is the value of current through cathode resistor R * in the pentode 
amplifier circuit of Fig. 13? 

5. The emitter current le in Fig. 14(a) is «i _ ma, and its direction 
of flow is w(up) (down). 

6. The base current Ih in Fig. 14(b) is (>l_ ma, and its direction of 
flow through R , is ^(up) (down). 

7. The value of emitter current in Fig. 15 is i.i_ ma, and its direction 
of flow through Re is w(up) (down). 



(o) Using PNP transistor (b) Using NPN transistor 

Fig. 14 

ANSWERS 

1. 8 amp flowing to the right .. . The current entering the black box must equal the 
current leaving it. 3 + 4 + 7 = 14 amp is shown going in. Hence, the current in K 
must be 8 amp so that the current going out is also 14 amp: 5+1 + 8=14 amp. 
2. (a) 4ga; (b) right; (c) 10 ma; (d)left 
3. (a) 5 ma (b) Down ... 60 ma enters the tube through Rk. Consequently, 
60 ma must leave. 45 + 10 = 55 ma leaves through R, and Rl- Hence, 5 ma must 
leave through Re so that the current leaving equals the current entering. In ordinary 
voltage amplifiers, d-c current through Rg is essentially zero and can be ignored. 
When you study class C amplifiers, however, you will find that for certain types of 
operation a substantial d-c current flows through Rg, forming what is known as 
grid-leak bias. The direction of this current flow is down, as in this problem, which 
puts a negative bias, caused by the voltage drop across R g, on the grid. 
4. 3.5 ma 5. (a) 154 ma; (b) down 6. (a) 2 ma; (b) down 
7. (a) 460 (b) Down ... To find the emitter current, we must first find the base 
current. At point A there is 500 ma coming into the junction from the battery, and 
450 ma of it leaves through R, . Hence, 50 ma must leave point A by the path 



12 through R ।. There is thus 50 ma coming into point D. and 40 ma of it leaves 
through R The remainder. 10 ma, goes to the base. Hence, we have 450 ma enter¬ 
ing the transistor by way of the collector and 10 ma entering through the base. Thus 
Ie, the current leaving must be 460 ma. 

KIRCHHOFF’S LAW FOR VOLTAGE 

Kirchhoff’s law for voltage is that the sum of the voltage drops (also called 
falls) around any closed electric circuit or loop is equal to the sum of the 
voltage rises in the circuit. 

BASIC PRINCIPLES ... To see what we mean by voltage drops and 
voltage rises, suppose we walk around the loop of Fig. 16(a) in the direction 
indicated by the arrows. Whenever we walk through a component, we call 
the voltage across that component a voltage drop if we enter the component 

(a) Source voltage (300 v) equals sum 
of voltage drops (50 v +100 v +150 v) 
in the loop 

(b) Determining source voltage 

(c) Determining unknown voltage drop 

Fig. 16 Illustration of Kirchhoff's law for voltage. 



at the negative terminal and exit at the positive terminal. If during our 
hike we enter the component at the positive terminal and come out at the 
negative terminal, we call the voltage change across the component a volt¬ 
age rise. 

Suppose we start walking at point A in Fig. 16(a). First we walk through 
resistor R, by entering at the left, which is the negative side, and coming 
out at the right, which is the positive side. Hence, the voltage across R, 
(which can be read on voltmeter K,) is a voltage drop or fall; and it could 
also be called a voltage loss. 

Continuing our walk around the circuit, we next come to R which we also 
enter at the negative side and come out of at the positive side, so again we 
have a voltage drop. The same thing is true of R j, to which we come next. 
After we leave Ry we come to the power supply, which we enter at the 
positive terminal and leave at the negative one. Hence, the power supply is a 
voltage rise. 

Summarizing, wc have three voltage drops, with a sum of 50 4- 100 + 150 = 
300 volts, and one voltage rise, which has a value of 300 volts. Hence, the 
sum of the voltage drops is equal to the sum of the voltage rises. 

Notice in Fig. 16 that we walked around the circuit in the direction of 
current flow. We could have walked around the circuit in the opposite 
direction. In that case the voltages across the resistors would be voltage 
rises, because we would enter each resistor at its positive side and leave at its 
negative side. Similarly, the power supply would become a voltage drop it 
we were to walk around the circuit in the direction opposite to that of 
current flow. 

Since it is a lot less confusing to think of resistors as causing voltage 
losses or drops and of power supplies as boosting up the voltage and there¬ 
fore as voltage rises, we will in this lesson always walk in the direction 
of current flow when possible. 

Before we can know whether a certain voltage is a rise or drop, we must 
first know the polarity of that voltage. If a voltage has been measured with 
a d-c voltmeter, we will know the polarity, because before we can get a 
reading on the voltmeter, the negative lead of the voltmeter must be con¬ 
nected to the negative side of the voltage across the component and the 
positive lead must be connected to the positive side. 

If we know the direction of current, we can also tell the polarity ol the 
voltage across a resistor. The current through a resistor always enters at the 
negative end and leaves at the positive end. As for power supplies, batteries. 



14 and other voltage sources, current leaves the power source from the 
negative terminal and enters at the positive terminal, assuming the power 
source is furnishing power to the load. But you will see that a voltage 
source is sometimes so connected that its voltage “bucks" that of another 
voltage source, in which case current direction through the lower-voltage 
source is opposite to its normal direction of furnishing current. 

WHAT HAVE YOU LEARNED? 

1. Refer to the closed electrical loop in Fig. 16(b). What is the voltage 
applied to the circuit by the power supply? 

2. Refer to the closed electrical loop in Fig. 16(c). What is the voltage 
drop across RJ 

3. From the information given on the circuits shown in Fig. 17 determine 
the following: (a) the voltage drop across the vacuum-tube heater F in part 
(a), (b) the voltage drop across resistor R„ in part (b), and (c) the value of 
the power supply voltage in part (c). 

4. A basic meter movement used in a voltmeter can be made to measure 
a higher value of voltage by connecting a resistor (called a multiplier 
resistor) in series with the meter movement. Thus, the multiplier resistor 

Æ 
power 
supply 
120 V 

"T 

Rb 
A/W 
13 V 

power 
supply 
E=? 

I2v 35 V 50 V 

Fig. 17 (c ) 



Fig. 18 

drops most of the voltage applied to the voltmeter. What is the voltage 
drop across the multiplier resistor R,„ in the voltmeter circuit shown in 
Fig. 18? 

5. In Fig. 19 voltmeters are shown connected across the various circuit 
elements to read the voltage drops. Voltmeter reads the plate-to-cathode 
voltage of the tube. How much is this voltage? (Since the voltage across the 
tube is caused by the plate-cathode resistance, polarity is the same as for a 
resistor.) 

10 V 

Fiq. 19 25 V 

15 



16 A 

6. In Fig. 20 what is the resistance of R J! 

7. Starting at the negative terminal of the 100-volt generator in Fig. 21 and 
walking in the direction of current flow through R ( to a to b to c to d to e 
to/and back to the positive side of the voltage source, the sum of the volt¬ 
age drops walked through is w_volts. Starting again from the nega¬ 
tive side of the voltage source and walking the shorter path through R\, 
through Rt to/and back to the positive side of the voltage source, the sum 
of the voltage drops walked through is (i» _volts. The voltage drop 
across R5 is w_volts. 

8. The value of the supply voltage in Fig. 22 is_volts. 

9. What is the voltage across R in Fig. 22? 

Fig. 22 



Fig. 23 

10 In Fie 23 lhe correct voltage across R । is m-— volts and the c 
1U. in g. volts The nroner filament voltage for a reel voltage across R 2 is w-volts, i ne propci 
5OC5 tube is 50 volts, and that for a 12BH7A is 12.6 volts. 

11 The filament of a 5OC5 tube draws 0.15 amp, and that ol a 12BH7A. 
03 amp. If you were designing the circuit of Fig^ the value of resistance 
you should use for R, is o-ohms, and for R, it is 

12 The plate voltage of a tube is the voltage measured by a voltmeter com 
nected between piafe and cathode. The plate voltage of tube 7, m Fig. 24 
is _ volts, and the plate voltage of tube T2 is - volts. 

Ra is 
20 V 

13 The resistance of Ri in Fig. 24 is - ohms. The resistance of 
„_ Ohms. (Assume the grids of the tubes draw no curren .) 

Fig. 24 

14. The voltage of the battery Ecc in 2$ is 
volts. 

15. If you connect a voltmeter between base and emitter leads in Fig. 25, it 

will read - volts. 
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fig. 25 

collector 

Ebb - 30 v 

16. If you connect a voltmeter between collector and base leads in Fig. 25, 
it will read _ volts. 

17. In the voltage-divider circuit of Fig. 26 the power supply voltage E is 
i«)_ volts, the voltage across load 1 is (t»_ volts, and the voltage 
across load 2 is w_volts. 

F 

18. In the bridge circuit of Fig. 27(a) the voltage across the headphones is 
(<o_ volts, and in part (b) of the figure the voltage across the head¬ 
phones is (b)_volts. 

19. In the bridge circuit of Fig. 28 resistor Ry must be adjusted until the 
voltage across it reads _ volts in order to balance the bridge. 

20. In Fig. 29 the plate voltage (that is, the voltage between cathode and 
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plate) of tube 2 is - volts. 



20 21. Voltmeter V\ in Fig. 29 will read _ volts. 

22. The grid bias voltage (voltage between grid and cathode) for tube 
1 in Fig. 29 is (o)_ volts, with the grid a» /negative) (positive) with 
respect to the cathode. 

ANSWERS 

1. 200 volts .. . Walking around the circuit in the direction of current flow, voltage 
drops are 25 volts across Rlt 50 volts across R2, and 125 volts across Ry. 
The power supply is a voltage rise. The sum of the voltage drops around the loop 
must equal the voltage rise; thus, the voltage of the power supply is 25 volts 4. 
50 volts + 125 volts = 200 volts. 
2. 160 volts . . . Walking in the direction of current, the voltage rise is 250 volts. 
The known voltage drops in the circuit are 30 volts across R । and 60 volts across 
R2; therefore, the sum of the known voltage drops is 90 volts. To determine the 
unknown drop across Ry, subtract the sum of the known drops from the voltage 
rise: 250 volts - 90 volts = 160 volts across Ry. The total drop around the loop is 
then 30 volts + 60 volts + 160 volts = 250 volts, which equals the voltage rise. 
3. (a) 35 volts; (b) 25 volts; (c) 110 volts 
4. 9.9 volts . . . The polarity of voltage across the resistor must be the same as the 
polarity of the meter movement (otherwise, the meter needle will try to swing back¬ 
wards). Starting at point A, we walk around the circuit in the direction shown by 
the arrows. This is also the direction of current flow through R and the meter 
movement, since the direction of current flow through R (or any other resistor) 
must be from negative end to positive end. Since we walk through both R and the 
meter movement by entering at the negative end and leaving at the positive end. 
both represent voltage drops. When we walk through R,, we enter at the positive 
end and come out at the negative end, so that R v is a voltage rise. Thus the sum 
of the voltage drops across R,„ and the meter movement must equal the voltage 
rise of Rx, which is 10 volts. This means that the voltage across R m must be 
10-0.1 = 9.9 volts. 
5. 50 volts . . . The sum of the voltage drops across the resistors is 10 + 15 4- 20 
4- 25 = 70 volts, and 120 70 = 50 volts. Check: The total voltage drop around 
the circuit is 10 4- 15 + 20 4- 25 4- 50 = 120, which equals the voltage rise. 
6. 33,400 ohms ... By Kirchhoff’s voltage law, the voltage across RL is 133.6 
volts. The current through RL is equal to the current through the phototube, 
which is 4 ma. Now, by Ohm’s law, R, = 133.6 volts + 0.004 amp = 33,400 ohms. 
7. (a) 100 volts . . . 40'4- 30 4- 10 4- 2Ó = 100 (b) 100 volts ... 40 4. 60 = 100 
(c) 30 volts . . . The sum of the voltage drops around the loop that contains R 5 must 
be 100 volts. The three voltage drops in that loop are V\, V 2, and K5. l^and 
V2 account for 40 4- 30 = 70 volts of the 100-volt total drop. Hence, the voltage 
across R5 must be 100 70 = 30 volts. Also, the voltage across Ry must be the same 
as the voltage across Ry and Æ6, or 10 volts 4- 20 volts = 30 volts. 
8. 29 volts . . . Find a closed path which includes E] and in which all the voltage 
drops are given. That would be from a to b to c to e to f to g. The sum of the 
voltage drops around that path is 13 volts 4- 12 volts 4- 4 volts = 29 volts. Hence, 
the voltage source Ei. which is the voltage rise, must be 29 volts in order to equal 
the voltage drops. 
9. 16 volts . . . Walking around the circuit in the closed path from a to b to f to g, 



the sum of the voltage drops must equal 29 volts, the applied voltage (voltage rise) 
found in Problem 2. That is, the sum of the voltages across R, and R3 must equal 
29 volts. Since the voltage across R¡ is 13 volts, that across Ry must be 16 volts: 
13 + 16 = 29. 
10. (a) 60 volts . . . Tracing around the path from a to b to d to e, the total voltage 
drop must be 110 volts. Since the voltage drop across the 5OC5 filament is 50 volts, 
the voltage across R । is 110 - 50 = 60 volts. 
(b) 37.4 volts . . . Tracing around the path from a to b to c to d to e, the sum of 
the voltage drops traced through must be 110 volts. The voltage across R , has been 
found to be 60 volts, and the voltage across the 12BH7A filament is 12.6 volts, the 
voltage across the two being 60 volts 4- 12.6 volts = 72.6 volts. That leaves 110 volts 
- 72.6 volts = 37.4 volts that must be dropped across R 2. 
11. (a) 125 ohms . . . The voltage across R2 is 37.4 volts, and the current through 
it is 0.3 amp. Hence, by Ohm's law, R = E/I = 37.4/0.3 = 125 ohms. 
(b) 133 ohms . . . The current entering junction b from R । must equal the current 
leaving b through the two tube filaments. Hence, the current through R । is 0.3 4-
0.15 = 0.45 amp. The voltage across Rt is 60 volts. Hence, the resistance of R, 
must be 60/0.45 = 133 ohms. 
12. (a) 175 volts; (b) 80 volts 
13. (a) 3333 ohms . . . Since the current entering tube T2 must equal the current 
leaving, the current through R2 must equal the current through Ry. The current 
through R3 is, by Ohm’s law, I = E/R = 120/80,000 •= 1.5 ma. Now that we know 
the current through/? 2, its resistance can be found: R = E/I = 5/0.0015 = 3333 
ohms. 
(b) 10,000 ohms . . . The current through Ry is the sum of that drawn by T, and 
T2. The current through T\ is the current through R ।, which is 30/60,000 = 
0.5 ma. The current through Ry is then 0.5 ma 4- 1.5 ma = 2 ma. Hence the 
resistance of R4 is 2O/O.OO2 = 10,000 ohms. 
14. 22.5 volts . . . Using the path from negative terminal of Ecc through Re, 
through emitter to collector, through RL, and back to the positive side of ECc, the 
sum of the voltage drops is 12.5 volts 4- 7.5 volts 4- 2.5 volts = 22.5 volts. The 
voltage applied, Ecc, being a voltage rise, must equal this value. 
15. 0.3 volts . . . Use the path from negative side of Ebb. through Re, through 
the transistor from emitter to base, through Rt,, and finally back to EBB . 
16. 7.2 volts . .. Use the path from the negative side of ECc through EBB, through 
Rt,, through the transistor from base to collector, and back to the positive side of 
ECc by way of Rl- The voltage drops are across EBB, the base-to-collector junc¬ 
tion, and Rl • The voltage rises are across Rt, and Ecc- The sum of the known 
voltage drops is 3 volts 4- 12.5 volts = 15.5 volts. The total voltage rise is 22.5 
volts 4- 0.2 volt = 22.7 volts. Since the voltage rises must equal the voltage 
drops, the voltage drop across the base-collector junction must be 22.7 volts -
15.5 volts = 7.2 volts. 
17. (a) 300 volts; (b) 50 volts; (c) 150 volts 
18. (a) 10 volts ... We shall assume that we start walking during that part of the 
cycle when the top lead of the a-c generator is negative. Then, walking through the 
bridge by way of a, b. c, d, e, and f we pass through a drop of 70 volts in R 1, 
a drop of 40 volts in Ry, a voltage rise of 100 volts in the source voltage, and an 
unknown voltage across the headphones. Since the total drops must equal the total 
rises in a closed loop, the voltage across the headphones must be a rise of 10 volts. 
70 4- 40 = 100 4- 10 = 110. Since the voltage across the headphones is a rise, we 
must have entered the positive side and left the negative side of the headphones, 
(b) 0 volts . . . Walking the path a, b, c, d, e, and f, we find a voltage drop 
of 75 volts across Ri. a voltage drop of 25 volts across Ry, a voltage rise 
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22 of 100 volts across the voltage source, and an unknown voltage across the head¬ 
phones. The voltage rises always equal the voltage drops in a closed loop. In this 
case, the known drops are equal to the known rise: 75 + 25 = 100 volts. Since the 
two are equal, the unknown voltage across the headphones must be zero. When this 
is the case, the bridge is said to be balanced and no tone is heard in the headphones. 
19. 80 volts .. . For a balance the voltage across the phones must be zero. Walking 
from a to c to h to d, we must walk through a drop of 100 volts. The voltage 
across Ry must be 80 volts, since 80 + 0 + 20 = 100 volts. 
20. 250 volts . . . The easiest loop to walk through is probably to start at d, go 
through the tube to f, h, and e, and back to d. In walking through this path the volt¬ 
age drops are across the tube, and R2 gives us a total drop of 100 volts plus the 
unknown plate voltage. The voltage rises are across Rf and Ra, giving us a total 
265 + 85 = 350 volts. The drop across the tube, then, must be 350 - 100 = 250 volts. 
21. 143 volts . . . One loop that we can walk around is c, i, e, d, and back to c. 
The total voltage drops are equal to 7 + 100 + the plate voltage. The sum of the 
voltage rises is 85 + 165 = 250 volts. The plate voltage is then equal to 250 - (100 + 
7) = 143 volts. We could just as easily have walked around the loop in the opposite 
direction. Walking in the opposite direction, from c to d, e, and i, and back to c, 
we find that the voltage drops are across Rj and Ra and that the vol rage rises are 
across R(,, the cathode-to-plate resistance, and R ।. Thus, the total voltage rises 
are equal to 7 + 100 + the plate voltage and the voltage drops are equal to 85 + 
165 = 250 volts. Here again, since the drops must equal the rises, the unknown volt¬ 
age must be 143 volts. Note that the only difference in the two methods used is that 
drops and rises are reversed. 
22. (a) 12 volts . . . The closed loop that we can walk around is from b to c 
to K\ to G i and back to b. The voltage drops in our loop are equal to 5 + 7 = 
12 volts. We do not encounter any known voltage rises on our journey. Hence, the 
unknown voltage must be a voltage rise and also must be equal to the total voltage 
drop, which is 12 volts. 
(b) Negative . . . We found in (a) that the voltage between the grid and cathode 
is a voltage rise. This means that we must have entered the voltage at its positive 
end and left at the negative end. Thus, the grid is negative in respect to the cathode. 
We could also say that the cathode is positive with respect to the grid. 

5 CIRCUIT ANALYSIS 
OPEN CIRCUITS ... Up to this point we have considered voltages 
around closed loops. Figure 30 shows a circuit in which there is no closed 
path for current to flow. Suppose we are interested in the voltage between 
points A and B. We can find this voltage by using the same technique that 
we have been using for closed loops. In order to do this problem, we will 
start at point A and walk through the circuit to point B and add the 
voltage rises and voltage drops as we go. 

Starting at point A, the first voltage that we encounter is which is a 
voltage rise. As we move toward point B, we next encounter E2 and E}, and 
these also are voltage rises. When we reach point x on the circuit, we have 
encountered three voltage rises. The total voltage rise, then, is Et + E2 + 



E| Eg E3 E4 E5 
5 V 2 v 3 v 4 V 7 v 

Fig. 30 Circuit with an open in the loop. 

Ey = 5 + 2 + 3= 10 volts. The next voltage we come upon is Et, which is a 
voltage drop. Moving on to point B, we encounter Es, which is another 
voltage drop. We have encountered two voltage drops, and we can now 
write the total voltage drop asE4 + £5=4+7 = 11 volts. 

Note that the voltage drop is greater than the voltage rise by the amount 
of 1 volt. That is, in walking from A to B a net drop of 1 volt is seen. 
Since in walking through a voltage drop, you enter at the negative ter¬ 
minal and leave at the positive terminal, this means that terminal B in 
Fig. 30 is positive with respect to terminal A. To measure the voltage 
across the complete circuit, the positive voltmeter lead must be placed at 
point B and the negative lead at point A. The voltmeter will then read 
1 volt. 

If we start at point B and walk toward point A, we encounter the positive 
terminal of Es first, so in going in this direction Es is a voltage 
rise. We can write the voltage rises when going in this direction: 

Voltage rises = Es + E^ = II volts 

Likewise, we can write the voltage drops: 

Voltage drops = E y + E 2 + E\ = 10 volts 

Note that the voltage rise is 1 volt more than the voltage drop. That is, in 
walking from B to A a net rise of 1 volt is seen. Since in walking through 
a voltage rise, you enter at the positive terminal and leave at the negative 
terminal, this means that terminal B is positive with respect to terminal A. 
Or, to say it another way, terminal A is negative with respect to ter¬ 
minal B. Note that the same voltage and the same polarity are obtained 
when walking from A to B as when walking from B to A in the circuit. 

WHAT HAVE YOU LEARNED? 

1. The sum of the voltages across R}, R 2, and Ry in Fig. 31 is w-
volts. The voltage between terminals A and B in Fig. 31 is <b>- volts. 
The voltage at B is m( positive) (negative) with respect to the voltage at 
A 



2. The circuit of Fig. 31 is sometimes called an open loop to distinguish 
it from a closed loop that contains a complete path for current flow. When 
the voltage across points A and B is known, the circuit can be treated 
as a closed loop. Start at point A and walk around the circuit. Write the 
sum of the voltage rises and the sum of the voltage drops. Treat the volt¬ 
age between A and B as a rise or drop, depending upon your answer to 
Problem 1. Show that the voltage rises equal the voltage drops. 

3. The voltage from terminal B to terminal C in Fig. 32 is «■> 
_The voltage from terminal A to terminal D in Fig. 
32 is (b)_ 

Fig. 33 
A 



4. The voltage across R* in Fig. 33 is <□>_ Is the tube in 
Fig. 33 properly biased? <b>_ 

ANSWERS 

1. (a) 0 volts . . . There is an open circuit between terminals A and B. Hence, there 
can not be any current flowing in the circuit. This being the case, there can not be 
any voltage across any of the resistors, since E = 1R. 
(b) 15 volts ... In walking around the circuit from A to B we encounter a rise of 
5 volts across Ey, a rise of 20 volts across E|, and a drop of 10 volts across 
E2- The total of the known rises is 25 volts, and the total of the known drops is 10 
volts. Hence, the voltage across terminals A and B must be a drop of 15 volts. Note 
that when we walked around the loop, we did not find any voltage across any of the 
resistors, since there is no current in the circuit. (c) Negative 
2. Starting at point .4, 

Voltage rises = + E| =5 volts + 20 volts = 25 volts 
Voltage drops = E2 + V AB = 10 volts + 15 volts = 25 volts 

VAB is the voltage between terminals A and B. 
3. (a)0 volts . . . The circuit between terminals B and C is disconnected from the 
battery in two places. Hence, there is no current flowing in the circuit between 
terminals B and C. This being the case, there can not be any voltage across the net¬ 
work, since there is no voltage source between points B and C. 
(b) 20 volts ... In walking around the circuit, we see the open between terminals A 
and D. Hence, the full voltage will be felt between these two points. In other words, 
since the circuit between terminals B and C is open on both ends, it is completely 
disconnected from the battery. 
4. (a) 0 volts .. . Since the circuit is open, no current flows and so there is no voltage 
across Rg. 
(b) No . . . Before the tube can be biased properly the bias voltage Ecc must be 
applied between the grid and the cathode. Since the positive end of Ecc is not 
grounded, Ecc is not connected to the cathode. Hence, the Ecc is not being 
applied between the grid and cathode but is merely being applied between the grid 
and point A. 

USING KIRCHHOFF’S LAWS IN A-C CIRCUITS ... It is important 
to understand that the discussion of Kirchhoff’s laws in this lesson does 
not apply without modification to a-c circuits that contain inductance or 
capacitance. This is because inductance and capacitance cause phase shifts 
in the current and voltage relationships, so that voltage and currents cannot 
be directly added to get the total voltage or current as we have done in this 
lesson. Instead it is necessary to add vectorially in the various computations 
required in using Kirchhoff’s laws. How to do this is the subject of a future 
lesson. However, the laws as taught in this lesson can be used to analyze the 
instantaneous condition at some specified moment of an a-c cycle. We shall 
use them in that way in Problem 3 of the What Have You Learned section 
of Topic 8. 

25 

It is obvious from this lesson that the voltage drop across a component in 



26 a d-c circuit can never exceed the voltage of the source. In an a-c circuit in 
which the reactance of L and C is large compared with R, the voltage 
across a component in a series circuit may be many times greater than the 
voltage of the voltage source. This is particularly true if the series circuit 
is near resonance. Similarly, the current in one branch of a parallel a-c cir¬ 
cuit with inductance and capacitance can be much higher than the total 
current supplying all the branches. 

CIRCUITS WITH CAPACITORS ... The voltage across a charged 
capacitor contributes to voltage drops or voltage rises in the circuit in the 
same way as does the voltage across any other component. Figure 34 shows 
a circuit with a source connected to charged capacitors. To find the voltage 
read by the voltmeter in Fig. 34, we can walk counterclockwise around the 
circuit, starting at terminal A. We come first to charged capacitor Ci, 
which we enter at the negative side and leave at the positive side, so that C । 
is a voltage drop of 5 volts. We next come to Ci, which is a voltage 
rise, since we enter it at the positive side and leave it at the negative 
side. Similarly, E\ and C} are also voltage rises. Hence, the sum of the 
voltage rises is 10 4- 20 4- 8 = 38 volts. The voltage between terminals A 
and B is the difference between the voltage rises and the voltage drops, or 
38 - 5 = 33 volts. 

Fig. 34 Finding output voltage in a circuit with capacitor. 

If we treat the circuit of Fig. 34 as a closed loop, it is obvious that the 
voltage from B to A must be a voltage drop. Remember that the voltage 
rises must equal the voltage drops in a closed loop. Since there have been 
more rises (38 volts) than drops (5 volts), an additional 33-volt drop is 
needed to make the voltage rises and voltage drops equal. 

In Fig. 34 we could equally well start at terminal B and walk around the 
circuit clockwise. In that case C3, Et, and Ci are voltage drops and C, 
is a voltage rise. The total voltage drop is now 38 volts, and the voltage 



rise is 5 volts. The voltage from terminal A to B is a voltage rise of 
33 volts. Since we are walking clockwise and since we always enter a voltage 
rise at the positive terminal and leave at the negative terminal, terminal 
B must be negative and terminal A positive. Hence, the results are the same 
no matter which way we walk around the circuit. 

WHAT HAVE YOU LEARNED? 

1. What is the voltage across C2 in Fig. 35(a) and what is the polarity of 
that voltage? The voltage distribution represents the circuit condition very 
shortly after the switch S is closed, before the capacitors have had time to 
fully charge. 

Fig. 35 

(a ) ( b) 

2. Figure 35(b) is the same circuit as in (a), but it represents the conditions 
after the switch has been closed for some time, so that the capacitors have 
become fully charged and the circuit current has become zero. The voltage 
across R\ is m_ volts. The voltage across C2 is *_ with the 
upper plate (^(positive) ( negative). 

3. A two-stage resistance-capacitance (RC) coupled amplifier circuit is 
shown in Fig. 36. From the values given, determine w the voltage drop 
across plate load resistor R4, <b> the voltage drop across screen grid resistor 
R,. and (d the voltage at the screen grid of tube V,. 

4. What is the grid bias voltage of F2 in Fig. 36? 
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5. What is the value of current furnished to the circuit by source in Fig. 
36^ 
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Note: All voltages are values measured to ground. JK means 1000 ohms. 

Fig. 36 

6. The voltage across C4, Fig. 36, is (□>_ volts, and the voltage 
across C4 is therefore equal to the voltage <b> (on the plate of V J (across 
Rth Point D is (negative) (positive) in respect to point C, and it is 
(d) (negative) (positive) (neither negative nor positive) with respect to ground. 

ANSWERS 

1. 25 volts, with upper plate negative and lower plate positive . . . We shall start at 
point A and walk around the circuit in the direction shown by the arrows, although 
it would make no difference where we started or in what direction we walked. Walk¬ 
ing through Cj first, we have a drop of 30 volts, Rj gives a drop of 55 volts, E\ 
a rise of 200 volts, C । a drop of 50 volts, and R । a drop of 40 volts. Leaving 
out C2, the sum of the voltage drops is 30 + 55 + 50 + 40 = 175 volts and the 
voltage rise is 200 volts. Hence, the voltage across C2 must be a drop of 25 volts, 
so that the sum of the voltage drops equals the voltage rise. Since in walking through 
C2 we walk through a voltage drop, the top plate of C2 must be negative and 
the bottom positive. 
2. (a) Zero ... If the current through a resistor is zero, there is no voltage drop 
across it. 
(b)48 volts (c) Negative ... You may wonder why the voltage is not the same 
across each capacitor. The capacitors are of different capacitances, of unequal 
leakage resistance, or both. 



3. (a) 90 volts ... In walking through the circuit starting at ground, we find 
a voltage drop of 210 volts from ground to plate, an unknown voltage across 
Ri, and a voltage rise of 300 volts across EhH. Hence, the voltage 
across R^, being a drop, is equal to 300 210 = 90 volts. 
(b) 120 volts . . . We must first find the screen grid current that is flowing through 
Ry. The current flowing through Ry is merely a portion of the current flowing 
through Ry. In fact, the sum of the plate and screen currents must be equal to the 
current through Ry. The current through Ry is easily found by Ohm’s law; 
it is 3.8 volts : 1 kilohm = 3.8 ma. The current through R^, which is the plate 
current, is found in a similar manner by 90 volts : 30 kilohms = 3 ma. The total 
current flowing into the tube is 3.8 ma. and the known current flowing out through 
Rt is 3 ma. The screen grid current must therefore be 3.8 ma 3 ma = 0.8 ma. Then 
the voltage across R j is RI = 150 kilohms x 0.8 ma = 120 volts. 
(c) 180 volts ... Walking around the circuit from ground to the screen grid, to point 
A. and back to ground, we find the total drops to be 120 volts plus the unknown 
screen voltage, and the total value of voltage rise is 300 volts. Hence, there must 
be 300 120 = 180 volts between the screen grid and ground. 
4. 2.4 volts . . . The grid bias voltage for Vy is the voltage that is across Rh. 
Before this voltage can be found, the current through Rk must be found. We can 
find the value of this current by calculating the current through Ry. which is actually 
the same, since R^ and Ry are in series. However, before we can find the current 
through Ry. we must find the voltage across it. Walking around the circuit from 
ground, through the tube, through Ry, and back to ground by way of Em. we find 
the voltage across R y to be 300 volts - 180 volts = 120 volts. Then, by Ohm's 
law, the current through Ry is 120 volts ¿ 50 kilohms = 2.4 ma. The voltage 
across Rt, is therefore 2.4 ma x I kilohm = 2.4 volts. 
5. 6.2 ma ... The current furnished to the circuit by the source is equal to the sum 
of cathode currents/*i and I that is, 3.8 ma plus 2.4 ma. or 6.2 ma. The current 
leaving a junction or circuit area, ground in this case, is 3.8 ma into the cathode of 
Vi and 2.4 ma into the cathode of Vy. In accordance with Kirchhoff’s current 
law, the sum of these currents (6.2 ma) must enter the current-dividing point 
(ground) from the negative terminal of source Em,. 
6. (a) 210 volts ... Walking around the loop from ground, to D, to C, to B. and 
back to ground, we find a drop across Ry equal to 90 volts and a rise across Em, of 
300 volts. Therefore, the voltage across C4 must be 300 90 = 210 volts. In walking 
through Ry we did not encounter any voltage, since there is no current flowing 
through Ry. 
(b) On the plate of K| ... We can see this more easily if we walk around the cir¬ 
cuit from ground, through K,. through C4. and back to ground. We encounter 
only two voltages, a drop of 210 across V। and an unknown obvious rise across 
C4. The rise must equal the drop, so it must equal 210 volts. 
(c) In walking through Cy from right to left we found the voltage was a drop, so 
point D must be 210 volts negative in respect to point C. 
(d) Neither negative nor positive ... As previously stated, there is no current 
through Ry, so there is no voltage across it. This being the case, there can 
not be any voltage difference between point I) and ground. In other words, the 
grid is at zero volts in respect to ground. 

CIRCUITS WITH INDUCTORS . . . When the current varies through 
an inductor, a voltage is induced across the inductor. When Kirchhoff’s 
voltage law is used, this voltage is treated in the same way as any other 
voltage. You can determine the polarity of the induced voltage by remem-
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f'9- 37 A practical inductor can be represented by a perfect inductance in series 
with a resistance. 

bering that polarity is such as to oppose any change in current value 
through the inductor. 

All practical inductors have resistance as well as inductance. Thus there 
are actually two voltages associated with an inductor: the voltage across the 
ohmic resistance of the winding and the voltage induced across the coil 
by the changing current. If the voltage across the winding resistance is 
so much that you don’t want to ignore it, you can represent the inductor 
by an equivalent circuit made up of a pure resistance in series with a 
perfect inductance, as shown in Fig. 37. 

Fig. 38 Inductance and resistance across a voltage source. 

Resistor R in the simple circuit of Fig. 38 could represent the resistance 
of the inductor, or it could be an actual resistor in series with L. In the 
latter case the resistance of L can be ignored, assuming it is much lower 
than R. When switch S is closed, current flows in the direction of the 
arrows, so that the voltage across R has the polarity shown. The current 
is zero before the switch is closed, so when the switch is closed, a voltage 
will be induced across L of such polarity as to try to keep the current 
zero; that is, of a polarity that bucks the battery voltage and tries to make 
current flow the opposite direction. This gives us the polarity shown for L 
in Fig. 38. If we walk around the circuit in the direction of the arrows, 
L represents a voltage drop, and it therefore opposes the voltage rise of 
the battery. At all times, the sum of the voltage drops across R and L 
must equal 100 volts, the voltage rise. 



WHAT HAVE YOU LEARNED? 31 
1. (a) If in Fig. 38 the voltage across R is 40 volts at a certain moment 
after the switch is closed, the voltage across L is _ volts, (b) At the 
moment the switch is closed the current in the circuit is zero (although it 
starts at once to increase). Consequently, the voltage across L is_ 
volts, (c) After the switch has been closed for some time the voltage across 
R is _ volts and the voltage across L is _ volts. 

2. (a) In Fig. 39 the switch S has been closed long enough for the current 
to reach a steady value. The current value is _ amp. (b) The switch 
5 in Fig. 39 is now suddenly opened. What is the voltage across L at the 
moment the switch is opened and what is its polarity? Remember that cur¬ 
rent through an inductance can’t instantly jump from one value to another, 
so that the current at the very moment S is opened must be the same as 
it was while 5 was closed (although it starts at once to decrease). 

3. Figure 40 shows an a-c voltage applied to a circuit with R, L, and C. 
Consider that moment of the a-c cycle when the instantaneous voltage of 
the voltage source is 65 volts, with polarity as shown. The instantaneous 



32 value of current at that moment is 2 amp, and at that moment the instan¬ 
taneous voltages across C| and C2 are as shown. What is the voltage 
across L at the moment and what is its polarity? 

ANSWERS 

1. (a) 60 volts 
(b) 100 volts ... If the current through R is zero, the voltage drop across R is zero. 
Since in a closed loop the voltage drops must equal the voltage rise, the voltage 
across L must be 100 volts. 
(c) 100; 0 .. . After the switch has been closed long enough for the current to reach 
a steady value, there is no longer any voltage drop across L (assuming that L has 
no resistance), because there is no induced voltage in an inductor except when the 
current is changing in value. Hence, the only voltage drop in the circuit is that of 
R. and it must equal the voltage rise of the battery. 
2. (a) 3 amp . . . Since the current is steady, there is no voltage across L. so that 
the total opposition to current flow is the 40 ohms of R ।. 
(b) 60 volts with left end positive and right end negative . . . The moment the switch 
is opened, the current is still 3 amp, so that the voltage across R, is 120 volts and 
that across R, is 60 volts. These voltages are shown in Fig. 41. Starting at point 
A in the figure and walking around the circuit to B in the direction of current flow, 
we find a drop of 60 volts across Ri, a rise of 120 volts across the battery, and a 
drop of 120 volts across R ,. The sum of the drops is 120 + 60 = 180 volts, and the 
battery rise is 120 volts. The voltage across L must be a rise of 60 volts, in order for 
the sum of the rises to equal the sum of the falls. Since we walk through L from B to 
A and since the voltage across L is a rise, the left end of L is positive and the 
right end is negative. 
3. 35 volts, the bottom of L being positive and the top negative . . . Since the current 
is 2 amp. the voltage drop across R is 30 volts, with the right end of R negative and 
the left end positive. Starting at A and walking around the circuit in the direction 
of current flow. R is a drop of 30 volts, C। is a drop of 50 volts, the generator 
is a rise of 65 volts, and Cj is a drop of 20 volts. The sum of the drops is 30 + 
50 + 20 = 100 volts. Since the sum of the rises must also be 100 volts, the voltage 
across L must be a rise of 35 volts. 

Fig. 41 



LESSON 2314-3 33 

SIMPLIFYING CIRCUIT ANALYSIS 
BY USING KIRCHHOFF’S LAWS 

EXAMINATION 

Circle the number of the correct answer for each question that follows. When you are 
finished, transfer the answers to the answer sheet by putting X's in the proper 
squares. When the graded answer sheet is returned to you, correct in this book any 
questions you may have missed. By doing so, you will have a record of the correct 
answers to all questions for review purposes. 

I. It is impossible to have learned very much studying this lesson unless 
you worked out every What Have You Learned? question before going 
on to the next topic. One reason for this is that you can’t learn to 
analyze electronic circuits unless you practice doing so—and thus 
prepare for a top-notch job, rather than being just another run-of-
the-mill technician. Another reason why it is nothing but a waste of 
your time to try to study the lesson without doing the What Have You 
Learned? problems is because 
(1) new principles are taught and clarified in the What Have You 

Learned? sections, which are needed to understand the following 
topic—you can’t expect to understand any topic if you have 
skipped the previous What Have You Learned? problems. 

(2) the answers to the examination questions are given in the What 
Have You Learned? sections. 

2. Kirchhoff’s Laws tell us that in a pentode vacuum tube that 
(1) when the grid is made more negative the plate current decreases. 
(2) when the plate voltage increases the plate current will increase. 
(3) the sum of the currents flowing into the tube must equal the sum 

of the currents leaving. 
(4) the sum of the voltages to ground from the different pins is equal 

to the power supply voltage. 

3. Although tubes are generally operated so that no grid current flows, 
you will learn later that in some important types of operation (such 
as class C), grid current does flow. Find the value of the grid current 
in Fig. 42. 
(1) 5 ma (4) 30 ma (7) 70 ma 
(2) 10 ma (5) 35 ma (8) 95 ma 
(3) 20 ma (6) 60 ma 
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Fig. 42 

4. With reference to Question 3, which direction does grid current flow? 
(1) Flows into the tube 
(2) Flows out of the tube 

5. The current through R4 in Fig. 43 is 
(1) 10 ma. (4) 35 ma. (7) 50 ma. 
(2) 15 ma. (5) 40 ma. (8) 85 ma. 
(3) 25 ma. (6) 45 ma. 

6. The current through R$ in Fig. 43 is 
(1) 5 ma. (4) 20 ma. (7) 50 ma. 
(2) 10 ma. (5) 25 ma. (8) 60 ma. 
(3) 15 ma. (6) 45 ma. 

7. The current through R2 in Fig. 43 is 
(1) 5 ma. (4) 20 ma. (7) 40 ma. 
(2) 10 ma. (5) 25 ma. (8) 60 ma. 
(3) 15 ma. (6) 35 ma. 

8. Having found the currents in R2, Ra, and R5 in Fig. 43, you should 
next check your answers by 
(1) seeing if the voltage across R2 is equal to the voltage across R}, 

and that the voltage across F¡ is equal to the voltage across R4. 
(2) checking to see if the current leaving each of the points A, B, C, 

and D is equal to the current entering each of these points. 
(3) checking to see if the current leaving any one of the points A, B, 

C, or D is equal to the current entering that point-there is no 
need to check more than one point. 



Fig. 43 
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9. Figure 44 shows part of a circuit from a variable-waveshape genera¬ 
tor. What is the current through the diode tube? 
(1) 90 ma (3) 310 ma (5) 475 ma 
(2) 160 ma (4) 325 ma (6) 560 ma 

Fig. 44 

10. The leads on all d-c voltmeters are marked + and - so that we can 
tell the polarity of the voltage across any component. A d-c voltmeter 
will not read if connected with polarity different from that of the 
voltage being read. The polarity of the 1.5 volts across the lamp in 
Fig. 45 is 
(1) left lead to lamp positive, right lead negative. 
(2) left lead to lamp negative, right lead positive. 
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Fig- 45 

11. If we know the current direction through a resistor we can tell the 
polarity of the voltage across the resistor by the fact that 
(1) the end of the resistor where the current enters is always positive 

and the end at which the current leaves is negative. 
(2) the end at which the current enters is always negative and the end 

at which the current leaves is positive. 

12. To help you answer the following questions, mark on Fig. 45 the 
polarities of resistors R,, R2, and R}. If marked correctly your draw¬ 
ing will show for the 2 V across R ।, 
(1) end E as positive and end D as negative. 
(2) end E as negative and end D as positive. 

13. To use Kirchhoff’s voltage law we must distinguish between voltage 
rises and voltage drops. It is helpful to consider ourselves as walking 
around the circuit. If in walking through a component we enter the 
component at the positive end and leave the component at the nega¬ 
tive end, we consider the voltage across that component as a 
(1) voltage drop. 
(2) voltage rise. 

14. Suppose that we walk around the circuit of Fig. 45 in the direction of 
current flow. We then find the voltage across resistor R2 to be 
(1) a voltage drop. (2) a voltage rise. 



15. Continuing to walk in the direction of current flow, we further find 
( 1 ) the voltages across batteries B, and ß2 to be voltage rises. 
(2) the voltages across B, and ß2 to be voltage drops. 
(3) the voltage across B 1 to be a voltage rise and that across ß2 to be a 

voltage drop. 
(4) the voltage across ß| to be a voltage drop and that across ß2 to 

be a voltage rise. 

16. We can find the voltage between collector and emitter (which is the 
reading of voltmeter K2) in Fig. 45 by 
(1) starting at point A (or any other point) and walking completely 

around the circuit back to the starting point, noting as you walk 
through each component whether it is a voltage rise or a voltage 
drop. Then apply the rule that the sum of the voltage rises must 
equal the sum of the voltage drops. 

(2) considering all batteries as voltage rises and all resistors as voltage 
drops. Then apply the rule that the sum of the voltage rises must 
equal the sum of the voltage drops. 

17. Voltmeter K2 in Fig. 45 reads 
(1) 6 volts. (4) 8.5 volts. (7) 14 volts. 
(2) 6.5 volts. (5) 9.5 volts. (8) 14.5 volts. 
(3) 7.5 volts. (6) 12 volts. 

18. What will a voltmeter with leads properly connected between points A 
and C read in Fig. 45? Hint: Walk from C to A (or from A to C), 
combining voltages walked through as explained in Topic 4 ol the 
lesson. 
(1)1.5 volts (2) 3 volts (3) 4.5 volts (4) 6.5 volts 

19. What is the voltage between point E and ground in Fig. 45? (That is, 
what will a voltmeter read if connected with one lead to ground and 
one to point £?) 
(1) 2 volts (2) 4 volts (3) 6 volts (4) 12 volts 

20. In reading the voltage between point E and ground in Fig. 45, you 
should connect the voltmeter leads so that 
(1) positive lead is to point E and negative lead to ground. 
(2) negative lead is to point E and positive lead to ground. 

21. What is the voltage at point A with respect to ground in Fig. 45? 
(This means, what will a voltmeter read if connected with one lead at 
point A and the other lead to ground? Voltage read is considered 
positive if positive voltmeter lead is connected to point A, and nega¬ 
tive if negative voltmeter lead is connected to point A.) 

31 



38 (1) +12 volts 
(2) +16 volts 
(3) +20 volts 

(4) +24 volts 
(5) -12 volts 
(6) -16 volts 

(7) -20 volts 
(8) -24 volts 

22. Ina complicated circuit with various series and parallel branches, it is 
still easy to use Kirchhoff’s voltage law. Just remember 
(1) that if we start at any point and walk around any path whatsoever 

until we get back to the starting point, the sum of the voltage rises 
walked through must equal the sum of the voltage drops walked 
through. 

(2) the same as (1) above, except that we must always walk in the 
direction of current flow. 

23. We are building the circuit of Fig. 46, and we must know the voltage 
across C| so that we can order a capacitor of suitable voltage rating. 
We can find this voltage by 
(1) finding the voltage drop across 7?s. The voltage across Cj will 

equal this voltage. 
(2) finding the voltage drop across Æ5, and subtracting this value 

from Ebb . 
(3) walking around a closed loop so chosen that it will include walk¬ 

ing through C|. The voltage across C| is that value which makes 
the sum of the voltage drops walked through equal to the sum of 
the voltage rises. 

F'9 

24. What is the d-c voltage across capacitor C| in Fig. 46? 
(1) 95 volts (3) 180 volts (5) 300 volts 
(2) 120 volts (4) 275 volts 

25. What is the plate voltage (voltage between plate and cathode) in Fig. 
46? 
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Fig. 47 

(1) 95 volts (3) 120 volts (5) 167 volts (7) 192 volts 
(2) 108 volts (4) 133 volts (6) 180 volts (8) 275 volts 

26. To find the plate voltage (the voltage between plate and cathode) in 
Fig. 47, we want to walk around a closed path that will include walk¬ 
ing between cathode and plate. However, before we do this we must 
(1) use Kirchhoff’s current law to find the current in Rt and R2, and 

then find the voltages across Rt, R2, and R}. 
(2) know the value of the power supply voltage Ebb, and subtract the 

voltage drop across R} from this value. 

27. In Fig. 47 what is the value of plate voltage (the voltage between plate 
and cathode)? 
(1) 225 volts 
(2) 300 volts 
(3) 426 volts 

(4) 430 volts (7) None of these. 
(5) 450 volts 
(6) 475 volts 

G 

Fig. 48 



40 28. Figure 48 shows a three-element voltage divider and its loads. What 
is the value of current flowing in the wire that connects C to D? 
(1) 200 ma (3) 600 ma (5) 1300 ma 
(2) 500 ma (4) 700 ma (6) 2.2 amp 

29. What is the value of current through R2 in Fig. 48? 
(I) 200 ma (3) 500 ma (5) 1200 ma 
(2) 400 ma (4) 900 ma (6) 2200 ma 

30. How much voltage is furnished by the power supply in Fig. 48? 
(I) 50 volts (3) 170 volts (5) 320 volts 
(2) 120 volts (4) 200 volts (6) 370 volts 

31. If you were building the circuit of Fig. 48, what value of resistance 
should you use for R^ 
(1) 20 ohms (4) 200 ohms (6) 250 ohms 
(2) 22.7 ohms (5) 227 ohms (7) None of these 
(3) 125 ohms 

32. What is the voltage across load 2 in Fig. 48? 
(1) 120 volts (3) 200 volts (5) 370 volts 
(2) 170 volts (4) 250 volts 

33. Figure 49 shows a transistor amplifier circuit. What is the voltage 
drop across RL1 The +4 volts shown on base is voltage measured to 
ground. 
(1) 3 volts (3) 8 volts (5) 15 volts 
(2) 4 volts (4) 11 volts 



34. What is the voltage drop between the base and emitter terminals in 
Fig. 49? 
(1) 1 volt (2) 3 volts (3) 4 volts (4) 11 volts 

35. What is the voltage drop across R2 in Fig. 49? 
(1) 1 volt (3) 4 volts (5) 15 volts 
(2) 3 volts (4) 11 volts 

36. How much current flows through emitter resistor R} in Fig. 49? 
(1) 2.5 ma (2) 48 ma (3) 52 ma (4) 52.5 ma 

37. How much current flows through base resistor R2 in Fig. 49? 
(1)0.5 ma (3) 2 ma (5) 2.25 ma 
(2) 1.5 ma (4) 2.5 ma (6) 52.5 ma 

38. How much current enters the positive terminal of voltage source VCc 
in Fig. 49? 
(1) 50 ma (2) 52 ma (3) 52.5 ma (4) 50.5 ma 

39. What is the plate-to-ground voltage in Fig. 50? 
(1)65 volts (4) 140 volts (6) 215 volts 
(2) 115 volts (5) 195 volts (7) None of the above 
(3) 120 volts 

Fig. 50 

40. What is the voltage across R2 in Fig. 51? Arrows on the diagram 
indicate direction of current flow through R । and R2, but not through 

Ri-
(1) 10 volts (3) 40 volts (5) 70 volts (7) 100 volts 
(2) 30 volts (4) 60 volts (6) 90 volts (8) 130 volts 

41 
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Fig- 51 

41. What is the direction of current flow through R2 in Fig. 51? 
(1) To the right. 
(2) To the left. 
(3) Can’t be determined from information given. 

42. What is the voltage of the battery 
(1)2.41 volts (4) 8.37 volts 
(2) 6.74 volts (5) 10.96 volts 
(3) 7.04 volts 

F££ in Fig. 52? 
(6) 12 volts 
(7) None of the above 

) 

43. What is the voltage between collector and emitter in Fig. 52? 
(1) 6.1 volts (3) 10.04 volts (5) 12.21 volts 
(2) 9.44 volts (4) 12 volts (6) 12.38 volts 

END OF EXAM 
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A chat with your instructor 

Decision-making, or logic, circuits are combinations of automatically 
operating on-off devices (electronically operated switches) that are 
widely used in business machines, automatic control of machines, 
remote-control and space communications, instrumentation, and 
telemetry. 

Equipment using large numbers of decision-making circuits are called 
digital computers. These are the machines “with a brain” that you 
hear so much about. They are used to make up your electric bill, pre¬ 
dict what the weather will be, guide a man into space, or simply add 
numbers at the rate of thousands per second. Computers can trans¬ 
late foreign languages or tell you what is wrong with your automobile. 
If you are in an iron lung, a computer can keep you alive. 

In most modern factories today parts and products are being manu¬ 
factured with little human help, under the watchful eyes of a 
computer. Consider a turret drill with an automatic control unit 
(computers are called by many different names). A roll of punched 
tape (called the program) feeds through the control unit, instructing 
the computer in what it is to do. On the basis of these instructions, 
the control unit moves the workpiece to the right place for the first 
hole (accurately to 0.001 in.), selects the right drill size and the proper 
drill speed, and drills the hole to the right depth. After the first hole 
is drilled, the computer moves the workpiece to the proper position 
for the second hole, changes to a different drill size if it is needed, and 
repeats the operation. 

Electronic digital computers use a huge number of automatic switches 
— many thousands within a single computer. The simplest example 
of an automatic switch is the relay, much used in this lesson. Tran¬ 
sistors and diodes can also be used as switches, and they are widely 
used that way. Transistor and diode switching circuits will be dis¬ 
cussed in a later lesson. 



2 The way the many computer switches are connected with each other 
to obtain the desired computer action is known as logic or decision¬ 
making circuitry. Today, a knowledge of logic circuitry is an essential 
part of well-rounded electronics training. 

This lesson will introduce you to some logic terminology and circuitry. 
Most important, you will get much practice in circuit tracing. Your 
success in any field of electronics depends a great deal upon your 
ability to trace current paths and analyze circuit action. 

Tracing Through 
Decision-Making Circuits 

LOGIC CIRCUITS 
AND and OR circuits, now to be discussed, are the most basic and 
the most used of all decision-making circuitry. Although the terms 
are most often used with automatic switching circuits, such as relays, 
we shall start with manual switches, since they are the simplest to 
understand. The principles are the same no matter whether manual 
switches, relays, diodes, or transistors are used for forming the logic 
circuitry. 

AND CIRCUITS WITH SWITCHES ... In the series circuit of Fig. 
1 (a) switch A AND switch B AND switch C must all be closed before 
the lamp will light. For this reason computer people call switches in 
series an AND circuit. The AND circuit is widely used in computers, 
automatic control systems, instrumentation, telemetry, and other 
modern electronic equipment. While Fig. 1 (a) shows three switches, 
any number, two or more, can be used. Anyone who rents a safe 
deposit box knows that it can be opened only if two keys are used — 
the customer’s AND the banker’s. It won’t unlock with one key OR 
the other key. Both must be used. This is an analogy of an AND circuit. 

OR CIRCUIT WITH SWITCHES ... In Fig. 1 (b) the switches are 
connected in parallel. With this arrangement the lamp will light if 
any one (or more) of the switches A OR B OR C is closed. Switches 
in parallel are called an OR circuit. 



Fig. 1 Some logic circuits. 
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WHAT HAVE YOU LEARNED? 

1. (a) John and Ron, living in adjoining rooms, agreed not to disturb 
each other by playing a radio when the other was studying. John used 
his knowledge of circuit logic to connect two switches into the radio 
electric cord, one in each room. When either man wanted to study, 
he opened his switch, and the radio could not then be turned on by 
the other man. Did John use an AND circuit or an OR circuit in con¬ 
necting up the switches? 
(b) The switches and cord are shown in Fig. 2, with one wire of the 
cord cut, where the switches are to be connected in. Can you wire up 
the circuit? 

John's 
Switch 

cr o 

Ron's 
Switch / 

o 



4 John's 
Switch 

o< o 

Ron's 
Switch 

ar o 

Fig. 3 

2. (a) The cord and switches are shown again in Fig. 3. Would you 
use an AND circuit or an OR circuit to connect up the radio so that 
it could be turned on by either switch? 
(b) Connect up the circuit. 

3. (a) Are switches connected in series or in parallel to make an OR 
circuit? (b) Are they connected in series or parallel to make an AND 
circuit? 

4. You probably cannot turn on the radio in your car unless the igni¬ 
tion key is on. Is an AND or an OR circuit used in your car for this 
purpose? 

ANSWERS 

1. (a) AND ... Because John’s switch AND Ron’s switch must be closed before 
the radio will play. 
(b) 

Fig. 4 

2. (a) OR . . . Because if either John’s switch OR Ron’s switch is closed, the 
radio will play. 



Trace around the circuit to see that you have an unbroken current path when 
either switch is closed. 
3. (a) Parallel; (b) series 
4. AND ... Both the ignition switch AND the radio switch must be on for the 
radio to play. 

COMBINATION AND/OR circuits .. . Combinations of AND and 
OR circuits are very common. In fact, there is a good chance that you 
have one in your home. Most two-story houses have two switches for 
the stairway light, one upstairs and one downstairs. You can turn the 
light off or on with either one of the two switches. It is not necessary 
to turn the light off with the switch used to turn it on. Figure 1 (c) 
shows how to wire up this circuit by using two single-pole double¬ 
throw (SPDT) switches. But before you study the figure, you can have 
some educational fun seeing if you can draw a diagram of a circuit 
that will do the trick. You can have some more fun seeing if your 
electrical-minded friends can do it. 

Notice that you can’t use a simple OR circuit such as shown in Fig. 
1 (b). With that type of circuit, if you turned the light on at one switch, 
you would have to go back to the same switch to turn the light off 
again. We want a circuit so arranged that if the light is turned on at, 
say, the downstairs switch, it can be turned off, if desired, at the up¬ 
stairs switch. 

The switches used in Fig. 1 (c) are called single-pole, because each 
switch has but a single blade (the blade is the moving part with the 
arrow). The switches are called double-throw, because no matter 
which way you snap the switch, it connects up to circuit wiring. The 
switches of Fig. 1 (a) and (b) are single-throw, because when in the 
off position, all wiring going to the switch is open. Single-pole double¬ 
throw switches are called “three-way switches” by electricians, but 
that name is never used in electronics. 



6 WHAT HAVE YOU LEARNED? 

Let’s see how the circuit of Fig. 1 (c) works: 

1. If the downstairs switch is in position F and the upstairs one in 
position B, is the light on? 

2. If while you are upstairs you snap the upstairs switch, will the light 
be on or off? (Before going upstairs the switches were in the position 
of Problem 1.) 

3. If in Problem 2 you left your wife downstairs in the dark when 
you snapped that upstairs switch, can she get the light back on by 
snapping the downstairs switch? 

4. Suppose your wife now comes upstairs, can she turn the light off 
by snapping the upstairs switch? 

5. Since the light is on when the switches are in positions C AND E, 
OR if the switches are in positions B AND F, the circuit is a com¬ 
bination _ circuit. 

ANSWERS 

1. Yes 2. Off... The switches are now in positions F and C. If you try to 
trace around the circuit from the 115-volt power supply, you will see that there 
is no closed circuit. 
3. Yes ... The switches are now in positions C and E. 
4. Yes ... The switches are now in positions B and E. 5. AND/OR 

BOOLEAN ALGEBRA - COMPUTER SHORTHAND ... In com¬ 
puter language the “shorthand” symbol for the word AND is the 
multiplication sign ( X ). For the AND circuit of Fig. 1 (a) we can 
write A X B X C, instead of “switch A AND switch B AND switch C.” 

For the OR circuit the symbol is the addition sign ( + ). So we can 
write A + B 4- C for the circuit of Fig. 1 (b), instead of “switch A 
OR switch B OR switch C.” 

When we write A X B X C for such a circuit as Fig. 1 (a), we have 
not told you what the result will be when all these switches are closed. 
Something happens as a result: the lamp lights. If we call the lamp 
by the letter L, we can say, A X B X C = L. This is shorthand for 
the statement “When A AND B AND C are closed, the lamp will 
light.” It is an example of “computerese” (computer talk.) 



This time-saving use of symbols is the basis of Boolean (BOO-lee-an) 7 
algebra, a special kind of mathematics much used in computer work 
and related fields of electronics. Circuits made up of AND and OR 
circuits are called logic circuits. Logic circuits are fast becoming 
among the most important in electronics. They are used in a large 
share of all electronic-controlled devices. For example, an electronic 
automatic machine used by a department store to keep track of cus¬ 
tomer charge purchases and send bills at the end of the month would 
use thousands of logic circuits. 

In a previous example, we expressed what goes on in the circuit of 
Fig. 1 (b) by writing L = A + B + Cyou learned that this means “Lamp 
J, lights when switch A OR switch B OR switch C is closed.” For the 
circuit of Fig. 1 (c) we write L = (C X E) + (B X F), which means 
“Lamp L lights when switches are in position C AND E OR when 
switches are in positions B AND F.” The parentheses are not neces¬ 
sary but help show the two AND circuits. 

The letters, such as A, B, and C, do not always represent switches; 
they might mean current, signal voltages, etc. Of course, other letters 
of the alphabet can be similarly used. 

WHAT HAVE YOU LEARNED? 

1. The Boolean symbol for AND is _ , and that for OR is -

2. If L is a light and A and B are switches, then L = A + B means 

3. The Boolean equation (language) describing the circuit of Fig. 6 is 
L =_ 

Fig. 6 



8 

4. If L is a light and A, B, and C are switches, then L = A + (B X 
C) means (This does not refer to Fig. 7.)_ 

5. The Boolean equation describing the circuit of Fig. 7 is_ 

6. Write in Boolean algebra: Switches M, H, and R must all be closed 
before door D will close_ 

7. If L is a light and M, P, and Q are switches, then L = M x (P + 
Q) means _ 

8. Draw the circuit represented by L = A X (B + C). 

9. Figure 8 shows a circuit for turning a light on or off at any one of 
three different points. 
(a) To construct this circuit, you would order a _ type switch 



for switch 1, a _ type for switch 2, and a _ type for 
switch 3. 
(b) If switch 1 is in position A, switch 2 is thrown right, and switch 
3 is in position G, will the lamp light? 
(c) If switch 1 is now thrown to position B, will the lamp light? 
(d) Suppose next that switch 2 is thrown to the left. Will the lamp 
light? The other two switches are left in same position as in (c). 
(e) Now suppose that someone throws switch 3 to position H. Will 
the lamp light? 

ANSWERS 

1. X, + 2. The lamp L will light if either switch A or switch B is closed. 
3. L = A X B.. . The lamp L will light if switch A AND switch B are closed. 
4. The lamp L will light if switch A is closed, OR it will also light if switches 
B AND C are both closed. 
5. L = (A X B) + C.. . The lamp L will light if switches A AND B are both 
closed OR it will also light if switch C is closed. 6. D = M x H X R. 
7. Lamp L will light if switch M is closed AND either switch P or switch Q is 
closed. 
8. 
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9. (a) SPDT; DPDT; SPDT. (b) Yes ... Trace from one power outlet ter¬ 
minal around the circuit back to the other battery terminal, and you will see 
that there is an unbroken path, allowing current to flow. The path is from M to 
Q, to R, to G, to E, to I, to A, to K. (c) No . . . Tracing the current path 
from M, you pass first through the lamp, then to switch 3, then to contact G, 
from there to contact E, and then to contact I, and finally to contact A. Since 
switch 1 is in position B, there is no electric path from A on to K. Therefore, 
the circuit is open and no current can flow in any part of it; as a result, the lamp 
will not light. (d) Yes. (e) no. 

THE RELAY - AN AUTOMATIC SWITCH 

Instead of flipping a switch by hand to turn it on or off, you can rig 
up an electromagnet to flip it automatically. You then have a relay. 
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(d ) 

Fig. 10 A relay is an electrically operated switch. Current through the coil in (a) 
pulls down the iron arm so that A connects to C. (b) and (c) are examples of 
commercial relays; (d) is a schematic diagram of a relay with leads attached. 

A simple homemade relay to turn the light L on and off is shown in 
Fig. 10 (a). The coil consists of many turns of insulated copper wire 
wound around a piece of iron, called the core. The coil with its iron 
core is called an electromagnet. The reason for this name is that the 
iron core becomes a magnet when a current flows in the coil of wire 
— that is, when the coil is energized. When current quits flowing in 
the coil — that is, when the coil is deenergized — the iron core loses 
its magnetism. 

RELAY OPERATION ... When the switch S, Fig. 10 (a), is closed, 
current from the battery D flows through the coil, making a magnet 
out of the iron core. The magnetized iron core pulls down the iron 
arm A so that it touches the screwhead in the metal plate C, making 
an electrical connection between A and C. There is then a complete 
current path from the battery E, so that bulb L lights. The current 
flows from the negative side of E through the lamp, down to the iron 
arm A, through the length of the arm A, through the screw to contact 
C, and back to the positive side of battery E. 

When switch S is opened, current no longer flows through the coil, 
and the iron core is no longer a magnet. The spring then pulls up the 
iron arm, breaking the electric circuit, and light L goes off. When cur-



rent flows in the coil, pulling the iron arm down, the relay is said to 
operate. When the current is cut off, letting the iron arm spring away 
from the core, the relay is said to release. 

11 

g USING RELAYS TO SWITCH HEAVY CURRENTS ... In the 
simple example shown in Fig. 10, the relay is of no advantage. It is 
true that the switch for light L is opened and closed automatically; 
but first another switch, S, must be opened and closed by hand. One 
might as well throw the relay away and use switch S to directly cut 
the light on and off. 

As an example of a circuit in which a relay is an advantage, consider 
the starting circuit of your car. The starting motor draws a very heavy 
current (up to several hundred amperes). A hand-operated switch to 
carry so much current would be heavy and require considerable force 
to open and close. So that your starter motor can be cut in with only 
a light twist of your fingers on the starting switch, all modern cars 
use a relay. Imagine a starting motor in place of light L in Fig. 10 (a) 
and the dashboard starting switch in place of switch S, and you have 
the circuit. It takes only a small current to magnetize the iron core 
of the relay, so the dashboard switch can be small and easy to operate. 
The relay contacts can be designed to carry the heavy starting cur¬ 
rent of the motor. You can find the starting relay for your car under 
the hood. It looks like Fig. 10 (c). The small terminals D and E are 
the coil terminals, and A and C are the contact terminals, made big 
to carry the heavy current. 

The relay shown in Fig. 10 (b) is typical of relays used in electronics. 
The photo is half actual size. Relays used in electronics are much 
smaller than the automobile-starter relay, because they carry much 
smaller currents. In Fig. 11 you can see how small some relays get. 
Some pieces of electronic equipment have hundreds of relays. 

The relays in Fig. 10 open and close a single set of contacts. They are 
therefore single-pole single-throw (SPST) relays. The symbol for a 
SPST relay is shown in Fig. 10 (d). The movable arm that opens and 
closes the contacts is called the armature. The armature in Fig. 10 (b) 
is M. When the coil is energized, the armature is pulled to the coil, 
raising arm L, which in turn pushes contact A against contact C. 

y CONTROLLED CIRCUITS AND CONTROLLING CIRCUITS 
... A relay is an electrically operated switch. With an ordinary switch 
we control a circuit (that is, cut it on or off as we want) by flipping a 
switch by hand. A circuit is controlled with a relay by current fed to 
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Fig. 11 Dice-cube-size miniature relays used in equipment where weight and 
space are at a premium. (Courtesy: Hi-G, Inc.) 

the relay coil. This current is called the controlling current. In Fig. 
10 (a) the controlling circuit is the circuit made up of the switch S 
and battery D. The controlled circuit consists of the battery E and 
light L. The controlling circuit tells the controlled circuit what to do. 
If in Fig. 10 (a) the controlling circuit wants light L to go on, switch 
S is closed. 

Every relay evidently has at least two circuits, the controlled circuit 
and the controlling circuit. Since only a small amount of current is 
needed through the coil to operate the relay, a small amount of cur¬ 
rent can boss around a big current in the controlled circuit, as you 
have seen in the case of the starting motor. As another example, the 
current flowing in the relay coil of a radio-controlled garage door 
opener that results from the car signal is about 2000 times smaller 
than the controlled-circuit current of the relay, which runs the door 
motor. 

WHAT HAVE YOU LEARNED? 

1. When switch S is closed in Fig. 10(a), the relay coil is said to be 
(»I- As a result, the armature is pulled toward the 
coil and the relay is said to im_ Light L goes off 
when the relay w_ 



Fig. 12 A four-pole double-throw relay. 
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2. The armature in Fig. 10(a) is the part labeled -

3. In Fig. 10(d) you would hook up the controlling current to leads 
(a)_ and _ and the controlled current to leads (b>-
and_ 

ANSWERS 

1. (a) energized; (b) operate; (c) releases 2. A 3. (a) D, E; (b) C, A 

RELAY POLES AND THROWS ... Relays, like switches, come in 
various combinations of poles and throws. The relay of Fig. 12 is four-
pole double-throw. In Fig. 12(b), you see only two poles (the movable 
blades C and F) because the other two are on the other side of the 
relay, directly behind the ones shown, and therefore not visible. 
Figure 12(b) shows the contact positions when the coil is not energized. 
E makes contact with C to close one circuit, and F makes contact 
with H to close another circuit. In the symbolic diagram (c) you can 
also see that I connects with K and L with N to close two more circuits. 

When the coil is energized by feeding current to A and B, armature M 
in Fig. 12(b) pulls up against the iron core. This pushes up lever L, 
which in turn pushes up contacts C and F— and also I and L not 
shown in (b)—by means of the insulating spacers P. When the coil is 
energized, the poles C, F, I, and L of (c) are pulled to the left (the 
dashed line is used to show that they all work together). Then C 
makes contact with D, F with G, I with J, and L with M, closing four 
circuits. 

The relay of Fig 12 is doubl e-throw because it closes circuits in both 
the energized and nonenergized positions. It is four-pole because it 
closes four sets of contacts at one time, making it possible to cut in 



Fig. 13 A 32-pole single-throw relay. Multiple-pole relays are used in computers, 
sorting and punching machines, industrial controls, and similar applications. 
(Courtesy: North Electric Company) 

four separate circuits at a time. Some relays have a great many poles. 
The one in Fig. 13 is a 32-pole single-throw relay. 

NORMAL POSITION OF RELAY CONTACTS ... When you order 
a single-throw relay, you must specify whether you want the contacts 
normally closed (NC) or normally open (NO). The “normal” position 
of the contacts is their position when the coil is not energized. In 
schematic diagrams, contacts are usually shown in the normal position. 
In Fig. 14(a) the contacts are normally closed, because A is connected 
to B when the coil is not energized. When current flows through the 
coil in (a), contact A is pulled in toward the coil, so that A no longer 
makes electrical connection with B. 

(a.) 

Fig. 14 If relay contacts are together when no current is in the coil, they are nor¬ 
mally closed; if apart when no current is in the coil, they are normally open. 

The normally open type of single-throw relay is shown in Fig. 14(b). 
When no current flows in the coil, A is not connected to C. The home¬ 
made relay of Fig. 10(a) is a single-throw relay of the normally open 



15 type. Since a double-throw relay has both NO and NC contacts, Fig. 
14(c), double-throw relays are not classified as NC or NO. A relay can 
be classified as NC or NO only if all of its contacts are either NO or 
NC. 

WHAT HAVE YOU LEARNED? 

1. A relay with five movable contacts, five normally open contacts, 
and five normally closed contacts is a - pole -
throw relay. 

Fig. 15 

For Testing 

2. If for any reason light L, Fig. 15 should go off, light L2 (powered 
from the emergency battery B) will automatically come on. This 
circuit is used where it is important to have lights at all times, as in a 
hospital operating room. 
(a) If you were asked to build this circuit, specify the type of relay 
you would order (number of poles and throws, and whether NO or NC). 
(b) When light L, is on, are the relay contacts in their normal position? 
(c) Does light L2 burn when the relay is energized? 
(d) If light L, burns out, explain step by step what would happen. 
(e) A push-button switch, such as that shown in Fig. 15, has a spring so 
that it always returns to its original position when your finger is remov¬ 
ed. For the testing switch shown, would you order an NO or NC switch? 
(f) When you push the push-button switch for testing, light L, goes off, 
but light L2 does not come on. Which of the following might be the 
trouble? (More than one might be.) 
( 1 ) Push-button switch is faulty. 
(2) Battery B is dead. 
(3) Wire in coil of relay is broken. 
(4) Contact C is badly burned, so it does not make electrical connection 

to A. 
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Fig. 16 

(g) The relay contacts in Fig. 15 can be tested to see if they are making 
electrical contact with each other by holding the terminals of a test 
lamp between A and C, as in Fig. 16 (a test lamp is just a small light 
bulb with test leads attached). While this is done, should the push but¬ 
ton be pressed?_If the test lamp lights, are the contacts mak¬ 
ing electrical connection with each other?_ 
(h) The source of power for the controlling current is_ 
_, and for the controlled current_ 

3. (a) Complete the circuit in Fig. 17 so that the relay will connect 
the antenna to the receiver when switch S is open and to the trans¬ 
mitter when switch S is closed. This circuit is much used at two-way 
stations, because it makes it possible to use the same antenna for both 
receiving and transmitting. The switch S is frequently mounted on 
the microphone, being pressed closed when the microphone is picked up. 
(b) What type of relay would you order if you wanted to build this 
circuit? 

ANSWERS 

1. Five-pole double-throw 
2. (a) SPST (NC) (single-pole single-throw normally closed)... It is a single¬ 
throw relay because it closes contacts in only one position (when the coil is not 
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energized). It is normally closed because the contacts are closed when no cur¬ 
rent flows in the coil. You can tell from the diagram it is an NC switch because 
diagrams show normal contact positions unless otherwise stated or implied. 
(b) No ... When light L, is on, current flows in the coil and opens the contacts. 
The normal position of the relay contacts is their position when the coil is not 
energized. 
(c) No... Current through the coil pulls in the armature, opening the contacts, 
(d) Current will no longer flow through the relay coil, so the relay contacts will 
close. Current from the battery will then flow through light L,. 
(e) NC ... A switch is normally closed if it is closed at all times except when it is 
pressed. Unless this switch is normally closed, light L, can not burn. 
(f) (2) or (4)... If the push button were faulty, light L, could not be on before 
testing and go off when testing. If a wire were broken in the coil, current could not 
get to L when not testing, because current to L, must flow through the coil. 
( g) Yes, no ... Since we want to test to see if the contacts are making electrical 
connection when they are supposed to be closed, we must test, with the contacts 
in the closed position. If the test lamp lights, it shows current flows from top ter¬ 
minal of the battery through L2, through the test lamp and back to the other side 
of the battery. Hence all the circuit except A-C must be O.K. If A were making 
contact with C, the current would flow through A-C rather than through the 
higher resistance of the lamp. 
(h) 110-volt power line, battery B. 
3. (a) 

Fig. 18 

(b) A single-pole double-throw relay ... It is single-pole because it cuts in only 
one circuit at a time, and it is double-throw because it cuts in a circuit both 
when the relay is energized and when it is not. 

CIRCUITS WITH MORE THAN ONE RELAY ... Closing one relay 
in an electronic circuit will often energize another relay and cause it 
to close in turn. Figure 19(a) is a circuit of this type. By answering 
the following questions you will understand how the circuit works. 

WHAT HAVE YOU LEARNED? 

17 

1. When switch S Fig. 19(a), is open, the relay contacts are as shown 
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in Fig. 19(a). Contacts A and B are together and contacts _ and 
_ are together. 

2. When S is open, bulbs _ and _ are lit. (Skip steps 3 
and 4 if you get this one right.) 

3. When S is open, current flows from the negative side of battery 
(a) _ up through bulb L„ then through contacts <b)_ 
and _ , and from there back to the positive side of the bat¬ 
tery. There is thus an unbroken electrical path from one side of the 
battery, through the bulb, back to the other side of the battery. Con¬ 
sequently, bulb (c) _ is lit. 

4. When S is open, current flows from the negative side of battery K, 
up through bulb (a) _ , then through contacts (b) _ and _ , 
and from there back to the positive side of the battery. Consequently, 
bulb (c) _ is lit. 

5. When switch S is closed, current from battery (o)_will flow 
through the coil of relay (b)_ This will cause contacts iq_ 
and _ to close, and contacts (d)_and _ to open. Con¬ 
sequently, bulb (e)_ will no longer bum, because contacts B and A 
must be closed in oifler to have an unbroken electric circuit through 
this bulb from one side of battery m_to the other. 

6. Because contacts C and A close when switch S is closed, current will 



flow from the negative terminal of battery - through the coil of 
relay 2, and back to the positive side of the battery by way of closed 
contacts A and C. 

7. Because relay 2 is energized, contacts (a) - and - will close 
and contacts (b) _ and - will open. Light w - will then 
come on and light (d) - go off. 

ANSWERS 

1. D, E 2. L„ L2 3. (a) K,, (b) B, A; (c) L, 
4. (a) L2; (b) E, D; (c) L2 5. (a) K,; (b) 1; (c) C, A; (d) B, A; (e) L,; (f) K2
6. K2 7. (a) F, D; (b) E, D; (c) L,; (d) L2

USING ONE BATTERY TO DO MORE THAN ONE JOB... It is 
not necessary to have three separate batteries as shown in Fig. 19(a). 
Figure 19(b) is the same circuit as that of (a), except that a single 
battery, K, is used to run everything. To see how it works with 
a single battery, go through the seven steps above once more, this time 
looking at Fig. 19(b). The text and answers to blanks will be exactly 
the same, except that K„ K2, and K, should each be changed to read K. 

WHAT HAVE YOU LEARNED? 

1. Do the relays in Fig. 19(b) close at exactly the same time? 

2. In Fig. 19(a) lights L, and L2 are lit and is out, both when 
switch S is closed and when it is open. Which of the following are pos¬ 
sible troubles? (More than one may be the correct answer.) 
(a) Battery K, is dead. 
(b) Wire is broken in the coil of relay 2. 
(c) Battery K2 is dead. 
(d) Contact D is stuck to contact E, so that the two cannot separate 
when relay 2 is energized. 
(e) Wire is broken in the coil of relay 1. 

3. In Fig. 19(b) when the switch is open, light L, is on but L2 is not. 
When the switch is closed, light L, goes off and light L2 comes on. 
Which of the following might be the trouble? (More than one might be.) 
(a) Battery K is dead. 
(b) Wire is broken in the coil of relay 2. 
(c) Light L2 is burned out. 
(d) Contacts A and B are stuck together. 
(e) Contacts D and E are stuck together. 

19 



20 4. In Fig. 19(b) bulbs L, and L2 light when the switch is open. When 
the switch is closed, L goes out and L2 continues to burn. Bulb L3 is 
out when the switch is open or closed. Which of the following are pos¬ 
sible causes of the trouble? 
(a) Light Lj is burned out. 
(b) Wire is broken in coil of relay 2. 
(c) Contacts D and E are stuck together. 
(d) Switch S is defective. 
(e) Contact C is burned and pitted, so it does not make electrical 
contact with A when relay 1 operates. 

5. Refer to Problem 4. Between what points would you connect a 
test lamp in order to narrow down the number of possible causes of 
the trouble? 
(a) Between W and X. 
(b) Between Y and Z. 
(c) Between E and D. 

6. Refer,to Problems 4 and 5. If the test lamp does not light when 
held between Y and Z, which one of the selections of Problem 4 is the 
trouble? If the test lamp lights, what is the trouble? 

7. In Fig. 20 what lamps will burn when switch S is open? 

Fig. 20 

8. In Fig. 20, the first thing that will happen when switch S is closed 
is that relay number-will be energized. (To help you on this 
one, the unbroken current path when switch S is first closed, from 
negative terminal to positive terminal of battery K, is shown by a 
heavy line.) 

9. Since relay 1 is energized, contacts (a) will open and con-



tacts (b) _ will close. Current will then start to flow through 
the coil of relay w_ Will the current continue to flow through 
relay 1? (<n _ Will light L, continue to burn? (.) -1 

10. When relay 2 operates, light - will go off and relay -
will be energized. 

11. When relay 3 operates, light _ will go off and relay -
will be energized. After this happens, will lights L, and L2 be off or 
on? _ . 

12. When relay 4 operates, light (a)-will go off and light (b)-
will come on. No further action will take place as long as switch S is 
closed. Lights («> _are now off and light (or lights) w 
_are now on. Relays w-are energized. 

13. When switch S is opened, will all the relays become deenergized 
at exactly the same time?_If not, describe the action that 
will take place---—-

21 

14. When switch S is opened, which one of the bulbs, L,, L2, L}, or 
Lt, will light up first? -

15. When switch S is opened, will light L5 go out before light L, 
comes on? -

16. If when switch S, Fig. 20, is closed, lights L, and L2 go off while 
L, and L, stay on, which of the following might be the trouble? (More 
than one might be.)-
(a) Wire is broken in the coil of relay 2. 
(b) Wire is broken in the coil of relay 3. 
(c) Wire is broken in the coil of relay 4. 
(d) Contact C, is pitted and burned. 
(e) Contact C2 is pitted and burned. 
(f) Contact C3 is pitted and burned. 
(g) Armature of relay 3 is stuck. 

ANSWERS 

1. No ... Relay 1 has to close before any current goes to the coil of relay 2. Con¬ 
sequently, relay 2 cannot close until after relay 1 has closed. 
2. (a) or (e) . . . Relay 1 is evidently not working properly; if it were, closing 
switch S would close contacts A-C and open contacts A-B. Then light L, would 
go off and it doesn’t. If battery K were dead, the relay would not operate, nor 



22 would it operate if the coil wire were broken. All other troubles listed pertain 
to parts of the circuit that do not go into action until after relay 1 operates. 
Since relay 1 has not operated, there is nothing to indicate that these parts of 
the circuit have anything wrong with them. 
3. (c)... Since the circuit works normally except that bulb L2 is not lit when it 
should be, it is likely that this bulb is burned out. If battery K were dead, none 
of the lights would burn at any time. If a wire were broken in relay 2, that relay 
would not operate, and light L, would not come on. If contacts D and E were 
stuck together, D could not break away from E to make contact with F; con¬ 
sequently, L, could not come on. 
4. (b), (c), or (e)... Relay 2 is evidently not operating, because L, bums and L, 
is out at all times. This could be because a wire is broken in relay 2, because D 
is stuck to E and won’t break away under the pull of electricity flowing through 
the coil of relay 2, or because no current is getting to relay 2. For current to get 
to relay 2, contact A must make electrical connection with C. We know that 
relay 1 is operating, because L, goes out when S is closed. However, contact C 
may be so badly burned or pitted that electricity can’t flow from D to A even 
though the two contacts are pulled in together. If switch S were defective, 
nothing would happen when the switch was closed. There is no reason to sus¬ 
pect that L¡ is burned out, because L2 must go off before L2 can come on. 
5. Between Y and Z .. . That will show us whether current is getting to coil Y-Z 
or not. We know that current is getting to WX, since light L, goes out when S 
is closed. Holding the test lamp between D and E would enable us to tell if E 
was making electrical connection with D, but we know it is as otherwise light 
L2 could not burn. 
6. (e)... If the test lamp does not light, no current is getting to the coil of relay 
2. This would be the case if A is not making electrical contact with C. If the 
test lamp lights, contacts A-C are O.K., so the trouble must be one of the other 
two possible ones. 
7. Lamps L„ L2, L„ and L,.. . Each has its own battery, and as long as the A 
contacts are in the down position, there will be an unbroken electrical circuit 
through each bulb from one side of the associated battery to the other. 
8. 1 9. (a) A,-B,; (b) A,-C,; (c) 2; (d) yes; (e) no 10. L2, 3 
11. L„ 4, off... Current still flows through the coils of relays 1, 2, and 3, keep¬ 
ing contacts A,, A2, and A, in the up position. Consequently, lights L, and L2 

will stay off. 
12. (a) L,; (b) L^, (c) L„ Llt Llt and L,, (d) Ls; (e) 1, 2, 3, and 4. 
13. No ... Opening the switch deenergizes relay 1. Contact A, then drops down, 
deenergizing relay 2. Contact A2 then drops down, deenergizing relay 3. Contact 
A2 then drops down, deenergizing relay 4. 
14. L,. .. Contact A, drops down first, making contact with B, so thatL, comeson. 
15. No... L, comes on when A, drops down. Light L5 will not go out until later 
when A, drops down. 
16. (b), (e), or (g)... Relays 1 and 2 must have operated, because lights L, and 
L2 went off. Relays 3 and 4 did not operate, because lights L2 and L, stayed on. 
It is understandable why relay 4 did not operate, since it cannot close until relay 
3 closes. The closing of relay 2 should have caused relay 3 to close. Since it did 
not, the trouble is in the action that takes place between the energizing of relay 
2 and the energizing of relay 3. Relay 3 would not close if there was a break in 
its coil wire or if its armature were stuck so contact A, would not pull up. If 
contact C2 were badly pitted or burned, relay 3 would not be energized, because 
current could not get from contact A2 to C2. 



Fig. 21 A simple burglar alarm system. The contacts of relay 1 are shown in their 
energized position. 

RELAY APPLICATION: THE BURGLAR ALARM ... Why would 
you want one relay to control other relays as in Figs. 19 and 20? One 
answer is the burglar alarm system of Fig. 21. The wire GHIJ, shown 
in the figure by the heavy line, is run around the inside of the building, 
across all doors and windows, so that it is impossible to enter the 
building through a door or window without opening the circuit by 
which battery K, feeds current to the coil of relay 1. The switch S, 
inaccessible to the burglar, is closed at night, putting the alarm sys¬ 
tem on the job. If anyone enters a door or window while S is closed, 
the alarm bell starts to ring. Having set the alarm off, the burglar 
can’t stop it ringing by quickly closing the door by which he entered, 
so as to close the circuit again. Switch S must be opened in order to 
stop the alarm bell after it has once started ringing. The following 
Questions will show you how the circuit works: 

WHAT HAVE YOU LEARNED? 

1. During normal operation at night, current from battery K, ^(does) 
(does not) flow through relay 1. Because relay 1 is energized, contact 
(M- is pulled down so that contact A, does not touch contact « 
- The drawing shows the position of these contacts for when 
relay 1 is energized. 

2. If the wiring is broken between G and I, current no longer flows 
through relay (aj- , so that contacts (b)_ and_ 
now come together. 

23 



24 3. The bell now rings, current going from the negative side of K2
through S, to F, through the alarm bell, to M, to E, through contacts 
- and - , to D, and back to the positive side of the battery. 

4. At the same time, current flows through the coil of relay 2, going 
from the negative side of battery K2 through S to F, through the relay 
(a,_to E, through contacts C, -A , to D, and then back to the 
positive side of the battery. Contacts <b)_ and _now close. 

5. If the break in the wiring between G and I is now closed, relay 1 
will be energized once more, opening contacts (o)_and-
Will this cause contacts A2-B2 to next open? (b)_(If you answer 
this correctly, omit the rest of the steps.) 

6. In step 4 relay 2 was energized by closing contacts C,-A,. But after 
contacts A2-B2 close as a result of relay 2 being energized, there is 
another path by which current can get to the coil of relay 2. The path 
is from the negative side of battery K2 through S to F, through the 
coil of relay 2, to E, to M, through contacts_and_, to 
D, and back to the positive side of the battery. 

7. Because there is another path by which current can get to relay 2, 
relay 2 will continue to be (o)_, even after contacts A/-C, are 
open. Hence, contacts (b>_stay closed whether or not contacts 
Ai-C, stay closed. The alarm bell <cj (continues to ring) (shuts off) when 
contacts A,-C, open. 

8. If the break between G and I is closed, contacts C^A, will open 
and the alarm bell will continue to ring. If switch S is now opened, 
current can no longer get to the coil of (a)_Contacts <b) 
__will open. The alarm bell will (c)_ 

9. If switch S is next closed again, relay 2 (oi (will) (will not) be ener¬ 
gized again because contacts Ai - B¿ are open. Will the alarm bell 
start to ring again? (b>-

ANSWERS 

1. (a) does; (b) A,; (c) C, 2. (a) 1; (b) A,, C, 3. A,, C, 
4. (a) Coil; (b) A¡, B¡ 5. (a) C„ A,; (b) no 6. A„ B2
7. (a) Energized; (b) A2-B2; (c) continues to ring 
8. (a) Relay 2; (b) A¡-B¡; (c) shut off 9. (a) Will not; (b) no 
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Fig. 22 Two relays connected to form an AND logic circuit. 

LOGIC CIRCUITS WITH RELAYS 

13 AND CIRCUIT WITH RELAYS... In Fig. 22(a) both relays must 
be energized and operate before lamp L will light. We write this in 
Boolean algebra as 

Ä, X Rt = L 

which means “If both relay R, AND relay R2 are energized, then lamp 
L will light.” 

This means that when both switches S, and S2 are closed, the bulb 
will light. The electric circuit to the lamp is then as shown in Fig. 22(b). 
If either one of the relays is not energized, the lamp L will not light. 

A ROBOT FOR ROVER . . . Can you design a robot that will open 
the basement door if Rover wants to come in AND if the temperature 
outside is below 40°? Two devices will be needed to operate the relays. 
One contains a photocell with amplifier and a lamp located close to 
the door, like the setup used to open the doors of some supermarkets 
when a customer walks into the beam of light. This will energize one 
relay as soon as the dog comes near the door. The other device must 
energize the second relay when the temperature is less than 40°. A 
thermostat adjusted to close its contacts when the outdoor temperature 
is lower than 40° will take care of this problem. 
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Fig. 23 An AND circuit to let the dog in the house. 

Figure 23 shows the circuit, and you will see that it is like the AND 
circuit of Fig. 22 except that the photocell (with its amplifier), marked 
PE, replaces switch S,, and the thermostat, marked T, replaces switch 
S2. Instead of a light bulb, the relay contacts turn on the motor that 
opens the door. It is necessary for both the photocell PE AND the 
thermostat T to “switch on” before the relay contacts will open the 
door. In computer language, PE X T = D. In dog language, I’m on 
the beam, and I’m cold; lemme in. 

This is a robot that “makes decisions.” It has a very limited brain, one 
with only two cells. One cell (relay) takes note of whether the tempera¬ 
ture is above or below 40°. The other notes whether the dog wants in 
or not. On the basis of these two “bits” of information the robot makes 
a decision whether to let the dog in or not. The difference between a 
giant computer and this simple one is that the giant has thousands of 
cells, rather than just two, and consequently has a great many bits of 
information from which to make a decision. 

While the robot just designed may be a simple Simon, he may make 
better decisions than a human would. If it looked cold outside and 
you were happy with the world, you would probably make a decision 
to let the dog in. On the other hand if you were in an ugly mood, you 
might decide to keep the dog out, even though it was freezing cold 
outside. Our robot will not treat the dog differently one day than an¬ 
other. Computers always make consistent decisions; humans do not. 



WHAT HAVE YOU LEARNED? 27 

1. What type of relays (number of poles, throws, and whether NC or 
NO) would you order to construct the circuit of Fig. 23? 

2. The circuit of Fig. 23 is faulty, not opening the door at any time. 
You think the trouble may be in the door-opening equipment. You 
therefore want to see if current is getting to the door-opening equip¬ 
ment when it should. To do this you wait until the temperature is 
below 40°. You then have the dog stand in front of the photocell while 
you hold a test lamp between points _ and _ _ 

3. Refer to Problem 2. If the test lamp lights, is the door-opening 
equipment faulty, or is the trouble in some other part of the circuit? 

4. You want to perform the test of Problem 2 when the weather is 
warm. For this purpose, you must have current from battery K2 reach 
the coil of relay 2 even though current cannot get through the thermo¬ 
stat because it is too warm. You do this by holding a piece of copper 
wire between points _ and _ There should then be an 
unbroken conductive circuit from the negative side of the battery 
through relay 2, back to the positive side of the battery. Contacts A2 

and C2 will then be pulled together. Is it now necessary to have the 
dog (or some other object) in front of the photocell while holding the 
test lamp between Y and Z?_ 

5. Refer to Problem 2. The test lamp does not light when held across 
Y-Z. By visual observation you notice that contact A2 is not being 
pulled in to contact C2 even though the temperature is below 40°. You 
next hold the test lamp between points W and X. The test lamp lights. 
What is likely the trouble? 

ANSWERS 

1. Two SPST (NO) relays are needed. 
2. Y and Z.. . Since the temperature is below 40° and the dog is standing in 
front of the photocell, both relays should be energized. Therefore, both relay 
contacts should be closed and a test lamp across Y and Z should complete a 
circuit. 
3. Door-opening equipment is faulty ... The lighting of the test lamp shows 
that current is getting to Y and Z; therefore, all of the intermediate equipment 
must be operating properly. All that is left is the door-opening equipment. 
4. S, T, yes.. . With a wire between S and T, current can flow from the negative 
side of the battery, through the relay, over to T, from T to S through the cop¬ 
per wire, and back to the positive side of the battery. But to get current to Y-Z, 
both relay 1 AND relay 2 must be closed. The wire between S and T closed 



28 relay 2. Something is needed in front of the photocell to close relay 1. 
5. The wire in the coil of relay 2 has a break in it... Current is apparently not 
going through the coil, because, if it were, the relay would operate. Since the 
test lamp shows the voltage exists at the terminals of the coil, the trouble is 
likely an opening in the wire of the coil. 

OR CIRCUIT WITH RELAYS ... Two relays connected to form an 
OR circuit are shown in Fig. 24. If either one of the two relays is ener¬ 
gized, or if both are energized, light L will come on. Computer engi¬ 
neers write it like this: 

R, + R2 - L 

which means “If either relay 1 OR relay 2 is energized, or if both are 
energized, light L comes on.” 

WHAT HAVE YOU LEARNED? 

1. In Fig. 24 if switch S, is closed and S2 is open, will light L burn? 

2. Assuming S, closed and S2 open, draw a heavy line on Fig. 24 to 
show the path of the current from the negative terminal of battery 
K, through the bulb, and back to the positive terminal of K3. 

3. The light in Fig. 24 comes on as it should when switch S, is closed, 
but it will not come on when S2 is closed, S, being open. Which of the 
following may be the trouble? (More than one may be.) 
(a) Battery K2 is dead. 
(b) Battery K¡ is dead. 
(c) Switch S2 is faulty. 
(d) Contact C, is badly pitted or burned. 
(e) Wire is broken in winding of relay 1. 



ANSWERS 29 

16 

1. Yes ... This is an OR circuit, so if either switch is closed, the light will come on. 

3. (a) or (c). 

NOT LOGIC CIRCUITS ... We can describe how the circuit of Fig. 
26(a) works by writing 

R = L 
which means “When relay R is energized, light L is on.” When the 
switch is closed, light L will come on; when S is open and the relay 
not energized, the light is off. 

We can describe how the circuit of Fig. 26(b) works by writing 

R = L 

where the bar above the letter R indicates that relay R is NOT ener¬ 
gized. This Boolean equation means “When relay R is NOT energized, 
light L is on.” This circuit is a NOT logic circuit, because the light is 
on when the relay is NOT energized. When light L is on, switch S is 
open. If switch S is closed, light L will go off. 

Fig. 26 With a relay, closing a switch may turn a light on as in (a) or off as in (b). 



30 Figure 26(b) shows that to make a NOT logic circuit you would use a 
relay with NC contacts. Figure 26(a) shows that to make an ordinary 
logic circuit, you would use NO contacts. 

Fig. 27 Closing either switch turns the light off. 

AND CIRCUIT WITH NOT... The two relays of Fig. 27 use NC-
type contacts. When relay 1 is NOT energized AND relay 2 is NOT 
energized, the light will be on. We tell what happens in Boolean alge¬ 
bra as follows: 

R X Ä2 = L 

which means “When relay 1 is NOT energized AND relay 2 is NOT 
energized, light L is on.” 

Since you can energize relay 1 by closing switch S, and you can ener¬ 
gize relay 2 by closing switch S2, you can also write 

S, X S2 = L 

which means “When switch 1 is NOT closed AND switch 2 is NOT 
closed, light L is on.” To get light L, Fig. 27, to burn, you must open 
both switch S, AND switch S2. If switch S, is open and switch S2 is 
closed, light L will be off. 

A CIRCUIT FOR TAMING THE TV... Henry, who likes elec¬ 
tronic gadgetry, built the circuit of Fig. 28 to turn off his TV set when 
the telephone is in use or when he goes to bed. He rigged up a SPST 
spring-contact switch under the bed and adjusted it so it would close 
when the weight of a person pressed down on the bedspring. Thus 
relay 1 is energized when he goes to bed. He also made a SPST spring 
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Fig. 28 An AND NOT circuit. 

switch and attached it to the telephone in such a way that it would 
close whenever the phone was lifted off its cradle. Thus relay 2 is 
energized whenever the phone is in use. 

Henry wanted the TV to be on when the bed is not in use (relay 1 
NOT energized) AND the telephone is not in use (relay 2 NOT ener¬ 
gized). In Boolean algebra, 

R, X R2 = TV 

which means “When relay R, is NOT energized AND relay R2 is not 
energized, the TV set is on.” This is exactly the same logic circuit dis¬ 
cussed in the preceding topic, so Henry uses two NC relays connected 
up as in Fig. 27. One reason Henry used relays is that the switches 
can be operated with low-voltage batteries, which cannot cause an 
electric shock. 

WHAT HAVE YOU LEARNED? 

1. Two batteries are shown in Fig. 27 and Fig. 28. Henry actually 
only used one battery, which furnished electricity to both relays. Can 



32 you redraw the coil and switch circuits of Fig. 28 and use just one 
battery for both relays? To see if you have it right, make the follow¬ 
ing tests: 
(a) Assuming switch 1 is closed, start with the negative terminal of 
the battery and trace with a pencil through the coil of relay 1, through 
switch 1, and back to the positive terminal of the battery. There 
should be an unbroken current path. The solid arrows in our answer 
to this problem shows the unbroken path. 
(b) Will the path of (a) be broken when switch S, is opened, so cur¬ 
rent can no longer flow through relay 1 coil? It should be. 
(c) Does opening switch S2 break the path through relay 1 coil so cur¬ 
rent will no longer flow? It should not. 
(d) Now apply checks (a), (b), and (c) to the circuit of relay 2. The 
dashed arrows in our answer show the current path. 

Fig. 29 

ANSWERS 

Äi 4- R2 = Lt 

19 OR CIRCUIT WITH NOT ... If contacts A, and B, are together in 
Fig. 30 OR if contacts A2 and B, are together, light L will burn. It is 
not necessary that both of the two sets of contacts be closed. Con¬ 
tacts A,-B, are closed if relay 1 is NOT energized, and contacts A2-B2 

are closed if relay 2 is NOT energized. We can say all this by simply 
writing 

which means “If relay R, is NOT energized OR if relay R2 is NOT 
energized, light L is on.” Or we can write: 

S, + S2 — L 
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Relay I 

Fi9 30 An OR NOT circuit. 
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34 20 OTHER LOGIC CIRCUITS ... Suppose you wanted to build a cir¬ 
cuit with two relays and two switches such that a light is on when 
switch S, is closed and switch S2 is open. For all other switch settings, 
the light will be off. In other words, you want the light to be on when 
S, is closed AND S2 is NOT closed. The first thing is to write this in 
Boolean shorthand as follows: 

S, X S2 = L 

which means “When S, is closed AND S2 is NOT closed, light L is on.” 
You’ll remember that NC-type contacts are used to represent NOT 
logic and NO type contacts are used to represent ordinary logic. You 
therefore order one SPST (NO) relay to use with switch S, and one 
SPST (NC) relay to use with S2. Since an AND circuit is needed, you 
connect the contacts together in series, as shown in Fig. 31. 

Fig. 31 One switch must be opened and the other closed for the light to come on. 

WHAT HAVE YOU LEARNED? 

1. Referring to Fig. 31, if both S, and S2 are closed, the light will be 
(o)-If both S, and S2 are open, the light will be (b)_ 
If S, is open and S2 is closed, the light will be <«> _In order for 
the light to be on, switch (d)_must be open and switch 
(el_closed. 

2. Write the Boolean shorthand to describe a circuit in which a motor-
driven pump P comes on whenever the water level gets sufficiently 
high that a float opens switch S, or whenever the attendant closes 
switch S2. 



3. Draw the circuit of Problem 2, using relays. 35 

ANSWERS 

1. (a) Off; (b) off; (c) off; (d) S2; (e) S, 
2. S, + S, — P. .. When S, is NOT closed OR S2 is closed, the pump is on. 
3. 

DECISION MAKING UNLIMITED... In this lesson we can study 
~ only a few of the simplest decision-ma king circuits. The number of 

such circuits that can be formed with a few relays is very great, so that 
a robot can be designed to “think” in any manner desired. For example, 
using only 3 relays, over 250 different decision-making circuits can be 
constructed, and with 5 relays over 4 billion circuits are possible. 

One more example of a logic circuit with two relays is shown in Fig. 

Fig. 33 A logic circuit that uses double-throw relays. 



36 33. It uses SPDT relays. How it behaves can be expressed in Boolean 
algebra as 

(S, X S2) + (S, X S2) = L 

which means “if S, is NOT closed AND S2 is closed, the light will be 
on. OR if S, is closed AND S2 is NOT closed, the light will also be on.” 
In plainer English, if either one of the two switches is closed and the 
other one is open, the light will be on. If both switches are closed, the 
light is off, and if both switches are open, the light will also be off. 

WHAT HAVE YOU LEARNED? 

1. (a) Does lamp L, Fig. 33, burn when switch S, is open and S2 is 
closed? 
(b) Trace the path of the current, starting with the negative side of 
the battery. 

2. Suppose that contact B, is so badly burned that, when relay 1 is 
energized, A, and B, do not make electrical contact with each other, 
(a) If both switches are closed, will lamp L light? 
(b) If both switches are open, will lamp L light? 
(c) If S, is open and S2 closed, will lamp L light? 
(d) If S, is closed and S2 open, will lamp L light? 

ANSWERS 

1. (a) Yes (b) Current goes from negative terminal through L, to A„ to C„ 
to B2, to A„ and from there back to the positive side of battery. 
2. (a) No; (b) no; (c) yes; (d) no 

OQ YOUR BOOLEAN SHORTHAND MUST TELL THE COMPLETE 
STORY . .. Your description of a circuit using Boolean algebra won’t 
be right unless it describes ALL the conditions under which the light 
(or whatever is being operated) is on. To see what we mean, let’s look 
at Fig. 24. We might notice that when both S, and S2 are closed, the 
light is on, and therefore write S', X S2 = L. This is not correct Boo¬ 
lean algebra because there are other conditions in which the light will 
be on besides when both switches are closed. For example, if S, is 
closed and S2 is open, the light is also on. 

The expression S, X S2 ~L is a correct description of Fig. 22 because 
the only condition under which the light will be on is when both 
switches are closed. S, + S2 = L is a correct description of Fig. 24 be-
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examination 
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operation of the circuit of 1. Which of the following describes the 
Fig. 34? 

Fig 34 

(l) S, X S2 = L 
(2) S, X S, = L 
(3) S, x S2 = L 

(4) S, + S2 = L 
S, 4- S2 = L 

(Q) + S2 = L 

(7) S, + S2 = L 

2. Which of the selections for Question 
the circuit of Fig. 35? 1 describes the operation of 

Fig. 35 

0 

37 



38 3. Which of the selections for Question 1 describes the operation of 
the circuit of Fig. 36? 

Fig. 36 

4. Which of the selections for Question 1 describes operation of the 
circuit of Fig. 37? 

Fig. 37 

5. Which of the selections for Question 1 describes the operation of 
the circuit of Fig. 38? 

6. In which of the diagrams of Fig. 39 will the lamp light in accord¬ 
ance with the Boolean statement (S, + S2) X S3 = L? 
© (a) (2) (b) (3) (c) (4) (d) 

7. Figure 40 shows three oil tanks. Floats on top of the oil operate 
the switches S,, S2, and S3, each switch being adjusted to close 
when the oil level in its tank goes below 2 ft. The emergency bell 
should ring when the oil level in all tanks is below 2 ft., but not 



(a) 

39 

(d) 

at any other time. In which diagram is the circuit connected up 
correctly? 
(1) (a) © (b) (3) (c) (4) (d) 

Fig. 40 



40 

8. The voltmeter in Fig. 41 uses a relay to protect it from overload. 
When the indicator needle swings all the way to the right (indi¬ 
cating an overload), it hits contact A, pushing A over so as to 
touch B. The relay then operates, cutting off the current from 
the meter, so that the meter does not burn out. When the test 
leads are held across a voltage within the range of the meter, what 
is the current path? 
(1) From L to G, through relay to F, through meter movement 

to A, to E, to M 
(2) From L to G, to K, to C, through the meter to E, to M 
(3) From L to G, through relay to F, through relay contacts to 

J, to M 
(4) From L to G, to K, to C, through meter to B, through relay 

contacts to J, to M 
(ÿ From L to G, to K, to C, through meter to D, to I, to J, to 

E, to M 

9. When the relay, Fig. 41, operates because of overload, current 
through the meter is cut off because the current path is opened 
(1) between A and B. © between I and J. 
(2) between H and J. (4) between C and D. 

10. When the voltage being measured is so high as to overload the 
meter, Fig. 41, the relay coil is energized, the path of the ener-8zing current needed to operate the relay being 
/ from L to G, through the coil to F, to B, to A, to E, to M. 

(2) from L to G, through the coil to F, to B, to A, to D, to I, to 
J, to E, to M. 

(3) from L to G, through the coil to F, to I, to J, to E, to M. 
(4) from L to G, to K, to C, through the meter to A, to B, to F, 

through the coil to G. 

11. After the relay coil, Fig. 41, has been energized from an overload 



and the relay has operated, the meter current is cut off, so that 
the indicator needle drops back to zero. The circuit is now broken 
between contacts A and B, but the relay coil stays energized. 
What is the current path that keeps the relay energized after 
contacts A-B have opened? 
(1) From L to G, to K, to D, to I, to J, to E, to M 
(2) From L to G, through coil to F, to B, to D, to I, to J, to E, 

to M 
(3) From L to K, to C, through meter to B, to F, to H, to J, to 

E, to M 
Q)l From L to G, through coil to F, to H, to J, to E, to M 

12. After the relay, Fig. 41, has operated because of an overload, what 
must be done before the relay will release? 
(1) Change the meter scale selector to a higher voltage scale, so 

that the meter is no longer overloaded. 
(2) Relay will release as soon as contact between A and B is 

broken. 
(3) Relay will release as soon as the voltage being measured drops 

to within the voltage range of the meter. 
^4) The tests leads must be removed from the voltage being meas¬ 

ured before the relay will release. 

13. In Fig. 42, which lights are on when switches S, and S2 are both 
open and S3 is closed? Relay contacts are shown in deenergized 
positions. 
(1) None (2) only © L2 only (4) Both L, and L2

14. 

15. Which lights are on when switch S,, Fig. 42, is open and switches 
S2 and S3 are closed? (Select answer from choices for Question 13.) 

In Fig. 42, which lights are on when switch S, and S3 are closed, 
and S2 is open? (Select answer from choices for Question 13.) 

41 



42 16. Which lights are on if all switches in Fig. 42 are closed? (Select 
answer from choices for Question 13.) 

17. In Fig. 42, which relay can be described as SPST (NO)? 
(1) Relay R, Relay R}
(2) Relay R2 (4) Both relay 2 relay 3 

Fig. 43 

18. In Fig. 43 the green light is on and the red light off both when 
switch S is open and when S is closed. What might be wrong with 
the circuit, if anything? 
(1) This is normal operation for the way the circuit is connected. 
(2) The battery may be discharged. 
(æ The red bulb may be burned out. 

Relay armature may be stuck to the right contact because 
the contacts have overheated. 

19. Referring to Question 18, another cause of the trouble (if any) 
might be 
(1) none—this is normal operation, and no trouble is indicated. 
© an open relay coil. 
(3) the leads coming into relay coil are shorted together. 
(4) when the coil is energized, dirty contacts prevent armature 

from making a closed electrical circuit with left relay contact. 

20. Circuits made up of AND and OR circuits are called 
(1) hybrid circuits. logic circuits. 
(2) NOR circuits. (4) relay circuits. 
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A chat with your instructor 

Oscillators are generators of alternating waveforms. Depending on 
their circuitry, they generate signals at low, intermediate, or high 
frequencies. Oscillators are used in the tuning stages of radio and 
television receivers, and they are used in transmitters to generate the 
fundamental signal which will eventually be sent through space to 
various receivers. Oscillators are employed in tape recorders to erase 
recorded tape, in electronic organs to produce musical tones, and in 
radar, computers, and data-processing systems. They have many other 
electronic applications as well. 

Frequency-determining elements, that is, those parts that determine 
the number of cycles per second at which the oscillator operates, are 
important parts of any oscillator. In fact, the physical nature of these 
elements provides one method of classifying oscillators. 

When the generated signal is a sine wave of either audio or radio 
frequency, the frequency-determining elements are commonly in the 
form of a parallel LC (inductance-capacitance) resonant circuit, and 
the oscillator is called an LC oscillator. At audio frequencies, an iron 
core may be used in the inductor, and at radio frequencies, air-core 
inductors are generally used. 

To improve frequency stability, the LC frequency-determining circuit 
is often replaced by a crystal, and the oscillator is then called a crystal 
oscillator. As will be shown, however, the crystal also possesses the 
properties of inductance and capacitance and is the equivalent of the 
LC circuit. Operation, therefore, is essentially the same as for the LC 
circuit. 

When the generated signal is a pulse type of waveform, such as the 
square wave, the frequency-determining elements most often take the 
form of an RC (resistance-capacitance) network, and the oscillator is 
called and RC oscillator. 



2 At microwave frequencies (such as those used in radar), the oscillators 
use special devices having so-called resonant cavities. Two types of 
microwave oscillators are considered in this lesson: the klystron and 
the magnetron. Thus, we have four basic types of oscillators: the LC, 
crystal, RC, and micro wave. They are considered according to type 
in this lesson. 

Oscillators with provision for varying the frequency of the output 
signal by manual adjustment are called variable-frequency oscillators, 
abbreviated VFO. Other oscillators generate a signal of fixed frequency 
which cannot be changed without circuit modification, and they are 
called fixed-frequency oscillators, seldom, if ever, abbreviated. 

Finally, it should be noted that, with the exception of microwave 
oscillators, the oscillator output signal is low and amplifiers are needed 
to increase the signal level to that desired for practical application. 
One exception is the microwave oscillator, which frequently produces 
high-power output signals that are fed directly to an antenna system. 

Oscillators 

BASIC OSCILLATOR PRINCIPLES 

Although there are a great many different types of oscillators, most 
of them come under the general grouping of feedback oscillators and 
operate on the same basic principles. If you understand those prin¬ 
ciples, you will find it easy to understand the operation of any type 
of feedback oscillator. 

THE FLYWHEEL EFFECT ... When a capacitor and an inductor 
are arranged as shown in Fig. 1(a), the combination becomes the 
simplest form of electrical oscillator. 

If the capacitor is charged as shown in Fig. 1(a), energy is stored in 
its electric field. Upon removal of the charging source, the capacitor 
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4 were not consumed by air resistance and friction in the bearing or 
pivot from which the pendulum is suspended. 

Because such friction is always present, the pendulum eventually 
slows down. Similarly, the energy circulating in the resonant circuit 
of Fig. 1 eventually dies down. 

To keep the pendulum swinging for practical periods of time as in 
a clock, energy is supplied to the pendulum during each swing to make 
up for losses due to air resistance and friction. Similarly, in an LC 
circuit, energy is supplied during each cycle to make up for losses due 
to electrical resistance in the circuit. 

If these losses were not made up during each cycle, the parallel 
resonant circuit would produce a waveform of gradually declining 
amplitude, as shown in Fig. 1(d). A waveform of this type is known 
as a damped wave. 

FREQUENCY ... The frequency of oscillation of the simple oscillator 
shown in Fig. 1 depends on the values of the inductance and the 
capacitance. If a larger value of capacitance is used, it takes longer 
for the capacitor to charge fully, and also longer to discharge. The 
frequency of the sine wave is therefore reduced. The frequency may 
also be lowered by increasing the value of inductance. 

Thus, if either the value of the capacitor or the value of the coil is 
made smaller, or if both values are reduced simultaneously, the charge 
and discharge time t is reduced, and therefore a signal of higher fre¬ 

quency -1 is generated. The formula for determining the resonant 

frequency of such a circuit is 

2tt /LC 

where fr = resonant frequency 
2?r = a constant whose value is 6.28 
L = inductance of the coil, in henrys 
C = capacitance of the capacitor, in farads 

Example ... If the inductance of a coil is 50 mh and the coil is connected 
in parallel with a capacitor which has a value of 40 pf (picofarads), the frequency 
of the parallel combination is _ kilocycles. 



Solution .. . 113 . .. fr =---
2 77 /LC 

By substituting L = 0.05 henrys and C = 40 X 10“'2 farads wé have 

5 

r 27r/0.05 X 40 X 10- 12

1 _ _1_ 
- 6.28/2 X IO-'2 6.28 X 1.414 X 10"‘ 

= 0.113 X 10‘ = 113 kc, ans. 

A simple capacitor and inductor combination, as described, will 
generate the sine-wave form at the desired frequency, but the small 
amount of energy present in such a circuit cannot be put to prac¬ 
tical use. 

As soon as the circuit is loaded, it stops oscillating. Thus, it is neces¬ 
sary to furnish power to the circuit so that it can deliver a continuous 
amount of energy. The most practical way to do so is to furnish the 
circuit with d-c power and permit it to convert this power to the 
necessary a-c energy. This can be done by using vacuum-tube or 
transistor circuits, the subject of following topics. 

WHAT HAVE YOU LEARNED? 

1. In a simple LC parallel resonant circuit, with energy initially applied 
to the capacitor, the output waveform is a (□)-
as a result of the (b>_effect. Because of circuit losses, (c) 
_ of the output waveform occurs. The amplitude of each 
succeeding cycle of oscillation (d>-until the oscillation 
dies out altogether. 

2. If, instead of an inductor, we connect a resistor in parallel with a 
charged capacitor, the charge of the capacitor will be dissipated across 
the resistor. Since a practical inductor contains resistance, the losses 
in an oscillating LC tank circuit are due primarily to this (a)-
As the resistance of the inductor increases, <b>-of the 
output waveform also increases, since the energy in the circuit is more 
rapidly (c)_ In view of this, a coil having a low value 
of (d)__is desirable in an oscillator tank circuit. Coils 
having a low value of resistance compared to their inductive reactance 
are said to have a high Q, which is a figure of merit. Thus, we may 
also say that oscillators should employ high (.)-coils, to 
minimize (f)-



6 3. In the construction of a VFO, you are using a variable tuning 
capacitor and an air-core coil wound on an appropriate frame. You 
find that you can produce an output at a frequency considerably 
below the desired lowest frequency, but that you cannot quite reach 
the desired upper frequency. What would you do to increase the upper 
frequency range of the VFO? 

ANSWERS 

1. (a) Sine wave; (b) flywheel; (c) damping; (d) decreases 
2. (a) Resistance; (b) damping; (c) dissipated; (d) resistance 

(e) Q; (f) damping 
3. Remove part of the coil winding. This reduces L, and therefore increases the 
resonant frequency of the combination. Reducing either L or C increases the 
resonant frequency. 

A BASIC OSCILLATOR CIRCUIT ... If we take an ordinary am¬ 
plifier without feedback and apply a signal to its input terminals, an 
amplified version of the input signal appears across the output ter¬ 
minals, as shown in Fig. 2(a). In an oscillator, we again use an ampli¬ 
fier, but now the amplifier is so arranged that a portion of its output 
is fed back to its input in the correct amount and phase to produce 
sustained oscillation. This is illustrated in Fig. 2(b). Thus, we may 
define an oscillator, in more definite terms than previously used, as a 
self-excited amplifier, that is, an amplifier that provides its own input. 

(a) (b) 

Fig. 2 An oscillator is a self-excited amplifier. Part (a) shows conventional ampli¬ 
fier; alternating-voltage input signal is increased at output. Part (b) shows 
how feedback network is used to return a positive or regenerative voltage 
from the output to increase the input signal. When sufficient positive feed¬ 
back is returned to input, switch S can be opened to cut off the input signal, 
which is no longer needed. 
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Fig. 3 An amplifier with feedback from plate to grid through L, to form an oscillator. 

Figure 3 shows an actual workable circuit with all the elements of 
Fig. 2(b). Except for L3, the circuit shown is that of an ordinary am¬ 
plifier with a tuned grid circuit. Bias is obtained by the grid leak 
method through R C,. When switch S is closed, an amplified version 
of the input signal appears as the output signal. The amplified signal 
also flows through L,, which is wound on the same form with L2 so 
that L2 and L3 are electrically coupled. The signal flowing through L3 

induces the signal voltage into L2, so that switch S can be opened and 
there will still be an input signal by virtue of the feedback of the sig¬ 
nal from L3 to L2. Although S is left open, there will continue to be 
an output signal. That is, the amplifier has become an oscillator that 
converts the d-c power from Ehh into alternating current. 

WHY THE OSCILLATOR IS SELF-STARTING . .. Actually, an 
input signal from L, is not needed to get the oscillator in operation. 
Random noise signals generated within the tube will be amplified and 
fed back through L3 to induce a very weak signal into L2. This weak sig¬ 
nal is amplified to produce a stronger signal in the piate circuit and 
L3, so that a stronger signal is now fed back to L2 and produces, in 
turn, a still stronger plate signal. This building up in amplitude of the 
signal continues until the amplitude of the oscillations reaches lull 
strength. Within a fraction of a second from the time power is cut in 
to it, an oscillator will be oscillating at full strength. 

A PRACTICAL FORM FOR AN OSCILLATOR ... In Fig. 3 the 
output signal is taken by induction from L, in the plate circuit. We 
can eliminate the need for L, by coupling L3 to L2 in the grid circuit. 
Remembering that L is not needed, the circuit of a practical oscilla¬ 
tor of this type, called an Armstrong oscillator, is then as shown in 
Fig. 4. 
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Fig. 4 A practical form of the Armstrong oscillator. 

The frequency of oscillation in Fig. 4 is determined by the resonant 
frequency of the tank circuit L2C2. In discussing the flywheel effect 
we saw that a tank circuit like L2C2 acts as an oscillator, but that the 
oscillations soon die out because of energy losses in the coil. If energy 
is continually fed back by means of L} to make up for the losses, L2C2 

continues to oscillate. 

y FEEDBACK MUST BE OF PROPER PHASE ... Referring to Fig. 
3 for a moment, the signal induced into L2 from L, must be in phase 
with the signal induced into L2 from L,. If the two induced signals 
are out of phase so that they buck each other, the net induced volt¬ 
age in L2 is reduced, and consequently the output signal is reduced. 
If switch S is now opened the circuit will not oscillate because the 
signal induced into L2 from L2 is of such polarity as to buck the oscil¬ 
lations in L2C2, rather than build them up. Thus when the feedback 
is of improper phase, oscillations in L2C2 die out quicker than if L, 
were completely missing. 

When the energy fed back from output to input of an amplifier is of 
proper phase to support oscillation, the feedback is referred to as pos¬ 
itive or regenerative. When the phase of the feedback is such as to 
prevent oscillations and to weaken the gain of the amplifier, the feed¬ 
back is referred to as negative or degenerative. 

Changing the phase of the feedback in the circuit of Fig. 3 or 4 is 
very simple. It is merely a matter of reversing the connections to L2. 
If you build an Armstrong oscillator and it won’t oscillate, the first 
thing to try is reversing the leads to L}. 



LC circuit tuned to 1020 kc 

Fig. 5 LC circuit will oscillate when oscillator is brought close. 

We have seen how, when the Ebb power is first applied to the circuit 
of Fig. 4, there are very weak oscillations which quickly build up in 
amplitude with successive cycles. What makes the amplitude of the 
oscillations stop increasing after full strength is reached? The answer 
is that the oscillations continue to increase in amplitude until they 
are of such magnitude that plate saturation of the tube occurs. This 
decreases the gain of the tube to the point at which the energy fed 
back to the grid tank circuit is exactly balanced by the energy lost 
in the resistance of the tank circuit plus the energy taken away by 
the output signal. Equilibrium is then reached and the oscillations 
become and remain constant in amplitude. 

The frequency of an oscillator is primarily determined by the reso¬ 
nant frequency of its tuned tank circuit, but the oscillator frequency 
will vary somewhat from the tank resonant frequency if necessary to 
keep the proper phase relationship with the source of energy being fed 
to the tank circuit to sustain oscillations. Thus when the oscillator of 
Fig. 5 is brought near the LC circuit so that energy from the oscillator 
is coupled into L, the LC circuit will oscillate at 1000 kc, the frequency 
of the oscillator, even though the LC circuit is tuned to 1020 kc. 

If two oscillators operating on nearly the same frequencies are brought 
close together so that there is coupling between them, there will be 
an interchange of energy between their tank circuits. Each oscillator 
will tend to shift in frequency sufficiently to be in proper phase with 
the energy being received from the other oscillator. Thus the two os¬ 
cillators will lock together in synchronism and both will operate at 
exactly the same frequency. It is common practice in electronics to 
synchronize the frequency of an oscillator to that of some external 
frequency source. 

WHAT HAVE YOU LEARNED? 

1. An oscillator may be defined as a (□) - amplifier, 
since part of its <b) _ is used to provide its own («) -



10 To produce sustained oscillations, however, the feedback must be of 
the same (d> - as the tank circuit input; that is, the feed¬ 
back must be (e) - If the energy fed back to the input 
is not of the same phase as the energy in the tank circuit, the feed¬ 
back energy (f) - the energy in the tank circuit and sus¬ 
tained (g) - cannot occur. 

2. When feedback is of the correct polarity, the oscillations build up 
in amplitude. The maximum amplitude reached is limited by the 
- of the tube. 

3. Suppose you construct an oscillator using a feedback coil and it 
fails to oscillate when power is applied. A good first check would be 
t° (°) - the leads to the feedback coil. Now, suppose that 
even after you do this, the oscillator still will not oscillate even 
though all components and operating potentials used in the circuit 
are satisfactory. You would first return the reversed coil leads to 
their original position and then increase the (b> _ be¬ 
tween the coils, since the degree of coupling determines the amount 
°f (') - and the feedback must be sufficient to overcome 
circuit (d) - before sustained oscillations can occur. 

ANSWERS 

1. (a) Self-excited; (b) output; (c) input; (d) phase 
(e) positive or regenerative; (f) opposes; (g) oscillations 

2. Saturation 
3. (a) Reverse; (b) coupling; (c) feedback; (d) losses 

Q CLASS OF OPERATION .. . Most oscillators, including the Arm¬ 
strong circuit of Fig. 4, use grid leak bias. The amount of bias is de¬ 
termined by the amplitude of the grid signal, that is, by the ampli¬ 
tude of the oscillations in L2C2 of Fig. 4. As the oscillations build up 
in amplitude after power is applied, the bias increases until it is so 
great before tube saturation is reached that the oscillator operates as 
a class C amplifier. 

This assures good efficiency. Also, plate current is cut off most of the 
cycle, so that the feedback current through L, occurs in pulses, one 
short pulse each cycle. But because of flywheel effect, tank circuit 
L2C2 generates a true sine wave and therefore delivers a sine¬ 
wave output. The pulse through LJt occurring once each cycle, in¬ 
duces enough energy into L2 to replace that lost the preceding cycle, 
so that oscillations continue indefinitely. 



The amplifier may be considered as a switch that opens and closes as 
necessary to provide the needed energy to the tank circuit to prevent 
damping of the output waveform. The “closing of the switch” is 
timed to occur at the peak of the oscillation in the tank circuit to 
reinforce the oscillation. If the switch timing is incorrect, sustained 
oscillations cannot occur. Since the phase of feedback controls the 
switch timing, the importance of the phase relation is readily 
apparent. 

Oscillators using tuned tank circuits operating class C must use grid 
leak bias in order to be self-starting. Remember that when a tube is 
biased for class C operation, it is biased beyond cutoff, and conse¬ 
quently no plate current flows when there is no input signal. There is 
no input signal to the grid of an oscillator until oscillations start. 
Therefore, the use of fixed voltage, such as a battery, for biasing the 
grid would keep oscillations from starting when power was supplied, 
since there would be no plate current. With grid leak bias the bias is 
zero without a signal on the grid, so that there is a heavy plate cur¬ 
rent when the power is cut in. This causes oscillations to build up 
quickly. 

WHAT HAVE YOU LEARNED? 

1. The use of grid leak bias in an oscillator offers two major advan¬ 
tages: automatic adjustment to the proper bias for class (□) -
operation and (b) _ starting. 

2. The use of class C bias in an oscillator is identical to the use of 
class C in an r-f amplifier. Thus, the grid of the amplifier is held be¬ 
low (o) _ for the (b) _ portion of the operating 
cycle and conduction occurs only when the grid voltage rises above 
M-

3. What effect will a shorted capacitor in the ñ,C, grid leak network 
of Fig. 4 have on amplifier operation?_ 

ANSWERS 

1. (a) C; (b) self 2. (a) Cutoff; (b) greater; (c) cutoff 
3. The tube may be destroyed by heavy plate current ... A short in C, places 
the grid at cathode d-c potential, thus removing all bias. 

11 
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Fig. 6 Two arrangements of the tuned grid Armstrong oscillator with series feed 
in (a) and shunt feed in (b)-

LC OSCILLATORS 
This section of the lesson is devoted to oscillators that use tuned tank 
circuits as their frequency-determining element. Noncrystal-controll¬ 
ed r-f oscillators, except those operating at very high frequencies, are 
usually of this type, and so are some audio oscillators. 

g THE ARMSTRONG OSCILLATOR ... An LC oscillator that uses 
only one tuned tank circuit and makes use of a separate coil winding 
to obtain feedback from plate circuit to grid circuit is called an Arm¬ 
strong oscillator. The tuned tank can be in either the grid circuit, as 
in all the circuits of Fig. 6, or in the plate circuit, as in the circuits of 
Fig. 7. In all the diagrams of Figs. 6 and 7 the separate feedback wind¬ 
ing that identifies the circuit as an Armstrong oscillator is marked L3. 
This feedback winding is called the tickler coil. 

The Armstrong oscillator of Fig. 6(a) is identical to the one you have 
previously studied with reference to Fig. 4. This circuit is series fed, 
because both the d-c and a-c plate currents follow the same path, as 
the figure shows. Figure 6(b) differs in that it is shunt fed, because 
the d-c and a-c plate currents follow different paths. Capacitor C2 

keeps the plate d-c current out of L„ and RFC blocks the a-c signal 
so it can’t go through the power supply and is instead forced through 
L3. Since the same a-c signal is in L, in both circuits and since the 
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Fig. 7 Several arrangements of the tuned plate Armstrong oscillator. 

grid circuits are the same, the principle of operation of both circuits is 
the same. It makes no difference whether Ä, is shunted across C3 as 
in (b) or connected directly between grid and ground as in (a). Since 
L, has negligible d-c resistance, R, in (b) is electrically connected be¬ 
tween grid and ground for d-c bias currents, just as it is in (a). 

In Fig. 7(a) the tuned tank is in the plate circuit. It is series fed be¬ 
cause both the d-c and a-c signals pass through C,L,. A signal is 
coupled from L, into which provides the feedback from plate cir¬ 
cuit to grid circuit needed to provide an input signal to the grid. 

The circuit of Fig. 7(a) presents a practical difficulty in that the rotor 
plates of C, cannot be grounded, since to do so would short out the 
power supply Ebb. Both sets of plates must be insulated from 
the chassis, and the rotor tuning shaft must also be well insulated to 
prevent shock. This problem is eliminated in the circuit of Fig. 7(b) 
by the use of capacitors C3 and Ct to block the d-c power from C,. 
The rotor of C, can now be grounded as indicated. 

The use of shunt feed as in Fig. 7(c) also allows C, to be grounded, 
since C3 keeps d-c power out of the tank circuit. 



14 WHAT HAVE YOU LEARNED? 

1. In the Armstrong oscillator, the resonant tank may be located 
either in the <□> - or <b> - circuit and we may 
use either (c) --or (d> - feed. The use of shunt 
feed with the tuned plate arrangement permits the rotor plates of the 
tuning capacitor to be connected directly to ground; thus eliminating 
a <e>- hazard, since the tuning circuit is completely isolated 
from (o_ 

2. In the circuit arrangement of Fig. 7(c), would there be any danger 
of shock if capacitor C3 become short-circuited? <□) _ Why? 
<b>---

3. In servicing a circuit such as that shown in Fig. 6(a), you find re¬ 
sistor R, is open-circuited. Could the oscillator continue to operate? 
(°) - Why? (b)___ 

4. In the circuit of Fig. 7(a) the a-c signal (□> (does) (does not) flow 
through the power supply. If this is objectionable, it can be prevent¬ 
ed by connecting a large bypass capacitor across (b)_ 

5. In the circuit of Fig. 7(c) the a-c signal <o) (does) (does not) flow 
through the power supply. The circuit component that makes this 
the case is <b)_ 

6. In the circuit of Fig. 7(a) both the d-c and a-c current pass through 
L,. In Fig. 7(c) only the a-c component passes through L,. Will the 
signal induced in be the same in both cases? (a)_ 
Why? (b)___ 

7. The feedback coil in an Armstrong oscillator is called a <o)_ 
coil. The feedback coil in Fig. 7(a) is (b)_ 

ANSWERS 

1. (a) Grid (or plate); (b) plate (or grid); (c) series (or shunt) 
(d) shunt (or series); (e) shock; (f) Ebb 

2. (a) Some (b) The power supply is then shorted through L, to ground. 
The short should reduce Ebb to a relatively low value and thereby reduce the 
danger. 
3. (a) No (b) With no d-c path between grid and cathode, the tube will 
probably block and become inoperative. 
4. (a) Does; (b) Ebb 5. (a) Does not; (b) RFC 
6. (a) Yes (b) Transformer action transfers only a-c. The d-c component in 



L has no effect on the voltage induced in L,. 
7. (a) Tickler; (b) L3

15 

10 THE HARTLEY OSCILLATOR ... The tickler coil L, can just as 
well be placed in the cathode circuit, as in Fig. 8(a). This is because 
the plate and cathode carry the same a-c component, and therefore 
the feedback from L3 to L2 is identical whether L3 is in the plate or 
the cathode circuit. Compare Figs. 4 and 8(a) carefully. You will note 
that they are identical except for the moving of L3 from the plate cir¬ 
cuit to the cathode circuit. 

In Fig. 8(a) the bottom of L2 connects to the top of L3. That being 
the case, there is no longer any reason why L2 and L3 need be two 
separate windings. We can just as well use a single coil, as in Fig. 
8(b), and then tap it. Figure 8(b) differs from (a) in that C2 of the 
tank circuit is shown across both L2 and L„ rather than across L2 

only as in (a). In (b) both L2 and L3 are part of the inductance of the 
tank circuit, since C2 is across both. This increases the tank circuit 
inductance over that of (a), where only L2 is part of the tank circuit. 

Fig. 8 The Hartley oscillator, {a) Its evolution; ( b ) the series-fed Hartley oscillator; 
(c) the shunt-fed Hartley oscillator. 



16 The added inductance of Fig. 8(b) is an advantage, since it makes it 
possible to use a smaller value for C2 to obtain resonance at the de¬ 
sired frequency. Or, alternatively, fewer turns can be used on the L2L3 

winding than are necessary when L2 alone is used for the tank circuit 
inductance. 

The circuit of Fig. 8(b) is called a Hartley oscillator. It is identified 
by the fact that no tickler coil is used. Instead, the tank circuit in¬ 
ductance is tapped and feedback is obtained by feeding part of the 
amplified signal from the plate-cathode circuit through a section of 
the tank circuit inductance. In drawing Hartley oscillator circuits, re¬ 
member that the cathode always connects to the inductance tap as 
in Fig.8(b). This assures that the feedback is in proper phase for the cir¬ 
cuit to oscillate. 

The Hartley circuit of Fig. 8(b) is series fed because both the d-c and 
a-c components of plate-cathode current pass through L,. Occasion¬ 
ally, Hartley oscillators are connected for shunt feed, as in Fig. 8(c). 
The a-c signal to energize L3 is now taken from the plate. Choke RFC 
blocks the a-c component so that it must pass through L3. 

The series-fed Hartley oscillator circuit is considerably simpler, re¬ 
quires fewer components, and is therefore most frequently used. 

The tank circuit coil in a Hartley oscillator is usually tapped so that 
approximately one-tenth of the total turns are used in place of the 
tickler. That is, however, only a rule of thumb, and some experimen¬ 
tation is needed to set the tap correctly for a given circuit. 

The series-fed circuit of Fig. 8(b) may produce some line-frequency 
hum in the output at high frequencies because the cathode is not at 
r-f ground potential. At high frequencies, there is some a-c energy 
transfer between the heater and cathode. 

Compared to the Armstrong circuit, the performance of the Hartley 
at frequencies above 40 me is superior, since the feedback winding is 
part of the tuned circuit and presents no difficulty. By careful ar¬ 
rangement and selection of components, the Hartley oscillator may 
be made to operate at frequencies up to about 150 me. It has been 
widely used in FM (frequency-modulated) receivers operating in the 
88- to 108-mc band. 
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Fig. 9 Shunt-fed transistor Hartley oscillator. 

In its shunt-fed form the Hartley circuit makes an excellent transis¬ 
tor oscillator. The circuit is shown in Fig. 9. Compare Fig. 9 with 
Fig. 8(c), remembering that the collector of a transistor corresponds 
to the plate of a tube, the emitter to the cathode, and the base to the 
grid. Resistor Ä, in Fig. 9 replaces RFC in Fig. 8(c). You will remem¬ 
ber from preceding lessons that either a choke or a resistor can be 
used to block the a-c component. A resistor is generally used with 
transistors because, with the lower power and voltage involved, the 
d-c power and voltage lost by using a resistor in place of a choke is 
not serious. 

Resistor R2 in Fig. 9 is of the proper value to limit the base-emitter 
d-c bias current to the desired value for correct operation. The vac¬ 
uum-tube and transistor Hartley circuits compared are identical ex¬ 
cept for the differences mentioned. 

WHAT HAVE YOU LEARNED? 

1. In the Hartley oscillator, the feedback coil is in the form of a tap¬ 
ped section of the tank (o)_ If the tuning coil con¬ 
sists of 100 turns of wire, the tap is placed about (b;_ turns 
from the <c>_initially. The exact placement for best re¬ 
sults is then determined (d)_In the series-fed 
vacuum-tube circuit, some line-frequency <«)_is present in 
the output because of energy transfer between the (0_ 
and_ . 



18 2. In the circuit of Fig. 8(c), if capacitor Cb became short-circuited, 
Ebb would be (a) - to ground through the (b> _ por¬ 
tion of the oscillator coil. 

3. If you were servicing the defective oscillator of Problem 2, would 
you expect to find a high or a low voltage at the plate of the oscilla¬ 
tor? _ 

4. In the circuit of Fig. 9, what is the purpose of Cb?_ 

ANSWERS 

1. (a) Inductance; (b) 10; (c) bottom; (d) experimentally 
(e) hum; (f) heater and cathode 

2. (a) Shorted; (b) 3. Low 
4. It prevents the d-c power from being shorted to ground through L,. If it 
were not for the need of blocking the d-c, the collector could be connected di¬ 
rectly to the bottom L,. 

11 THE COLPITTS OSCILLATOR ... The Colpitts oscillator of Fig. 
10 is identical to the shunt-fed Hartley oscillator of Fig. 9 except for 
the method of coupling energy from the plate back to the tuned grid 
tank circuit. In Fig. 8(c) coupling is accomplished by feeding plate 
signal through L3 to ground. In Fig. 10 capacitor C2 of Fig. 8(c) is re¬ 
placed by two series capacitors, C2I and C22, and the plate energy 
couples back to the tank circuit by passing through C22 to ground. 
Thus, energy lost in the oscillating tank circuit is replaced by the 
regular recharging of C22 by the amplified signal fed back from the 
plate. 

Fig. 10 Colpitts oscillator (shunt fed). 



You may be puzzled as to how you can have two capacitors (C2I and 
C22) in a resonant circuit. Remember that the combined capacitance 
of two capacitors in series is figured in the same way that the com¬ 
bined resistance of two resistors in parallel is figured. Suppose that C2I 

and C22 are each 500 pf. Then their combined capacitance is 500 h- 2 
= 250 pf. This means that the action and resonant frequency of the 
tank circuit of Fig. 10 is the same as it would be if C2t and C22 were 
replaced by a single capacitor with a capacity of 250 pf. 

Note that capacitor Cb is not really needed to keep Ebb from shorting 
to ground. Its purpose when used is to keep the high d-c voltage off C2i 
and C22, so that these variable capacitors may be of a lower voltage 
rating. 

The Colpitts oscillator is identified by the use of two capacitors (or a 
split capacitor) in the tank circuit, the cathode being tied to the junc¬ 
tion between the two. Because d-c and a-c cannot both pass through 
the feedback coupling component C22, series feed for a Colpitts oscil¬ 
lator involves additional complications, and it is therefore not widely 
used. 

The Colpitts oscillator holds its frequency somewhat better than the 
Hartley oscillator does, and it is therefore quite popular, particularly 
at high frequencies. 

The transistor version of the Colpitts oscillator is shown in Fig. 11. 
Note its close similarity to the tube circuit. Capacitor Cb of Fig. 10 is 
not needed in the transistorized circuit because such low voltages are 
involved that insulation against high voltages is not a problem. Tun¬ 
ing is accomplished by varying the magnetic core associated with L2. 
Tuning could, of course, also be accomplished by using variable capa¬ 
citors as shown in Fig. 10. 

19 

Fig. 11 Transistor Colpitts oscillator. 
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Fig. 1 2 A Colpitts audio oscillator. 

The tank circuit inductance of an audio-frequency oscillator requires 
an iron core in order to obtain enough inductance to resonate at a 
sufficiently low frequency. The use of a Colpitts circuit, as in Fig. 12, 
eliminates the problem of tapping the iron core choke, which would 
be necessary if a Hartley oscillator were used. 

WHAT HAVE YOU LEARNED? 

1. Three types of oscillators have been discussed so far in this lesson. 
They are distinguished by the method by which plate circuit signal 
energy is coupled back to the grid circuit. When the coupling is by 
the means of a separate coil, the circuit is called an <o)_ 
oscillator and the feedback coil is called a (b) _ When the 
feedback is through a section of the tuned tank circuit inductance, 
the circuit is called a (c) - oscillator; when through part 
of the tank circuit capacitance, it is called a (d) _ oscil¬ 
lator. All three types require the use of a choke in the power supply 
line when (e) _ fed. 

2. In servicing the oscillator of Fig. 10 you find zero d-c voltage on 
the plate of the tube, although Ebb is normal. The likely trouble is 
that_ 

3. In servicing the oscillator of Fig. 10 you find the plate current to 
be low and of varying value, being zero much of the time. What com¬ 
ponent would you first suspect as faulty?_ 

ANSWERS 

1. (a) Armstrong; (b) tickler; (c) Hartley; (d) Colpitts; (e) shunt 
2. The choke RFC is open. 
3. Grid leak resistor R, is probably open ... If there is no d-c path between grid 
and cathode in any circuit, plate current will cut off or be low and erratic. 



Fig. 13 The electron-coupled oscillator. 

THE ELECTRON-COUPLED OSCILLATOR ... In all the oscilla¬ 
tor circuits discussed so far, the output is coupled to the tuned tank 
circuit. The trouble with this arrangement is that changes in the out¬ 
put load tend to cause the oscillator frequency to vary slightly. In 
the electron-coupled circuit of Fig. 13, the output is isolated from the 
oscillator section, so that load changes do not affect frequency. Con¬ 
sequently, the electron-coupled oscillator has better frequency stabil¬ 
ity than the oscillators previously discussed. 

The electron-coupled oscillator requires a tube with a screen grid. 
The screen grid can be considered as dividing the circuit into two 
parts, the grid circuitry where the oscillations are formed (the shaded 
area in Fig. 13), and the plate circuitry from which the output is 
taken. 

In Fig. 13 we can consider the cathode, control grid, and screen grid 
of the pentode as forming the elements of a triode tube, with 
the screen grid acting as the plate. The shaded circuit is then iden¬ 
tical to the Hartley oscillator of Fig. 8(b), except that no output cir¬ 
cuit is coupled to the grid tank circuit. 

The screened area of Fig. 13 functions like any other Hartley oscilla¬ 
tor. The oscillations, being applied to the grid through C,, give the 
plate current an a-c component. This a-c component passes through 
the plate tank circuit C^L, and causes this tuned circuit to oscillate. 
The output L. is coupled to the plate tank circuit and is therefore 
isolated from the Hartley oscillator section of the circuit. 

21 

The plate tank circuit, C4L4 in Fig. 13, can be tuned to the second or 



22 other harmonic of the grid tank circuit. When this is done, the circuit 
becomes a frequency multiplier as well as an oscillator. 

There are a number of variations of the basic electron-coupled oscil¬ 
lator circuit, but all are identified by noting that the screen grid is 
used as the plate of the oscillator and that the output is not coupled 
to the grid tank circuit. 

WHAT HAVE YOU LEARNED? 

1. In an electron-coupled oscillator using a pentode tube, the three 
electrodes of the tube connected directly in the oscillator circuit are 
the (□)-, the_, and the_The 
remaining electrodes, the <b)_and («) _act 
only to provide isolation and power amplification. Thus, the electron-
coupled oscillator acts the same as a separate (d)_ 
followed by a (e)_amplifier with provision for <q_ 
between them. 

2. In a certain piece of equipment you find an electron-coupled oscil¬ 
lator similar to that shown in Fig. 13. In attempting to correct the 
trouble quickly you change the tube, but you still do not obtain oscil¬ 
lation. A check with your VTVM indicates the screen voltage is very 
low. What component should you immediately suspect and why 
would it cause oscillation to cease?_ 

ANSWERS 

1. (a) Cathode, grid and screen; (b) suppressor; (c) plate 
(d) oscillator; (e) power; (f) isolation 

2. The screen bypass capacitor C»... If it were shorted, E¡g would be low, which 
would reduce tube amplification and thereby provide insufficient feedback for 
oscillations to be sustained. 

Iß THE TUNED-PLATE TUNED-GRID OSCILLATOR ... A tuned-
plate tuned-grid oscillator is shown in Fig. 14. Its name describes the 
circuit arrangement. Oscillations occur because of feedback from plate 
to grid through the plate-grid interelement capacitance of the tube 
Cgp. A triode tube is generally used, since there is not always suffi¬ 
cient feedback by this path in a pentode. The circuit is of particular 
interest because of the tendency of amplifiers with tuned plate and 
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grid circuits to generate undesired oscillations. Note that the TPTG 
circuit of Fig. 14 is identical to a tuned amplifier circuit, except the 
latter uses a pentode tube or neutralization to prevent oscillations. 

The circuit of Fig. 14 oscillates at a slightly lower frequency than 
that to which the tank circuits are resonant. At the resonant fre¬ 
quency the feedback through Cgp is of such phase as to be degenera¬ 
tive, and therefore the circuit cannot oscillate at the resonant fre¬ 
quency of L^C,. 

To see how the circuit oscillates, Fig. 14 is redrawn in Fig. 15(a) with 
the d-c circuitry removed so that the action of the a-c signal can be 
better followed. We don’t need to show the d-c circuit, because all it 
does is furnish power. Capacitor C3 is not shown in Fig. 15(a) because 
its only purpose is to block the d-c so it will not short to ground. Sim¬ 

la) (b) (c ) 

Fig. 15 Equivalent circuits for TPTG oscillator. 
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d-c bias for the grid, and they are not needed for studying the a-c sig¬ 
nal. As far as a-c is concerned, Fig. 15(a) is identical to Fig. 14. The 
circuit of Fig. 15(a) is redrawn in (b). Note that (b) is completely 
identical to (a). 

Remembering that the oscillating frequency is lower than the fre¬ 
quency at which the tank circuits are resonant, the two tank circuits 
in Fig. 15(b) are equivalent to inductances. (Any parallel LC circuit 
operating at lower than its resonant frequency acts like an inductance.) 
Therefore, these two tank circuits can be replaced with equivalent 
inductances, which is done in (c). Now (c) is the circuit of a Hartley 
oscillator, with d-c circuitry removed. Hence, a TPTG oscillator is 
actually a form of Hartley oscillator. 

Note in Fig. 15(c) that the grid-plate capacitance Cgp is the capaci¬ 
tance in the equivalent tank circuit. Hence, any variation of Cg/> will 
vary the frequency of the oscillator. For this reason a TPTG os¬ 
cillator does not hold its frequency as well as the Hartley or Colpitts 
oscillator does. 

For low-frequency operation it may be necessary to add a capacitor 
between grid and plate in order to increase feedback. This extra ca¬ 
pacitor is often required with a pentode tube at any frequency. 

In practical operation the plate tank circuit of a TPTG oscillator is 
usually tuned to a higher resonant frequency than the grid tank cir¬ 
cuit. This gives the highest output and the most reliable operation; 
if it is not done, the circuit may not oscillate. 

WHAT HAVE YOU LEARNED? 

1. In the TPTG oscillator, feedback is established through the (o) 
- of the tube. The tank cir¬ 
cuits are tuned to a frequency slightly (b) _ than the de¬ 
sired oscillator frequency. Feedback must be (o (regenerative) (degen¬ 
erative) for oscillations to occur. Feedback in a TPTG circuit is (d) 
- at the resonant frequency of the tank circuits. 

2. You are asked to determine why a TPTG oscillator will not oscil¬ 
late. The tube is a pentode type. A check of all operating potentials 
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indicates they are satisfactory, and tuning has been properly perform- 2f 
ed. What should you do?_ 

ANSWERS 

1. (a) Interelectrode capacitance; (b) higher; (c) regenerative; (d) degenerative 
2. Switch tubes first to try to find one with a higher interelectrode capacitance. 
If this doesn’t work, connect a small capacitor externally between the plate and 
grid. 

THE DYNATRON OSCILLATOR ... The dynatron oscillator is in¬ 
teresting for the manner in which it operates—by utilizing the “nega¬ 
tive resistance” characteristic of a tetrode type of tube. Unlike the 
other oscillators so far discussed, this oscillator does not use the feed¬ 
back principle. 

If we place a negative resistance in series with a positive resistance, 
the two resistances cancel each other in the same manner as opposite 
reactances cancel each other. Then, once an oscillation starts in the 
tank, it continues indefinitely, since all losses, represented by the posi¬ 
tive resistance, are overcome by the negative resistance of the tube. 

Of course, a negative resistance in the form of a physical circuit ele¬ 
ment does not exist. However, a tetrode tube exhibits a negative re¬ 
sistance over part of its characteristic curve. This region is indicated 
between points B and C on the characteristic curve of Fig. 16. Notice, 
in this region, that as plate voltage increases, plate current decreases. 
This is contrary to Ohm’s law, and we use the term “negative resist¬ 
ance” to explain the phenomenon. In the tetrode the negative resist-

Fig. 16 Negative resistance characteristics of a tetrode. 
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Fig. 17 A dynatron oscillator. Voltage drop across R3 places plate d-c voltage at 
lower potential than screen. 

anee is caused by the absorption by the screen grid of the secondary 
emission which occurs at the plate. It is important to note that this 
negative resistance occurs only when the plate voltage is less than the 
screen voltage. 

A dynatron oscillator is formed by placing an appropriate tank cir¬ 
cuit in series with the plate lead and maintaining the plate voltage at 
less than the screen voltage to achieve operation in the negative re¬ 
sistance region, as shown in Fig. 17. A variable direct voltage on 
the control grid governs the amplitude of the oscillation. 

The dynatron is normally used at low frequencies only, and it exhib¬ 
its good frequency stability. This stability accounted for its rather 
widespread earlier use for frequency calibration. The dynatron oscil¬ 
lator is identified by the fact that the plate is operated at a lower d-c 
voltage than the screen grid. Also, there is no feedback to the grid. 

Although the dynatron oscillator is not much used any more, it is in¬ 
cluded here because its principle of operation is important in other 
electronic equipment. For example, the tunnel diode uses the princi¬ 
ple of negative resistance both as an oscillator and as an amplifier. 
Another good reason why you should understand the dynatron oscil¬ 
lator is that questions about it are sometimes asked in examinations. 

WHAT HAVE YOU LEARNED? 

1. The operation of a dynatron oscillator depends on the (o)_ 
resistance characteristics of a (b)_-type vacuum tube. 



The negative resistance acts to overcome the losses represented by 
the (c) _ of the tuned circuit at resonance. Thus, once 
oscillation starts in the tuned circuit, it (d) _ To make 
the circuit operate satisfactorily, (e) _ voltage must be <o 
_ than plate voltage. 

2. Since the negative resistance of the tetrode acts to replace energy 
losses in the dynatron circuit, we may think of a negative resistance 
as a device that (a) _ energy rather than dissipates energy 
as a conventional (b> _ does. 

ANSWERS 

1. (a) Negative; (b) tetrode; (c) resistance; (d) continues; 
(e) screen; (f) higher 

2. (a) Supplies, or provides; (b) resistor, or resistance 

GENERAL COMMENTS ON LC OSCILLATORS ... In order to 
draw the circuit diagram for an oscillator, or for any other type of 
circuit for that matter, never try to memorize the arrangement of 
components. Instead, try to reason out what is needed and why. For 
example, in any of the oscillator circuits shown thus far we know we 
need a resonant circuit for frequency control, positive feedback to 
provide regeneration (except for the dynatron), and an amplifier with 
appropriate bias and operating potentials. 

The tuned circuit may be located in either the plate or the grid circuit. 
The tickler is arranged to provide mutual coupling. Bias is provided 
by the grid resistor and capacitor (RgCg) network, and, as long 
as there is a d-c return to ground, Rg can be connected either in par¬ 
allel with Cg or between grid and ground. 

If series feed is used, plate current passes through at least part of the 
oscillator coil. When shunt feed is used, d-c is blocked out of the sig¬ 
nal circuits by a capacitor and a-c is blocked out of the supply volt¬ 
age circuit by an r-f choke. 

By using this method of analysis, you will find you can draw any cir¬ 
cuit with the least amount of difficulty. When you know why and 
how a circuit operates, you will find that representing it schematical¬ 
ly is extremely simple. 

FACTORS AFFECTING OSCILLATOR STABILITY ... One of 
the most common causes for variation in frequency and output level 

2: 
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Fig. 18 Using a VR tube to improve frequency stability. 

from an oscillator is variation in the supply voltage and, in the case 
of vacuum-tube oscillators, heater voltage. To minimize voltage vari¬ 
ation, use is often made of a voltage regulator tube that holds the 
supply voltage within close limits. A typical arrangement of this type 
is shown in Fig. 18. A separate power supply for the oscillator stage is 
often used. Then variations in the voltage of the main power supply 
due to loading changes will not affect the oscillator frequency. 

Mechanical vibration may cause changes in circuit inductance and 
capacitance, with resulting changes in frequency, so all components 
must be ruggedly mounted. Temperature changes affect frequency 
stability by producing expansion and contraction within the coil and 
capacitor of the tank circuit, thus slightly varying the values of these 
components. 

Unless the load is isolated from the oscillator by a stage of amplifica¬ 
tion in between, changes in the load will affect frequency stability. 
For example, an antenna‘swinging in the wind will cause frequency 
instability when coupled directly to the output of an oscillator. Oscil¬ 
lator stability can be improved by using a tank circuit with a low L/C 
ratio. When this is done, variations in the value of stray capacitance 
is only a small percentage of total C value, and hence has only 
a slight effect on frequency. A high effective Q for the tank circuit 
and light loading of the oscillator are also essential requirements for 
frequency stability. 

WHAT HAVE YOU LEARNED? 

1. Some causes of oscillator instability are variations in (□>_ 
- , components not mounted <b> _ enough, and 
changes in (c)_ 



2. Three prerequisites for good oscillator stability are a high effective 
(O)_ , a (b) _ L/C ratio, and (c) - loading. 

3. You are servicing an oscillator used in shipboard equipment. The 
complaint is instability, but it does not occur at all times. A check of 
the circuit shows that a good high-Q coil, low L/C ratio, and voltage 
regulation are provided. Also, the power requirements of the load are 
very light. What would you do? (Keep in mind that the instability 
does not occur at all times, and that this is a shipboard installation.) 
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ANSWERS 

1. (a) Supply voltage; (b) rigidly; (c) temperature 
2. (a) Q; (b) low; (c) light 
3. Suspect mechanical vibration. Since the trouble is not constant, it may be 
occurring only when the ship vibrates. 

CRYSTAL OSCILLATORS 
THE PIEZOELECTRIC EFFECT ... When a crystal of any of cer¬ 
tain substances is compressed or stretched (expanded), a voltage ap¬ 
pears across opposite faces of the crystal. The polarity of the gener¬ 
ated voltage changes when the mechanical force is changed from one 
that compresses the crystal to one that expands the crystal. Con¬ 
versely, if a voltage is applied between the opposite faces of such a 
crystal, the crystal will either expand or compress, depending upon 
the polarity of the applied voltage. 

The properties of certain crystals discussed in the preceding para¬ 
graph are called the piezoelectric effect. In an oscillator circuit, 
a piezoelectric crystal acts like a tuned tank circuit with a very high 
Q. Since the higher the Q the better the frequency stability of an os¬ 
cillator, oscillator stability can be greatly improved by using a piezo¬ 
electric crystal for the frequency-determining tank circuit. 

Although many crystalline substances are piezoelectric and a number, 
including Rochelle salts and tourmaline, find practical use in electron¬ 
ics, natural quartz is the only one used to any extent in oscillators. 
This is because quartz crystals have a higher equivalent Q than is 
obtainable from other crystals, and they therefore provide better fre¬ 
quency stability than it is possible to obtain from other piezoelectric 
crystals. 

QUARTZ CRYSTALS ... A perfect quartz crystal as mined from 
the earth is a hexagonal (six-sided) solid with pointed ends. The 



30 

Fig. 19 Geometrical representation of a quartz crystal. 

quartz crystal used for frequency control is a thin slab cut from the 
mother crystal. The properties of the slab depend to a considerable 
extent upon the direction of the cut with reference to the axis of the 
mother crystal. 

A geometrical representation of a quartz crystal is shown in Fig. 19. 
The diagonals of the crystal, shown in part (a) of the figure, are call¬ 
ed the electrical axes X,, X2, and X¡. Between these are the mechan¬ 
ical axes y, y2, and y3. The vertical axis of the crystal is called the 
optical axis Z. A crystal so cut that its flat sides are perpendicular to 
an electrical axis is called an X-cut crystal, as shown in Fig. 19(b). A 
crystal whose sides are cut perpendicular to a mechanical axis is call¬ 
ed a y-cut crystal, as shown in Fig. 19(c). These are the two basic 
cuts; many others are used. 

If an alternating voltage is applied across the faces of the crystal, the 
crystal alternately expands and contracts, so that the crystal vibrates. 
The amplitude of the crystal vibrations is very small at most fre¬ 
quencies but becomes quite large at one frequency, the mechanical 
resonant frequency of the crystal. This frequency depends upon the 
physical dimensions of the crystal, particularly its thickness. The 
thinner the crystal, the higher its resonant frequency. It should be 
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noted that a crystal will not vibrate (oscillate) when a d-c voltage is 
applied but will only expand or contract, depending on the polarity 
of the applied voltage, as already noted. If the applied d-c voltage is 
great enough, the crystal will crack. 

As already noted, a quartz crystal, when properly cut and ground, 
acts like a parallel resonant LC tank circuit of very high Q. Values in 
excess of 20,000 are always to be expected, and values over 1,000,000 
have been observed under special circumstances. It is this property 
of a crystal which makes it useful for maintaining a constant frequen¬ 
cy in an oscillator. 

The resonant frequency of a crystal section depends almost entirely 
upon its dimensions, particularly its thickness in the direction of vi¬ 
bration. Although the normal upper limit for crystals is about 10 me, 
some crystals are ground for use up to 30 me. These, however, are 
very thin and cannot take overloading without fracturing. 

HOW TEMPERATURE AFFECTS CRYSTALS ... Temperature 
affects the resonant frequency to some extent. To eliminate frequen¬ 
cy variation due to temperature change, the crystal is sometimes en¬ 
closed in an oven. Temperature of the oven is maintained at a con¬ 
stant value by a thermostat. 

It is possible to cut a section from a crystal in such a way that the 
change in frequency due to change in temperature is almost zero. 
Such a crystal, shown in Fig. 20, is called an AT cut. Such a crystal 
exhibits extremely good frequency stability characteristics, even with¬ 
out a temperature-controlled oven. 

Fia. 20 An AT-cut crystal. 
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poses, but they will not be discussed here. In connection with the X and 
Y cuts, it is important to note that the X-cut crystal has a negative 
temperature coefficient and the Y-cut crystal has a positive tempera¬ 
ture coefficient. A negative temperature coefficient simply means that 
as temperature increases, frequency decreases. A positive tempera¬ 
ture coefficient means that as temperature increases, frequency also 
increases. 

This coefficient is expressed in terms of the number of cycles by 
which the frequency changes for each megacycle of the normal oper¬ 
ating frequency for each degree of change of temperature in degrees 
centigrade. The negative temperature coefficient of the X-cut crystal 
is from —10 to —25 cycles per megacycle per centigrade degree. For 
example, suppose the frequency of operation is normally 5 megacycles 
and the temperature increases 5°. Also assume a negative tempera¬ 
ture coefficient of —10 cps per me per °C. Now, the frequency drift is 
— 10 x 5 x 5 = 250 cps which, when subtracted from 5 mes, gives a 
new operating frequency of 4,999,750 cps or 4999.75 kc. 

For Y-cut crystals the temperature coefficient is usually about +20 
cps per me per °C. Any increase in frequency due to temperature rise 
is added to the normal operating frequency in finding the actual op¬ 
erating frequency. 

20 HOW TO CLEAN CRYSTALS ... A crystal will not operate prop¬ 
erly unless its surfaces are kept free of grease and dirt. The crystal 
must be cleaned every time it is handled or removed from the holder. 
Carbon tetrachloride or equivalent cleaner applied with a soft clean 
cloth or facial tissue is recommended for cleaning a crystal. Soap and 
water are also satisfactory for this purpose if the crystal is carefully 
rinsed to remove all traces of the soap. 

WHAT HAVE YOU LEARNED? 

1. A quartz crystal has three axes called the (a)_, (b> 
-, and (c)- axes. When a crystal is so 
cut that its sides are perpendicular to the electrical axis, it is called 
an (d)- cut crystal; and when its sides are perpendicular to 
the mechanical axis, it is called a <«) _ cut crystal. 

2. When an a-c voltage is impressed across the faces of a crystal, it 
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Fig. 21 Miller crystal oscillator. 

makes the crystal (□)_ This is called the (b)_ 
- If a d-c voltage is applied across the crystal, 
it will either («> - or - depending on the 
polarity of the applied voltage. If the d-c voltage is excessive, the 
crystal will <d>_ 

3. You are working on a crystal-controlled marine transmitter de¬ 
signed to operate at 500 kc. The transmitter uses an X-cut crystal 
having a negative temperature coefficient of — 15 cps per me per °C 
and the temperature is 8°C above normal. What is the actual oper¬ 
ating frequency of the transmitter?_ 

4. In working on the same transmitter as in Problem 3, you visually 
inspect the crystal by removing it from its holder. What steps should 
you take before replacing the crystal in the holder?_ 

ANSWERS 

1. (a) Electrical; (b) mechanical; (c) optical; (d) X; (e) Y 
2. (a) Vibrate; (b) piezoelectric effect; (c) expand or contract 

(d) crack, fracture, or break 
3. 499.94 kc ... 15 X 0.5 X 8 = 60, and 500,000 - 60 = 499,940 cps 
4. Clean the crystal thoroughly with carbon tetrachloride or with soap and 
water. When replacing it, hold it by the edges so the crystal does not pick up 
oil or dirt from your fingers. 

21 THE MILLER CRYSTAL OSCILLATOR ... Crystals are used in 
two types of oscillator circuits known as the Miller and Pierce circuits. 
The diagram of a simple Miller crystal r-f oscillator is shown in Fig. 
21. Earlier we mentioned the adaptability of the quartz crystal as an 
equivalent for a parallel circuit tuned for a particular frequency. 
Thus, the Miller crystal oscillator is simply a modified version of the 
TPTG circuit, with feedback obtained through the interelectrode 
capacitance of the tube. 
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to provide enough feedback for sustained oscillation and an external 
capacitor may be connected from anode to grid. The cathode resistor 
is used as a safety element should the crystal fail to oscillate. The 
RFC and grid resistor in series act to limit the alternating grid voltage 
(and the r-f crystal current) to a safe value. Too large an alternating 
voltage across the crystal may cause the crystal to shatter from 
excessive mechanical vibrations. 

The equivalent capacitance of the crystal serves as the grid leak 
capacitor. The RFC in the grid circuit increases the r-f impedance 
between grid and ground. This prevents the relatively low impedance 
of a resistor only from shorting the r-f voltage at the grid. 

A small variable capacitor is sometimes placed in parallel with the 
crystal. It is possible to adjust the frequency of a crystal oscillator up 
to about 100 cps per me by varying this capacitor. This provides an 
inexpensive means of fine frequency control. Since the Miller circuit 
is really a form of TPTG oscillator, the plate circuit is tuned to a 
higher frequency than the crystal frequency. Unless this is done, the 
circuit will not oscillate. 

The tube plate current is indicated most readily by a milliammeter 
connected in the cathode circuit of the tube. The value of the plate 
tuning capacitor should be adjusted to give minimum d-c current 
through the tube (indicating resonance), and then the capacitance 
should be decreased slightly. This raises the resonant frequency of 
the tank circuit above the operating frequency, thus assuring stability 
of operation. 

Fig. 22 Pierce crystal oscillator. 



The output power of a crystal oscillator is usually small owing to the 3! 
fragility of the crystal. Coupling to an external load is made from the 
plate of the tube, and it should be loose to avoid overloading. If 
greater power is required, the oscillator may be followed by one or 
more amplifier stages, and this is usual in transmitters. 

THE PIERCE CRYSTAL OSCILLATOR ... In the Pierce oscillator, 
Fig. 22, the crystal is connected between the grid and plate. Capacitor 
C, is a blocking capacitor in series with the crystal to protect it from 
d-c plate voltage. This capacitor is not always used. Bias is provided 
in the cathode circuit by R2 and C3 and in the grid circuit by ñ, and 
the capacitance of the crystal holder. 

The power output of the Pierce oscillator is limited to a few watts at 
most. The r-f current flowing through the crystal must be small to 
prevent heat from developing and causing the frequency to drift. The 
voltage across the crystal must also be kept moderately low to avoid 
fracture. Since the Pierce oscillator is untuned, it is advantageous for 
use where it is frequently desired to change frequency. To do so, it is 
only necessary to change the crystal. No retuning is required. 

crystal 

Fig. 23 Junction transistor crystal oscillator. 
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■ « Z^* XX zm-l 4" XX ** XXI ZA T»>VA X M Lj'x ZV OO F I l"X XX XX XX « V XX XX 1 Z\ L L/• L Z\ Z> using a junction transistor is shown in Fig. 23. The crystal establishes 
the feedback between the collector and base. Capacitors C, and C2 

serve as a voltage divider to reduce the alternating voltage to the 
crystal. Capacitor C3 is added to balance C2 so that the proper phase 
relation of the feedback voltage from the crystal is maintained. The 
circuit demands very little power from the battery and, as a result, 
does-not drift from heating. 

WHAT HAVE YOU LEARNED? 

1. The Miller crystal oscillator is electrically equivalent to the (o) 
_ oscillator with the crystal replacing the (b)_LC 
tank circuit. Feedback is obtained through the (c)_ 
capacitance of the tube. 

2. In servicing a Miller-type crystal oscillator you find an open in the 
r-f choke in the grid lead. What effect would this have on operation? 

ANSWERS 

1. (a) TPTG; (b) grid; (c) interelectrode 
2. Tube would block and oscillations cease, since there is no longer a d-c path 
between grid and ground. 

RC OSCILLATORS 
RC oscillators do not depend on the flywheel effect of a resonant cir¬ 
cuit to determine the output frequency. Instead, they depend upon 
the rate at which charge is stored on a capacitor and then, when a 
certain level of voltage is reached, upon the rate at which the capaci¬ 
tor discharges the energy. This alternate charge and discharge action 
of the capacitor is often called the relaxation principle, and oscillators 
using this principle are generally classed as relaxation oscillators. The 
multivibrator is the most common type of relaxation oscillator. 

THE MULTIVIBRATOR ... A multivibrator is simply a two-stage 
resistance-coupled amplifier with the output of the second stage 
capacitively coupled back to the input of the first. Now, two stages 
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Fig. 24 Showing that a multivibrator is simply two stages of RC amplification with 
the output of each stage capacitively coupled to the input of the other. 

3: 

of ÄC-coupled amplification are usually drawn as shown in Fig. 24(a), 
but the multivibrator cycle of operation is usually illustrated by the 
arrangement of components shown in Fig. 24(b). Notice that the only 
differences between the two figures are that the cathode bias arrange¬ 
ment of (a) is removed in (b), where the cathodes are returned directly 
to ground, and output and input of (a) are connected together in (b). 
Since each stage of an RC amplifier inverts the input signal (180° 
phase shift between input and output), two stages provide 360° of 
phase shift. Since 360° is a complete circle, this means that the output 
from the second stage is in phase with the input to the first. The sig¬ 
nal taken at the output of V2 in Fig. 24(b) and coupled to the grid of 
V, provides regeneration (positive feedback), and this is the condition 
required for sustained oscillation. 

Figure 24(b) is redrawn in Fig. 25 so that we may discuss the wave¬ 
forms associated with the operation of the multivibrator. 
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Fig. 25 Multivibrator and waveforms. 

When plate voltage is first applied, each tube conducts and capacitors 
C, and C2 become charged as the voltage increases. A perfect balance 
of the initial plate currents is impossible. One tube always conducts 
more than the other because of such factors as inherent tube noise 
and unequally distributed emission along the length of the cathode. 
This unbalance, regardless of how small it may be, eventually results 
in the plate current of one tube being maximum while plate current 
in the other tube is cut off. 

Suppose the initial conduction of V, is slightly greater than that of 
V2. The voltage drop across R3 increases, with a corresponding decrease 
in the plate voltage of V,. Because this plate voltage is applied across 
the R2C2 network, and because the charge across C2 cannot change 
instantaneously, the full negative change in ei, (the plate voltage 
applied across V.) appears across R2. This negative-going voltage, 
applied between grid and cathode of V2, causes a decrease in V2 plate 
current, a decrease in the drop across R^, and an increase in plate 
voltage across V2. 



The increase in plate voltage eb2 is, in turn, applied across the R,C, 
coupling network and is of such polarity as to make the grid of V, 
swing more positive. This further increases the plate current of V, 
and amplifies the action outlined above. Operation continues as 
described until V2 is cut off and the plate current of V, is at its 
maximum value. 

Thus, the slight initial unbalance starts a cumulative feedback action 
that cuts off one tube and causes maximum plate current in the other. 
The action described is extremely fast owing to the regenerative 
feedback between the tubes. 

With V2 cut off and V, conducting, a switching action begins. The 
coupling capacitor C2 must now discharge, since the plate-to-cathode 
voltage of V,, which is applied to R2 and C2) has been abruptly reduced. 
The capacitor discharge path is through R2, and the grid voltage of 
V2 rises toward 0. When the grid voltage, which is moving in a posi¬ 
tive direction, reaches cutoff, V2 starts to conduct. The increase in 
plate current of V2 causes a corresponding decrease in its plate-to-
cathode voltage. The cumulative action from this point on is exactly 
the same as described for the preceding half-cycle. In a very short 
time, V, is cut off and V2 is conducting maximum plate current. The 
plate-to-cathode voltage of V, rises to the value of supply voltage Ebb, 
and C2 charges through the low-resistance cathode-to-grid path of V2. 
A complete cycle has now occurred. 

The output voltage, which can be taken from either plate, is a series 
of rectangular pulses. 

WHAT HAVE YOU LEARNED? 

1. A multivibrator is simply <□) _ stages of ßC-coupled ampli¬ 
fication with the (b) - of each stage capacitively coupled 
to the (c) - of the other. Multivibrator action starts 
because of the slight <d>- that always exists between 
two tubes or transistors. Because of the <e) _ feedback, 
the stages are alternately driven (f> _ and (g>_ , pro¬ 
ducing a (h) - wave at the output. 

ANSWERS 

1. (a) Two; (b) output; (c) input; (d) unbalance 
(e) regenerative; (f) on; (g) off; (h) square 
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40 MICROWAVE OSCILLATORS 
TUBE LIMITATIONS AT UHF ... At frequencies below approxi¬ 
mately 100 me the electron transit time in a tube, that is, the time 
taken by electrons to travel from the cathode to plate, is small com¬ 
pared with the period of one cycle and, at any given instant, the 
number of electrons leaving the cathode is substantially the same as 
the number of electrons arriving at the plate. Therefore, the current 
(electron flow) approaching the grid is substantially equal to the 
current moving away from the grid. Since these currents are in oppo¬ 
site directions relative to the grid, the voltages they induce in the 
grid are equal and opposite and cancel each other. 

As the operating frequency is raised above 100 me, however, the 
transit time becomes increasingly important because of the shortening 
of the period of each cycle relative to the transit time. At frequencies 
above about 200 me the transit time becomes an appreciable part of 
one period, and the currents approaching and leaving the grid are 
unequal. Thus, the voltages induced in the grid are unequal and do 
not cancel each other. This causes grid current which has the same 
effect as though a resistance were connected across the input, the 
value of this resistance decreasing as the frequency increases. In turn, 
this causes the input voltage to be seriously damped and, at ultra-
high frequencies, effectively shorted out. Thus, tubes are unsuited for 
use as oscillators at these frequencies and special oscillators, called 
the klystron and magnetron, must be used. 

THE KLYSTRON ... Before describing the klystron, let us examine 
some new concepts relating to its operation. Figure 26 shows a circuit 
drawn along conventional lines that illustrates how a stream of elec¬ 
trons may be velocity-modulated, that is, how the input signal can be 
used to change the speed of electrons in a constant current so that 
they are grouped into bunches. 

The heater, cathode, and accelerating grid in Fig. 26 constitute an 
electron gun. Electrons emitted by the cathode are attracted to the 
accelerating grid as a result of the high, battery-applied, positive poten¬ 
tial. Most of these electrons pass through the accelerating grid wires, 
which are wound in the form of an open mesh. This stream of elec¬ 
trons, moving with uniform velocity, then comes under the influence 
of the buncher grids. These grids are connected to the opposite ends 
of an oscillatory circuit consisting of L, and C, in parallel. 
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42 cross section of 
closed doughnut 

shaped loop 

Fig. 27 Cross section of a cavity resonator. 

approach catcher grid C when it is negative, they are slowed down 
and energy is absorbed from them. At this instant catcher grid D is 
positive. Half a cycle later, when the electrons approach grid D, the 
polarity of the grid has reversed so that energy is again absorbed. 

If electrons approach the catcher grids when they are positive, the 
electrons are speeded up and energy is imparted (given) to them. 
However, the drift space is such that when grids C and D are nega¬ 
tive, the approaching electrons are bunched and a great deal of power 
is absorbed by the catcher circuit. Very little power is given out to 
the bunched electrons during the other half-cycle. The electrons leave 
the catcher with a lower average velocity and are returned to the 
battery circuit by the collector plate. 

RESONANT CAVITIES... The conventional oscillatory circuit con¬ 
sisting of a coil and capacitor assumes a somewhat different appear-

collector cap B + 

output 

catcher 

tuning plugs 

buncher 

first resonator 

cathode 

cathode lead grid lead 

heater leads 
bakelite base 

collector 
plate 

tuning 
plunger 

glass 
envelope 

glass 
envelope 

output 
~ line 
drift 
space coaxial 

feedback line 
glass 
envelope 

grid 

collector 
electrode 

second resonator 

focusing^ 
shield 

accelerating 
grid 

feedback 
line 

(a) Mechanical construction and diagram (b) Operating elements 

Fig. 28 A two-cavity klystron. 
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anee at the very high frequencies generated by klystrons. At these 
frequencies, the resonant circuit takes the form of a cavity resonator. 
This doughnut-shaped hollow-metal chamber, shown in Fig. 27, is 
electrically a very high Q oscillatory circuit whose resonant frequency 
is determined by its diameter. 

TYPICAL KLYSTRON ... A sketch and a diagram of a typical 
klystron are shown in Fig. 28(a) and (b). As shown in (b), a uniform 
stream of electrons is produced by the heater, cathode, accelerating 
grid, and focusing shield. These electrons are directed through the 
buncher grids, where they are velocity-modulated to the frequency 
of the oscillations in this resonant cavity. In the drift space the elec¬ 
trons form into groups just before entering the catcher. The electron 
groups remain bunched at the oscillator frequency in the second 
resonant cavity. A part of the energy of the second cavity is fed back 
through the coaxial cable to the buncher cavity to maintain oscilla¬ 
tions in it. Output power is carried from the catcher by a coaxial cable 
connected to a single-turn inductor inside the resonant cavity. The 
strong magnetic field in the cavity induces a current in the loop at 
the frequency of the waveforms generated. 

The single-cavity klystron oscillator, called a reflex klystron and 
shown in Fig. 29, is considerably easier to adjust than the two-cavity 
klystron. The electron gun and first cavity resonator are identical in 
construction and operation to the two-cavity klystron. In place of the 
second cavity and resonator, however, the reflex klystron contains a 
reflector electrode which is operated at a high negative potential. It 
therefore repels the velocity-modulated stream of electrons in the 

Fig. 29 Circuit diagram of a reflex klystron. 



44 space between the cavity and the reflector. The bunched electrons 
are turned back to the cavity in the proper phase to give energy to 
the resonator. The spent electrons are then removed from the circuit 
by the cavity itself or by the accelerating grid. 

As in the two-cavity klystron, the frequency of operation is adjusted 
by means of the plungers in the cavity circuit which change the 
physical dimensions of the cavity. The potential on the reflector 
electrode serves as a secondary control of the frequency because it 
alters the transit time and hence the phase of the feedback energy. 
It is adjusted to provide maximum r-f power from the output loop. 

The r-f output power of the reflex klystron is very small, usually of the 
order of a few milliwatts. The klystron is commonly used as the local 
oscillator in radar receivers. 

WHAT HAVE YOU LEARNED? 

1. Electron transit time is the time taken by an electron in traveling 
from (o)_to (b)_ At frequencies below about 
100 me, transit time is not important, since the currents approaching 
and leaving the grid are (c)-and (d)-and 
induce voltages in the grid that (e)_each other. Above 
about 200 me, however, this is no longer true. Then the voltages 
induced in the grid are (o-and produce <g)-
current. This acts the same as a (h>-in the input cir¬ 
cuit and may short out the input signal. 

2. In the klystron, electron transit time is used to advantage and the 
electron stream is (a) _ modulated. During one half¬ 
cycle the resonator(s) absorb(s) a great deal of (b) - from 
the electrons and during the other half-cycle give up but («> -
power. Energy, returned either from a second (d) - or 
by the action of a (e) _ , is of the correct phase to main¬ 
tain (f) - -

3. In servicing a radar receiver, you find the reflector supply voltage 
for a reflex klystron is abnormally low. What effect would this have 
on the klystron output?-
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1. (a) Cathode; (b) plate; (c) equal; (d) opposite; (e) cancel 
(f) unequal; (g) grid; (h) resistance 

2. (a) Velocity; (b) power; (c) little; (d) resonator 
(e) reflector; (f) oscillation 

3. The output frequency will be changed if the voltage is still high enough to 
permit limited action by the reflector, but there will be no output if the voltage 
is too low to repel electrons back to the cavity resonator. 

THE MAGNETRON ... A magnetron is a special form of two-ele-
ment tube containing the cathode that emits electrons and the plate 
that collects them. A high d-c voltage applied between these two 
electrodes sets up an electric field which tends to make the electrons 
move radially from the cathode to the anode. Besides this electric 
field, a strong magnetic field is set up within the tube by a heavy 
permanent magnet mounted externally. The magnetic lines of force 
pass between the pole faces, shown in Fig. 30, and cause the electrons 
to try to travel in circles around the cathode. Thus the electrons 
follow a curved path in moving from cathode to plate. 

The curvature of the electron path depends on the relative strength 
of the electric and magnetic fields. Figure 31 shows three possible 
electron paths obtained by keeping the supply voltage constant and 
increasing the magnetic field strength. In Fig. 31(a) the magnetic 
deflection is small and the electron path is almost a straight line. In 

path of electron leaving cathode 

Fig. 30 Magnetron. 
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(a) (b) (c) 

Fig. 31 Electron path with increasing magnetic field. 

Fig. 31(b) a greater value of magnetic field strength causes the elec¬ 
tron to spiral through 180° on its flight from cathode to plate. It is 
then on the point of missing the plate completely and being turned 
back to the cathode. If the magnetic field strength is increased slightly 
past this point, the flow of current from cathode to plate ceases 
abruptly, since the electrons are all returned to the cathode. This is 
illustrated in Fig. 31(c), and is the normal operation adjustment for a 
magnetron. 

The condition indicated by the curve in Fig. 31(c) is determined by 
measuring the d-c current through the magnetron as the magnetic 
field strength is adjusted. The anode (plate) current cuts off abruptly 
when the critical field strength is reached. Under these conditions the 
magnetron is capable of producing oscillations of ultrahigh frequencies 
in an external circuit. 

The different elements of a practical magnetron oscillator are shown 
in Fig. 32 with the permanent magnet omitted so that the construc¬ 
tion can be better seen. The anode has a series of cavities (holes) with 
slots connecting them wi'h the space between cathode and anode. 
The cavities act as resonant circuits at microwave frequencies, serv¬ 
ing the same purpose as the familiar L-C tank circuits at lower fre¬ 
quencies. The electrons circling around the cathode couple energy 
into the cavities as they pass the slots. This energy causes the cavi¬ 
ties to oscillate. The frequency is determined by the size of the cavi¬ 
ties; the larger the cavities, the lower the frequency. The output loop 
shown is used for taking power from the magnetron. 

While the average power developed by a magnetron is quite small, 
the magnetron can develop very large peak power during bursts of 
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Fig. 32 Magnetron construction. 

very short duration, and this makes it extremely useful for such appli¬ 
cations as pulsed radar. 

Since the anode block is exposed, it is operated at d-c ground poten¬ 
tial to prevent severe shock to anyone who may come in contact with 
it. A high negative voltage is then applied to the cathode during the 
brief periods during which the magnetron is pulsed. 

WHAT HAVE YOU LEARNED? 

1. The magnetron is a (o> - -element tube. W hen a high (b) 
_ voltage is applied between the two electrodes, it sets up 
an (c) _ field that makes the electrons move (d) -
from cathode to anode. An external magnet also establishes a strong 
(e)__ field within the tube. Thus, the electrons follow a 
(i) _ path from cathode to anode. 

2. When the critical magnetic field strength is reached, the magne¬ 
tron plate current (a) _ abruptly, and the magnetron is then 
capable of producing sustained oscillations in an (b) - cir¬ 
cuit. 

ANSWERS 

1. (a) Two; (b) d-c; (c) electric; (d) radially; (e) magnetic; (f) curved 
2. (a) Stops; (b) external 



48 LESSON 2407-3 

OSCILLATORS 

EXAMINATION 

Circle the number of the correct answer fo. each question that follows. When you are finished, 

transfer the answers to the answer sheet by putting X’s in the proper squares. When the graded 

answer sheet is returned to you, correct in this book any questions you may have missed. By doing 

so, you will have a record of the correct answers to all questions for review purposes. 

1. A dynatron oscillator 
(1) Has the plate operating at a higher potential than the screen 

and exhibits good frequency stability. 
(2) Utilizes the negative resistance characteristics of a tetrode 

and exhibits good frequency stability. 
(3) Has the load electron coupled to the oscillatory circuit to 

provide isolation. 
(4) Provides feedback through the interelectrode capacitance of 

the tube. 

2. The differences between the Colpitts and Hartley oscillators are 
(1) The Hartley uses a split capacitor arrangement to provide 

feedback, whereas the Colpitts uses a tapped coil for this pur¬ 
pose. 

(2) The Hartley uses the voltage developed across a portion of 
the oscillator coil for feedback, whereas the Colpitts depends 
on the negative resistance characteristic of the tube. 

(3) The Colpitts uses a split capacitor arrangement to provide 
feedback, whereas the Hartley uses a tapped coil for this pur¬ 
pose. 

(4) The Hartley circuit is always shunt fed, whereas the Colpitts 
may be either series or shunt fed. 

3. Feedback in a TPTG oscillator is obtained 
(1) By inductive coupling between the input and output circuits. 
(2) By capacitive coupling between the input and output circuits. 
(3) Through the interelectrode capacitance of the tube. 
(4) As a result of the negative resistance characteristic of the tube. 

4. A separate source of plate power is desirable for the crystal oscil¬ 
lator stage in a radio transmitter 
(1) To improve frequency stability. 
(2) To prevent overheating of the crystal. 



(3) To provide load isolation between oscillator plate tank circuit 
and crystal. 

(4) To prevent the tendency to form a square-wave output. 

5. If a high degree of coupling exists between the plate and grid cir¬ 
cuits of a crystal-controlled oscillator (that is, if the crystal cur¬ 
rent is high), 
(1) The effective Q of the crystal is improved. 
(2) The damping effect at ultrahigh frequencies is minimized. 
(3) Frequency stability is improved. 
(4) The crystal may crack. 

6. Good cleaning agents for crystals are 
(1) Kerosene and varsol. 
(2) Carbon tetrachloride and soap and water. 
(3) Alcohol and gasoline. 
(4) Carbon tetrachloride and kerosene. 

7. The approximate range of temperature coefficients to be encount¬ 
ered with X-cut quartz crystals is 
(1) +10 to +25 cps per me per °C. 
(2) —10 to —25 cps per me per °C. 
(3) —5 to —10 cps per me per °C. 
(4) +5 to +20 cps per me per °C. 
(5) 50 to 100 cps per me per °C. 

8. The expression “low temperature coefficient” as applied to quartz 
crystals when used in oscillators means 
(1) The actual operating frequency will be higher than the nor¬ 

mal crystal frequency when temperature increases. 
(2) The actual operating frequency will be lower than the normal 

crystal frequency when temperature increases. 
(3) The actual operating frequency will differ very little from the 

normal crystal frequency under conditions of changing tem¬ 
perature. 

(4) The crystal can operate satisfactorily only under low-tempera¬ 
ture conditions. 

9. The term “negative temperature coefficient” as applied to quartz 
crystals used in oscillators means 
(1) Frequency decreases with an increase in temperature. 
(2) Frequency increases with an increase in temperature. 
(3) Frequency is not affected by changes in temperature. 
(4) The crystal acts as a negative resistance under certain tem¬ 

perature conditions. 
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50 10. The term “positive temperature coefficient” as applied to quartz 
crystals used in oscillators means 
(1) Frequency decreases with an increase in temperature. 
(2) Frequency increases with an increase in temperature. 
(3) Frequency is not affected by changes in temperature. 
(4) The crystal operates satisfactorily only with an increase in 

temperature. 

11. The crystal in broadcast transmitters is operated at constant 
temperature 
(1) To permit use of an AT-type crystal. 
(2) To improve the crystal Q. 
(3) To improve frequency stability. 
(4) To take advantage of a low temperature coefficient. 

12. Compared to tuned circuit oscillators, crystal oscillators 
(1) Offer no particular advantage. 
(2) Permit operation at much higher frequencies. 
(3) Produce a greater power output. 
(4) Exhibit improved frequency stability. 

13. If a d-c potential is applied between the two parallel surfaces of a 
quartz crystal, 
(1) The crystal will always expand. 
(2) The crystal will always contract. 
(3) The crystal may expand or contract and may fracture if the 

d-c potential is high enough. 
(4) The crystal will vibrate if the applied voltage is sufficiently 

high. 

14. The crystalline substance most widely used in crystal-controlled 
oscillators is 
(1) Tourmaline. (3) Quartz. 
(2) Rochelle salt. (4) Germanium. 

15. When a swinging antenna is connected directly to the output of a 
simple oscillator, 
(1) It has no effect other than to apply a normal load. 
(2) It improves the stability of the output signal. 
(3) It causes frequency instability because the swinging contin¬ 

ually changes the loading on the oscillator. 
(4) It produces a more pure sine wave. 



16. A high ratio of capacitance to inductance is employed in the grid 
tank circuit of some oscillators to 
(1) Increase feedback. 
(2) Improve frequency stability by minimizing changes in the 

total effective inductance. 
(3) Improve frequency stability by minimizing changes in the 

total effective capacitance. 
(4) Permit higher output to be taken by the external load. 

17. Coupled oscillators operating on adjacent frequencies 
(1) Have a tendency to drift apart in frequency. 
(2) Have a tendency to synchronize in frequency. 
(3) Have a tendency to continue to operate at their own frequency. 
(4) Have a tendency to oscillate at varying frequencies. 

18. The electron-coupled oscillator 
(1) Uses either a triode or pentode tube. 
(2) Is unaffected by changes in the external load. 
(3) Has inherent poor frequency stability. 
(4) Is a special form of crystal oscillator. 

19. The multivibrator is 
(1) A two-stage /?C-coupled amplifier with the output of each 

stage applied to the input of the other. 
(2) An LC oscillator that produces a square-wave output. 
(3) A crystal oscillator that produces an output containing many 

harmonics. 
(4) A form of oscillator used at microwave frequencies. 

20. The output of a multivibrator is 
(1) A sine wave. 
(2) A sawtooth waveshape. 
(3) A square wave. 
(4) Either a sine wave or a square wave depending on the values 

of the ÄC-coupling networks and the operating voltages. 

21. A cavity resonator is associated with 
(1) Low frequencies. 
(2) Audio frequencies. 
(3) Intermediate radio frequencies. 
(4) Microwave frequencies. 
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22. A crystal controlled oscillator has a frequency of 1500 kc when 
the crystal is at a temperature of 50° C. The frequency changes 
to 1500.3 kc when the crystal temperature is 45° C. 
(1) The temperature coefficient of the crystal is positive. 
(2) The temperature coefficient is negative. 
(3) The temperature coefficient is erratic. 

23. A crystal with a positive temperature coefficient of 11 cycles per 
megacycle per degree Centigrade oscillates at a frequency of 2450 
kc when the temperature is 70° F. What will be the frequency of 
the crystal if the temperature raises to 100° F? 
(1) 2449.192 kc (4) 2450.808 kc 
(2) 2449.551 kc (5) 2494.917 kc 
(3) 2450.449 kc (6) 2899.176 kc 

(7) None of the above. 

24. Which circuit of Fig. 33 (if any) shows a Hartley shunt-fed oscil¬ 
lator properly connected? 
(1) (a) (2) (b) (3) (c) 
(4) (d) (5) None are correct. 
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Fig. 35 



(2) It will decrease. 
(3) The frequency will increase when oscillator output is light, 

but decrease with a heavy output load. 
(4) Oscillator frequency will not change. 

29. Which circuit of Fig. 35 (if any) shows a pentode tube with shunt-
fed plate circuit properly connected to form a crystal controlled 
oscillator. 
(1) (a) (2) (b) (3) (c) (4) (d) 
(5) None are correct. 

30. An oscillator in which the load is isolated from the oscillatory cir¬ 
cuit could be 
(1) a shunt fed Colpitts oscillator. 
(2) a series fed Colpitts oscillator. 
(3) an electron coupled oscillator. 
(4) an Armstrong oscillator. 
(5) a multivibrator. 

31. If you build up the circuit of Fig. 7(a) and find that it does not oscil¬ 
late, you should try 
(1) connecting R, in parallel with C2, as in Fig. 7(b). 
(2) reversing the leads to L}. 
(3) a smaller value capacitor for C2. 
(4) moving further from L,. 

32. What size should capacitor Cs be in Fig. 13? 
(1) Large enough that its reactance at the oscillator frequency 

is small. 
(2) Of such size that its reactance is approximately equal to the 

resistance of Rs. 
(3) It should be approximately the same size as C,. 
(4) Various values should be tried to find the one that produces 

the best frequency stability as the output load is varied. 

33. Which of the following is equivalent to a resonant circuit of very 
high Q? 
(1) A dynatron oscillator 
(2) A quartz crystal 
(3) A VR tube, when used for voltage regulation 
(4) A negative feedback amplifier. 
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56 34. To substantially increase the frequency of the oscillator shown in 
Fig. 8(c) you would 
(1) increase the value of C2. 
(2) decrease the value of C2. 
(3) vary the tap position on 
(4) vary the value of Ebb. 

End of Exam 



Notes 

"When plans are laid in advance, 
it is surprising how often 

circumstances fit in with them." 





LETTER SYMBOLS USED IN ELECTRONICS 

a attenuation constant; 
temperature coefficient 

B, b susceptance 
ß wavelength or phase constant 
c velocity of light 
S damping constant 
A increment 
e base of natural logarithms 

(e = 2.718 ... ) 
E, e, V, V voltage 
e dielectric constant 

efficiency 
f frequency 
f» critical or cutoff frequency 
fr resonant frequency 
Fp power factor 
g™ grid-plate transconductance 

(mutual conductance) 
G, g conductance 
Y propagation constant 

j / —1 (same as i in algebra) 

k coefficient of coupling 
In logarithm to the base e 
log logarithm to the base 10 
L inductance; self-inductance 
M, L,¡, etc. mutual inductance 

X wavelength in free space 
p amplification factor of electron tube; 

magnetic permeability 
N number of turns 
u angular velocity (w = 2irf) 
P, p power 
P> input power 
P» output power 
<>, 0 phase displacement, phase angle 
<t> magnetic flux 
Q, q quantity of electricity or charge 
R, r resistance 
(R reluctance 
p resistivity or specific resistance 

S elastance (S = ) 

t time 
T period; temperature 
t time constant 
W work; energy 
X reactance; self-reactance 
X» capacitive reactance 
Xl inductive reactance 
Y admittance 
Z impedance; self-impedance 
Z. characteristic impedance, 

surge impedance 
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A chat with your instructor 

An understanding of voltage, resistance, and current is required to 
work with d-c circuits, but more things must be understood to work 
with a-c circuits. 

The vast majority of circuits encountered in electronics are a-c cir¬ 
cuits. A radio or television set receives an a-c signal from the antenna, 
amplifies it, and changes it sufficiently to create sound or a picture. 
Pulse equipment can be considered to be a-c equipment. And virtually 
all operations in a digital or analog computer involve a-c in one way 
or another. 

In a d-c circuit, the opposition that a component offers to the flow of 
current—the resistance—remains the same at all times. This is not 
true in a-c circuits. The opposition offered by an inductor or capacitor, 
called reactance, varies when frequency varies. And the opposition 
offered by a circuit containing resistance and reactance, called imped¬ 
ance, also varies with frequency. 

In a d-c circuit the current in one parallel branch is always less than 
the current taken from the battery or other voltage source and the 
voltage across a series component is always less than the battery volt¬ 
age. In an a-c circuit the current in one branch is often many times 
greater than the voltage source current, and the voltage across a series 
component is often many times greater than the supply voltage, u 
in spite of these differences, Ohm’s law and Kirchhoff s voltage and 
current laws describe the voltage and current distribution in a-c cir¬ 
cuits as well as they do in d-c circuits. This lesson is devoted primarily 
to how to apply these fundamental laws of electricity to the under¬ 
standing of a-c circuits. 



2 Currents and Voltages 
in A-C Circuits 

PARALLEL A-C CIRCUITS 
The supply voltage is the only voltage value in a parallel circuit, 
whether a-c or d-c. This voltage is applied directly to all the parallel 
components. There are several currents in a d-c or a-c circuit, one for 
each component and, in addition, the total current furnished by the 
voltage source. We can use Ohm’s law, first to be discussed, in finding 
the branch currents, and then use Kirchhoff’s current law to find the 
total circuit current. 

OHM’S LAW FOR A-C CIRCUITS ... In an a-c circuit, resistance 
is not the only factor that restricts the flow of current. Inductive 
reactance XL and capacitive reactance Xc also oppose current flow. 
The total opposition to current flow (that is, the combined effects of 
resistance, inductive reactance, and capacitive reactance) is called im¬ 
pedance. In a d-c circuit the impedance is the same as the resistance, 
since nothing else in a d-c circuit opposes current flow. The symbol 
for impedance is Z. 

To adapt Ohm’s law so that it will work for a-c circuits as well as d-c 
circuits, we replace the symbol R in the formula with the symbol Z. 
The three forms of Ohm’s law then read 

E = IZ Z = J Z = j 

Example ... In Fig. 1 find (a) the current in part (a) of the figure, (b) the 
voltage in part (b), and (c) the value of Xc in part (c). 

Solution . . . Since each of the circuits has only reactance (no resistance), the 
impedance Z in each circuit is the same as the reactance. 

, , , E 80 V . . 
(a) 1 = Z = 2ÕÕ “ 4Á’ans-

(b) E = IZ - 1.5 A X 400 0 = 600 V, ans. 

(c) Xc = Z = y = n̂ y = 24 fl, ans. 
/ 0.25 A 
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Fig. 1 Unknown values can be found by Ohm's law. 

WHAT HAVE YOU LEARNED? 

1. In Fig. 1(a) the circuit current (leads by 90°) (lags by 90°) (is in 
phase with) the applied voltage. 

2. In Fig. 1(c) the circuit current (leads by 90°) (lags by 90°) (is in 
phase with) the applied voltage. 

3. In Fig. 2 the current In through resistor R is (o> _ amperes. 
The current II through L is (b)_ amperes. The current Ic through 
capacitor C is (c)_ amperes. 

C^X 

Q-C r-
generotor I 

200 v(n¿ 50 

Fig. 2 

4. In Fig. 3(a) the impedance Z is (o>_ ohms. In Fig. 3(b) the 
generator voltage is (b)_ volts. 

20 mA 

Z is the combined 
I opposition to 

If current flow of 
R, L, and C. 

300 mA 

Z ■ 400 -o. 

(a) (b) 

Fig. 3 

5. The formula for finding the reactance of an inductor is (a) 
_ . The reactance of L in Fig. 4 is <b)_ ohms. The 
current I in Fig. 4 is w_ milliamperes. 
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Fig. 4 Fig. 5 

6. What is the voltage of the a-c generator in Fig. 5? 

7. If the frequency in Fig. 4 were to double to 6 kHz (the voltage not 
changing), the current would then be <a>_ milliamperes. If the 
generator voltage in Fig. 5 remained at 239 mV but the frequency 
were doubled, then the current would change from 30 mA to <b>_ 
milliamperes. 

ANSWERS 

1. Lags by 90° . . . The current through an inductor lags the voltage across 
the inductor by 90°. 
2. Leads by 90° . . . The current through a capacitor leads the voltage across 
the capacitor by 90°. 
3. (a) 8 (b) 5 (c) 4 . . . The 200-V output from the a-c generator 
is across each one of the three parallel branches. Hence, just apply Ohm’s law 
to each branch to find the current through that branch. 
4. (a) 80; (b) 120 5. (a) XL = 2rfL (b) 754 ... XL = 2^L: 

XL - 6.28 X 3 X 103 X 40 X 10"’ - 6.28 x 120 - 754 Q 

(c) 26.5 . . . 7 = S - 0.0265 A 

6. 239 mV . . . First the reactance of C must be found: 
Y 1 1 1000 _ y 

^¡C 6.28 x 4 x 103 x 5 x 10 125.6 
E = I x Z - 30 x 10" 3 x 7.96 = 239 x 10" 3V = 239 mV 

7. (a) 13.2 . . . When the frequency is doubled, the reactance of L will 
double. With twice the impedance in the circuit, the current will be cut down 
to half its original value. Remember that inductive reactance is proportional 
to frequency. 
(b) 60 . . . The reactance of a capacitor is inversely proportional to frequency. 
When the frequency is doubled, the capacitive reactance is only half what it 
originally was. Since the impedance is cut in half, the current will double. 

g MEANING OF CURRENT DIRECTION IN A-C CIRCUITS . . . 
What does ammeter A3 in Fig. 6 read? Applying Kirchhoff’s current 
law as we used it in d-c circuits, we could say that A 3 will read 
14.1 + 21.2 = 35.3 mA if currents It and I2 are flowing in the same 
direction and that A3 will read 21.2 - 14.1 = 7.1 mA if h and I2 are 
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Fig. 6 Kirchhoff's current law applies here, but vectorial addition must be used. 

flowing in opposite directions. But what do we mean by the two 
currents flowing in the same direction or in opposite directions? Aren’t 
both currents continually changing direction, and so flow in both 
directions? We mean that at every moment of each cycle current A is 
flowing in the same direction as current h or that at every moment 
Zi is flowing in the opposite direction to current I2. The two currents 
must always reverse direction of flow at the same time in each cycle 
to keep the same relative direction with respect to each other. 

It is also possible in Fig. 6 for It and I2 to flow in the same direction 
for part of a cycle and in opposite directions for the rest of the cycle. 
In that case, we can’t describe the two currents as either flowing in the 
same or as flowing in opposite directions, except for specified parts of 
a cycle. Ammeter A3 then reads somewhere between its maximum 
possible reading of 35.3 mA when the two currents flow in the same 
direction and the minimum possible reading of 7.1 mA when the two 
currents flow in opposite directions. From the limited information in 
Fig. 6 all we can tell about what A 3 will read is that it will be some¬ 
where between 7.1 mA and 35.3 mA. 

Figure 7(a) shows the sine waves for h and I2 when the two currents 
are always flowing in the same direction, and Fig. 7(b) when they are 
always flowing in opposite directions. A positive value for the current 
indicates one direction, and a negative value the opposite direction. 
During the time between 0 and 2 Msec (microseconds), both currents 
in (a) have a positive value, which means they are both flowing in the 
same direction. At 2 Msec the current reverses. Between 2 and 4 gsec 
the currents in both branches are negative, which means that /1 is 
still flowing in the same direction as 12 but both It and 12 are flowing 
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Fig. 7 The currents in (a) flow in the same direction, and in (b) in opposite 
directions. 

in the direction opposite that in which they were flowing at the time 
between 0 and 2 /zsec. 

In Fig. 7(a) the two currents are exactly in phase (phase angle 0°), 
and this is a requirement if the two currents are at every moment to 
be flowing in the same direction with respect to each other. In Fig. 
7(b) the two currents are completely out of phase (180° out of phase), 
and this is a requirement if the two currents are at every moment to 
be flowing in opposite directions. 

We thus see that two a-c currents in phase correspond to two d-c 
currents flowing in the same direction and that two a-c currents 180° 
out of phase correspond to two d-c currents flowing in opposite direc¬ 
tions. Thus when currents are exactly in phase or completely out of 
phase, we can use arrows as in d-c circuits to show the relative current 
direction, as in Fig. 8. One or both of the circuits shown in Fig. 8 could 
equally well be drawn with all arrows reversed. 

The relative polarities of two or more a-c voltages that are either 
exactly in phase or completely out of phase can be indicated by plus 



Fig. 8 Relative a-c current directions and relative a-c voltage polarities can be 
shown as in a d-c circuit when currents and voltages are exactly in phase 
or exactly out of phase. 

and minus signs in the same manner as for a d-c circuit, and this has 
been done in Fig. 8 for Et and E¿. Note that if we were to reverse all 
the current arrows in one of the diagrams, the voltage polarities shown 
would also have to be reversed so that the current would flow in the 
correct direction with respect to the voltage polarity. 

During the one half of each cycle when the current direction is the 
same as the directions in which the arrows point in Fig. 8, we say that 
the current is positive. During the other half of each cycle, the current 
direction is opposite the arrows, and we say that the current is nega¬ 
tive. Thus in Fig. 7, where the current is shown as having both positive 
and negative values, positive simply means that the current direction 
is the same as the arrows on the diagram and negative means that the 
direction is opposite the arrows. “Positive” and “negative,” as the 
terms apply to current direction, are nothing more than two words for 
distinguishing one current direction from another. Since over the time 
of several cycles an a-c current flows in one direction as much as in 
the other, the terms “positive current direction” and “negative cur¬ 
rent direction” have no meaning except when referring to the current 
direction during a specific part of a cycle. 

WHAT HAVE YOU LEARNED? 

1. Unless we are referring to some specific part of a cycle, the state-
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Fig. 9 

ment that two a-c currents are flowing in the same direction, or that 
they are flowing in oppositie directions, has meaning only if the two 
currents are (exactly in phase) (180° out of phase) (either exactly in 
phase or exactly out of phase). 

2. In Fig. 8(a) ammeter A3 reads (a)_ milliamperes and ammeter 
A3 in Fig. 8(b) reads (b)_ milliamperes. 

3. How do we know that the current direction through A3 in Fig. 8(b) 
is as indicated by the current arrow? 

4. In Fig. 8(b) ammeter A3 will read 35.3 mA if we (reverse the leads 
to A3) (reverse the leads to EJ (reverse the leads to both Ei and E2>). 

5. If in Fig. 8(b) both ammeters A, and A2 read 10 mA, then ammeter 
A 3 will read _ milliamperes. 

6. Figure 9(a) shows two a-c voltages connected in series. Part (b) of 
the figure shows the waveform of Ei. Draw in part (c) the waveform 
for E2 to show the correct phase relationship between the two waves. 

7. If in Fig. 9(a) Ei is 26 V and E2 is 17 V, the a-c voltmeter will read 
_ volts. 

8. Draw an equivalent a-c generator to replace Ei and E2 in Fig. 9, 
showing one terminal grounded and also showing terminal polarity. 
Draw a current arrow showing the direction of current from the equiv¬ 
alent generator if a load were connected. 

9. Redraw the original and equivalent circuits in Fig. 10 to show 



:ig. 10 

equivalent circuit 

jolarities and current direction one half cycle later. 

10. Why do the waves of Fig. 7 show peak values of 20 and 30 mA, 
•espectively, for h and Z2, while ammeters Ai and A2 in Fig. 6 read 
mly 14.1 and 21.2 mA? 

ANSWERS 

1. Either exactly in phase or exactly out of phase . . . The next topic will take 
up other phase relationships. 
2. (a) 35.3; (b) 7.1 3. Since current /2 is greater than A, the direc¬ 
tion of current through As at any moment will be the direction of Z». 
4. Reverse the leads to Ei. . . That will reverse the phase (shift the phase 
180°) so that 11 and I2 will now be in phase. The leads to E2 could be reversed 
equally well, but not the leads to both Et and E2. 
5. Zero . . . Since Zi and I2 are out of phase, As reads the difference between 
the two: 10 A - 10 A = 0 A. Figure 11 shows that you then have a simple series 
circuit with Ei and E2 in series forcing 10 mA around the circuit. 

Fig. 11 

6. See Fig. 12 . . . The polarities show that the two voltages are 180° out of 
phase 
7. 9 8. See Fig. 10. 9. See Fig. 13. 
10. A-c ammeters read effective current values. These values must be mul¬ 
tiplied by 1.414 to get peak values. 1.414 x 14.1 = 20 mA. 1.414 x 21.2 
= 20 m A 
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Fig. 13 

g THE SUM OF TWO CURRENTS NOT IN PHASE . . . When 
the phase angle between two current waves is neither 0° nor 180°, the 
two currents will no longer either flow in the same direction at every 
moment or in opposite directions at every moment. Instead, the two 
currents will flow in the same direction part of each cycle and in 
opposite directions part of each cycle. That being the case, we can’t 
summarize and describe the two currents as flowing in the same direc¬ 
tion or as flowing in opposite directions. 

Waves A and I2 in Fig. 14 show I, and I2 of Fig. 6 when I2 is lagging 
Zi by 60°. Note in Fig. 14 that, between time 0° and time 60°, /i and 
I2 flow in opposite directions, as shown by the fact that h is positive 
and 12 is negative during that period. Between time 60° and time 180°, 
both Zi and I2 are positive, and therefore the two currents flow in the 
same direction during this part of the cycle. 

If I2 in Fig. 6 lags h by 60°, what will ammeter A3 read? We have seen 
that if the two currents flow in the same direction at every moment, 
then A2 will read 35.3 mA, and if the two currents are at every 
moment in opposite directions, A3 reads 7.1 mA. Since for a phase 



Fig. 14 h , and Is of Fig. 6 when li is lagging h by 60°. 

angle of 60° the two currents flow in the same direction part of the 
time and in opposite directions the rest of the time, A3 will evidently 
read some value between the two extremes of 7.1 and 35.3 mA. 

We can find what ammeter A3 will read at any phase angle by drawing 
the sine waves for L and L on the same graph accurately to scale and 
displaced from each other by the proper phase angle and then adding 
the two waves for each moment of time. A sine curve drawn from the 
sums obtained will indicate the reading of A3. 

In Fig. 14 sine wave 13 is the sum of h and 12 when the phase angle 
between the two is 60°. To see how h and I2 are added to get I3, 
we will find 13 at time 120°. The graph shows that Lis approximately 
18 mA and I2 is approximately 26 mA at time 120°. Hence, the value 
of h at 120° is 18 mA + 26 mA = 44 mA. As another example of how 
I3 is plotted, at time 20° L is +7 mA and I2 is -19 mA. Hence, I3 at 
this moment is -19 mA + 7 mA = — 12 mA. 

The sum curve I3 in Fig. 14 has a peak value of approximately 44 mA. 
However, since an ammeter reads effective values and not peak values, 
As in Fig. 14 will read 0.707 x 44 = 31 mA, approximately. The cur¬ 
rent h is not in phase with either h or I2. Noting in Fig. 14 that h 
crosses the horizontal time axis at 0° and that 13 crosses this axis at 
approximately 36°, we know that 13 lags h by about 36° and therefore 
leads 12 by approximately 60° - 36° = 24°. 
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/
Think of the phasors as 
revolving counterclockwise. 

Fig. 15 Finding the vectorial sum of two current sine waves. 

4 PHASORS: THE EASY WAY TO ADD CURRENTS . . . The 
method used in Fig. 14 to add two current sine waves shows you what 
is meant by the sum of two out-of-phase currents, but it is too labori¬ 
ous to be practical. The easy way is to use phasors. 

Figure 15 shows the use of phasors to find what ammeter A3 will read 
in Fig. 6 if 12 lags h by 60°. We draw the phasors carefully to scale 
and then measure the length of the resultant I3. Remember always 
to think of phasors as revolving counterclockwise, and therefore 12 lags 
/1 when drawn as in Fig. 15; that is, A is in the lead as the phasors spin 
around counterclockwise. Measuring the angle between h and I3 with 
a protractor, we find that I3 lags h by 36°. Also, I3 leads I2 by 24°. 

g TOTAL CURRENT IN PARALLEL CIRCUITS . . . Figure 16 is 
Fig. 2 redrawn, with the current values for IR, Ic, and IL (found in 
Problem 3 of the preceding topic) added. In order to use Kirchhoffs 
current law, the a-c generator is given polarity markings, and current 
direction arrows are shown. To draw the current direction arrows 
correctly, consider E as if it were a d-c voltage source with polarity 
as shown. Then mark arrows to show the direction in which d-c cur¬ 
rent would flow through these components. The purposes of the arrows 
are to provide a reference direction for tracing around the circuit, 
analyzing the circuit, and applying Kirchhoff’s current law. 

The reason dashed arrows are used in Fig. 16 is that these arrows do 
not indicate as much as the solid arrows of Fig. 8. The latter told us 
the true relative current direction. Dashed arrows pointing in the same 
direction in Fig. 16 do not mean that the currents associated with the 
arrows are actually flowing in the same direction. Since, for example, 
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Fig. 16 Components in parallel in an a-c circuit. 

the current through R and through L flow in the same direction part 
of each cycle and in opposite directions the rest of each cycle, the 
dashed arrows could not possibly indicate relative current direction. 

By Kirchhoff’s current law, the generator current I in Fig. 16 must 
equal the sum of the three branch currents. But since the branch 
currents are not in phase with each other, we must add vectorially to 
get their sum. The first step in finding the total current I is to draw 
a phasor diagram, which has been done in Fig. 17(a). Since a parallel 
circuit has but one voltage, we can use it as a reference vector for 
establishing the phase relationships of the various currents. The refer¬ 
ence vector, E in Fig. 17(a), usually is drawn horizontally, and it can 
be drawn to any length. 

Since the current through a resistance is in phase with the voltage 
across the resistance, I r must be in phase with E, and it is so drawn in 
Fig. 17(a). Also, it is drawn 8 units in length. Next Ie is drawn 4 units 
in length and leading the applied voltage E by 90° and is drawn 
5 units in length and lagging the applied voltage by 90°. 

To find the resultant sum I of the three phasors, we note first that 
Ic and h are 180° out of phase, so that the one subtracts from the 
other, giving a total inductive current Zxof5A-4A = lA.A new 
phasor diagram, showing lx and Ir, is now drawn as in Fig. 17(b). The 
resultant I can be found by measurement or by noting that I is the 
hypotenuse of a right triangle in which one leg is 8 A and the other 
leg is 1 A. Hence, 

I _ y/Px + rR = W + T = V 65 = 8.06 A 

Measuring the size of angle 6 (Greek theta) with a protractor, we find 
it to be 7.1°. This shows that the current I from the generator lags the 
generator voltage E by 7.1°. 

In using the formula I = x/zx + Ir , the value to use for lx is always 
the difference between Ic and II, subtracting the smaller value from 
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phasors rotate 
counterclockwise 

Fig. 17 Adding a-c currents in parallel circuits. 

the larger. If the circuit does not have both L and C, then Ix is equal 
to Ic or II, whichever is in the circuit. If the circuit has more than one 
L, C, or R, the currents through parallel components of the same type 
are added to get a single equivalent current value. 

Example . . . Find the total current I furnished by the generator in Fig. 18. 

Fig. 18 Multiple components in parallel in an a-c circuit. 

Solution . . . The total current will be the vectorial sum of the currents 
through Ci, Ri, Ci, L, and Ri. Ci and C2 can be combined into a single 
equivalent capacitor [C in the equivalent circuit of Fig. 19(a)] that draws 
75 mA, and similarly Ri and Rï can be combined into R in Fig. 19(a). The 
value of Ix is 75 mA - 60 mA = 15 mA. Hence, 

I = ^Ix + = x/152 + 252 = V850 = 29.2 mA, ans. 

The phasor diagram, Fig. 19(b), shows that the current I leads the applied 
voltage E by an angle 9, which, if measured by a protractor, turns out to 
be 31°. 
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4. Study Figs. 20 and 21 to determine how the phase angle between 
total current and voltage in a parallel circuit is affected by the relative 
value of current through the reactive and resistive legs of the circuit. 
When the currents through the reactance and the resistance are equal, 
the phase angle is (a)-degrees. When there is only reactance in 
the circuit (no resistance), the phase angle is (b)_degrees. If the 
current through the resistance is much greater than the current 
through the reactance, then the phase angle will be w (much greater 
than 45°) (much less than 45°). If the current through the resistance 
is much less than the current through the reactance, then the phase 
angle will be <d) (much greater than 45°) (much less than 45°). 

5. A capacitor C, an inductor L, and a resistor R are connected in 
parallel. If C draws 290 mA, L draws 300 mA, and R draws 10 mA, 
what is the total current taken from the power supply by the three 
parallel components? Draw a phasor diagram. 

6. With reference to Problem 5, if C is taken out of the circuit, leaving 
only L and R in parallel, the total current taken from the power supply 
is now (□>-milliamperes. The effect of removing C is to (b) (in¬ 
crease) (decrease) the current taken from the power supply. If you had 
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Fig. 22 

several resistors connected in parallel across a power supply, the effect 
of removing one of them would always be to w (increase) (decrease) 
the total current. 

7. For each circuit of Fig. 22 draw a phasor diagram and find the total 
current I. In both circuits the current I (a) (leads) (lags) the applied 
voltage by <b>-degrees. This is because (c) (IL is greater than Ic) 
(there is a lot of inductance in the circuit). 

8. If a circuit has inductance and capacitance but no resistance (as 
in Fig. 22), then the phase angle between the voltage and the current 
I is (a) (always 90°) (either 0° or 90°) (45° when XL and Xc are equal). 

9. If the value of XL were changed in Fig. 22 so that its reactance was 
greater than the reactance of Xc, then the current I would (lead) (lag) 
the applied voltage. 

10. In Fig. 22(b), Il is (o)-amperes, Ic is (b)_amperes, and 
the total current I is w - amperes. This shows that when an 
inductor and a capacitor are connected in parallel, the current through 
either branch may be many times greater than the total current from 
the voltage source. This is because the current through L is (d) _ 
degrees out of phase from the current through C, so that the total 
current is the difference between Ic and IL. During that part of the 
cycle when the current in Fig. 22(b) is flowing down through L, the 
current through C is flowing <e) (up) (down). 

11. Comparing Fig. 22(a) with (b), we note that when XL and Xc are 
close to the same value, as in (b), the total current I is much (greater) 
(less) than when Xl and Xc are widely separated in value as in (a). 

ANSWERS 

1. See Fig. 21. 2. Lags 3. (a) Current lags voltage by 90°; (b) 
current lags voltage by more than 45°; (c) current lags voltage by less 
than 45°; (d) current lags voltage by exactly 45°. 
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Fig. 23 

4. (a) 45° (b) 90° (c) Much less than 45° (d) Much greater 
than 45° . . . When an inductor (or a capacitor) is connected in parallel with 
a resistance, the total current is made up of two parts: the part through the 
resistance, which is in phase with the voltage, and the part through the 
reactance, which is 90° out of phase from the voltage. The part of the current 
through the resistance tends to pull the total current in phase with the voltage, 
and the part through the reactance tends to pull the total current 90° out of 
phase from the voltage. As a result, the total current will lag the voltage at 
some angle between 0° and 90°. If the resistance and reactance currents are 
equal, each will have equal influence over the total current, so that the phase 
angle will be halfway between 0° and 90°, which is 45°. If the current through 
the resistance is the larger of the two, the in-phase influence will be greater 
than the reactive influence, so that the phase angle will be less than 45°. If 
the current through the reactance is the larger, the 90° phase shift influence 
predominates, so that the phase angle will be more than 45°. 
5. 14.1mA. . . See Fig. 23 for phasor diagram. 
6. (a) 300.2 (b) Increase . . . Notice that removing the capacitor in¬ 
creased the generator current from 14.1 mA to 300.2 mA, an increase of over 
21 times! 
(c) Decrease. . . More components in parallel provide more paths for current 
flow and therefore increase the total current in any parallel circuit not con¬ 
taining both L and C. Because L and C currents are 180° out of phase from 
each other, and therefore partly cancel, the total current is often less than if 
L or C were removed. 
7. See Fig. 24 for phasor diagrams. Total current is 4 A in (a) and 1 A in (b). 
(a) Lags; (b) 90; (c) Il is greater than Ic. 
8. Always 90°. 9. Lead . . . More current would then flow through C 
than through L, so that Ic would predominate. 
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use of this fact. 

IMPEDANCE OF A PARALLEL mCU^To Hna .be 

bmed impedance of para Ohm’s law, Z - E/I If the 
first find the total current and then for g Cakulate 
voltace E is not known, assume any convenie 
IS assumed value of E, and then «nd Z. 

Example 1 - . . Find the impedance in the circuit of Fig. 16 

X». . .Figum-lsho-^-''“*’“* 
E = 200 = 24.80, ans. 

z “ I ” 8.06 

, Assume a voltage across 

upon 
i = VTTuT - V^ + s1 - 5 a 

v 2 Find the impedance of the CR parallel circuit of Fig. 25(a). 
Example 2 ... f ma tn P t Wp will use 72 V, but any 

Solution . . . Assume a >** f. - — '»"d’ 
olh„ voltage could be u-a “(W ’ 

the assumed voltage of 72 V. 1 hen 

E _ 72 V = 14.4 Q, ans. 
1 “ 5A 



20 

Fig. 25 Finding impedance of a parallel CR circuit. 

WHAT HAVE YOU LEARNED? 

1. Find the impedance in each of the four circuits of Fig. 20. 

2. If E in Fig. 19 is 100 V, what is the circuit impedance? 

3. What is the circuit impedance in Fig. 26? Hint: You can’t assign 
an arbitrary voltage here because there is only one voltage that will 
give a current of 30 mA through C when the reactance of C is 7000 Q. 

Fig. 26 

4. Find the impedance of the circuit of Fig. 27. 

L 
600 -n. 

Fig. 27 

5. At a frequency of 1000 Hz the current I in Fig. 28 is (a) _ 
milliamperes and the circuit impedance is (b) _ohms. At a fre¬ 
quency of 1100 Hz the current I is (c) _milliamperes and the 
circuit impedance is (d)_ohms. 

6. From the findings in Problem 5 we can conclude that when the fre¬ 
quency of the voltage applied to a parallel LC circuit is changed so 
that Xl becomes more nearly equal to Xc, then the circuit impedance 
(a) (increases) (decreases) and the current drawn from the voltage 
source (b) (increases) (decreases). 



Fig. 28 

7. (Review) What is the purpose of Rl in Fig. 29(a)? 

2: 

8. The LC circuit Zl in Fig. 29(b) takes the place of Rl in Fig. 29(a). 
In (a) the impedance of Rl is (o) (different for different signal fre¬ 
quencies) (the same at all signal frequencies). In (b) the impedance of 
Zl is (b) (different for different signal frequencies) (the same at all signal 
frequencies). 

9. Except at frequencies at which Xl in Fig. 29(b) is approximately 
equal to Xc, the impedance Zl is too low for the tube to amplify much. 
The circuit of 29(b) is called a tuned amplifier because only frequen¬ 
cies at which Xc approximately equals Xl are amplified. The amplifier 
of Fig. 29(a) is untuned because it amplifies (all frequencies) (just one 
frequency). 

Fig. 29 

ANSWERS 

1. (a) 40 0 . . . Since L is the only component in the circuit, the circuit im¬ 
pedance is equal to the reactance of L. 
(b) 33.2 0 . . .You previously found the total current to be 3.61 A. Z = E/1 
= 120/3.61 = 33.2 0. (c) 17.9 0 (d) 28.3 0 
2. 3430 0 3. 5210 0 . . . E is equal to the voltage across C. E = le X Xc 
= 0.030 X 7000 = 210 V. The reactive current is 50 mA - 30 mA = 20 mA. 
The total circuit current is 

I, -V 

Z.^ 
I 

IR2 + 1/ = V352 + 202 - 5/1225 + 400 - V1625 - 40.3 mA 

210 
-—-r = 5210 0 

40.3 X 10“ 



22 4. 396 Q . . . Assuming a voltage of 1200 V applied to the circuit, /« « 3 A, 
Ic = 2.4 A, and II - 2 A. 

I, = V Ik1 + Ix1 = V32 + 0.42 = V9 + 0.16 = V9T6 = 3.03 A 
7 E 1200 „qRo

z ~T - 3969
5. (a) 10.1. . . First find the reactance of each parallel branch and then find 
the current through each branch. The total circuit current is the difference 
between the current through the capacitive branch and the current through 
the inductive branch, since these currents are 180° out of phase. 
(b) 11,900 (c) 1.98 (d) 60,600. 
6. (a) Increases (b) Decreases . . . The fact that the impedance increases 
as Xl becomes more nearly equal to Xc will prove very useful in many circuits. 
7. Rl is the resistor that blocks the amplified signal from the tube out of the 
power supply while providing a d-c path from the power supply to the plate. 
8. (a) The same at all frequencies ... A resistor is not frequency-selective, 
(b) Different for different frequencies. . . See Problem 5. 
9. All frequencies . . . This is because there are no components in the circuit 
that are frequency-selective. 

SERIES A-C CIRCUITS 
There is but one current in a series d-c or a-c circuit. We use the 
voltage as a reference phasor in parallel circuits because there was only 
one voltage value in the circuit. Similarly, we use the single current 
value in a series circuit as the reference phasor to which leading or 
lagging angles of the various circuit voltages are compared. 

»7 VOLTAGES IN SERIES A-C CIRCUITS ... The a-c voltage E3 

in Fig. 30(a) supplies 0.2 A to XL and R in series. Our problem is to 
find the reading of each of the three voltmeters. 

In any series circuit, whether a-c or d-c, the current is the same in all 
parts of the circuit. By this we mean that in an a-c circuit the current 
is of the same amplitude in all parts of the circuit and also that the 
current in any part is in phase with the current in any other part. 
Since the current in both L and R is 0.2 A, the readings of voltmeters 
Vi and V2 are easily found: 

El = I X Xl = 0.2 A x 300 Q = 60 V reading of Vi 

Er = I X R = 0.2 A x 400 0 = 80 V reading of V2

By Kirchhoff’s voltage law, the applied voltage E3 must equal the sum 
of Ei and E2. However, vectorial addition must be used to get this 



Fig. 30 Finding voltages in an RI series circuit. 
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sum, since Ei and E2 are not in phase with each other. The phasor 
diagram is shown in Fig. 30(b). Since the current is the same in all 
parts of a series circuit, the current is used as the reference phasor in 
drawing phasor diagrams for series circuits. 

Since the voltage across a resistance is in phase with the current, 
Er is drawn in Fig. 30(b) in phase with I. Since the voltage across an 
inductor leads the current through the inductor by 90°, El is drawn 
to lead I by 90° (remember always that phasors revolve counterclock¬ 
wise). Resultant phasor E3 is the sum of phasors Er and EL, and it is 
equal to 100 V. Thus voltmeter V3 reads 100 V. Figure 30(b) shows 
that the current I in the circuit lags the applied voltage E3 by 36.9°. 

WHAT HAVE YOU LEARNED? 

1. Since the <o)_is the same in all parts of a series cir¬ 
cuit, it is used as the reference phasor in analyzing series circuits. 
Since phasors are considered as revolving (b)-, if 
the reference phasor is drawn horizontally to the right, a voltage lead¬ 
ing the current will be drawn « (above) (below) the reference phasor 
and a voltage lagging the current will be drawn (dj (above) (below) the 
reference phasor. 

2. Find the impedance of the circuit of Fig. 30(a). Hint: Use the 
formula Z = E/l. 

3. Find the applied voltage E, and the circuit impedance for each of 
the circuits in Fig. 31. Measure the angle of lead or lag between cur¬ 
rent and applied voltage in each circuit. 

4. Find the impedance of the RL circuit of Fig. 32. Hint: Assume a 
current through the circuit (1 A is a good value to use), calculate the 
applied voltage, and then calculate the impedance. 



24 1-0.3 A 

R-600 

X.-SOO-a 

1-40 mA 

L-20 mH 

R-500 -a-

(b) 

(c) (d) 

(e) 

1-60 mA 
C-2/ZF 

L-40mH 

R-10 -a 

(f) 

Fig. 31 

o-
21 a 

L 

28 a 
A/W 

R 
■o 

Fig. 32 

5. An a-c operated relay coil has an inductance of 1.26 H and a resis¬ 
tance 60 Q. The coil must draw a minimum current of 50 mA for re¬ 
liable contact operation. What is the minimum 60-Hz voltage that can 
be used for energizing the coil? 
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1. (a) Current; (b) counterclockwise; (c) above; (d) below. 

2. 5000. . .Z = = 5000 

3 (a) 300 V . . . First find the voltage across the individual components: 
Er = IR = 0.3 X 600 = 180 V 
El = IXl = 0.3 X 800 = 240 V 
E, _ \/er2 + El1 - V180* + 2402 = \/90,000 - 300 V 

r qnn V 
Z - n Q = 1000 O circuit impedance 1 U.o 

The applied voltage leads the current by 53.1°. 
(b) 28.4 V . . .You must first find the reactance of the inductor before cal¬ 
culating the voltage drops across the individual components. The circuit im¬ 
pedance is 709 0. The applied voltage leads the current by 45.2°. 
(c) 1078 V; 539 0; applied voltage lags the current by 68.2°. 
(d) 100 V; 50 Q. . . First find the current through the circuit: 

I Er 50 g a 
7 = T 40 7 A

r 1 AA 
Z - J- = = 50 0, circuit impedance 1 z 

The applied voltage leads the current by 36.9°. 
(e) 492.5 V . . . The applied voltage is equal to the vectorial sum of the 
voltage across the capacitor and the voltage across the inductor. Since the 
voltage across the capacitor is 180° out of phase with the voltage across the 
inductor, the applied voltage is equal to the difference between the voltage 
across the inductor and the voltage across the capacitor. To compute the volt¬ 
age across the inductor and capacitor it is first necessary to compute the 
reactance of the inductor and capacitor. 

Xl - 2rfL = 6.28 X 800 x 103 x 20 x 10 -3 = 100,500 0 

Xc ” 2¿Ü = 2 x 3.14 x 800 kHz x IpF = 199’000Q
El - IXl = 5 x 10‘ 3 X 100,500 0 = 502.5 V 
Ec = IXc = 5 x 10‘ 3 x 199,000 0 = 995 V 
E, = 995 - 502.5 = 492.5 V 

The circuit impedance is 98,500 0. 

Z = £ = 492 5 . = 98,500 O 
T 5x10 

The applied voltage is 90° out of phase with the current, the reason being that 
there is no resistance in the circuit. 
(f) The applied voltage is 2.07 V. 
This was found by first computing the reactance of C and L: 

Xl - 2*fL = 6.28 x 500 x 40 x 10’ 3 = 126 0 

Xc = ---¡r = 159 0 
2rfC 6.28 x 500 x 2 x 10 6

We then compute the voltage drops: 
El = IXl = 60 x 10 3 x 126 = 7.56 V 
Ec = IXc = 60 x IO 3 x 159 = 9.54 V 
Er = IR = 60 x 10-’ x 10 = 0.6 V 



26 Performing vectorial addition, we find that the total reactive voltage is 1.98 V. 
Then the applied voltage is equal to 

Ea - VE\ + M =V 1.982 + 0.62 = ^4.28 = 2.07 V 
The applied voltage lags the current by 73.3°. 
4. 35 Q . . . Assuming a circuit current of 1 A, the voltage across R is 28 V 
and that across L is 21 V. By vectorial addition, the applied voltage is 35 V 
(see Fig. 33). 

Z - T - tä" “ 35 q
5. 24 V . . . The first step is to find the reactance of the coil: 

XL = 2*fL = 6.28 X 60 X 1.26 - 475 0 
Next find the voltage across the inductor and the resistor: 
El - IXl = 50 X 10’ 3 X 475 - 23.8 V Eh - IR - 50 x 10' 3 x 60 = 3 V 

Using vectorial addition, we find that the applied voltage is 24 V. The vector 
diagram is similar to the one in Fig. 33. 

Fig. 33 

g SERIES CIRCUIT IMPEDANCE . . . Notice in Fig. 33 that if 
we change V to 0 after each of the values on the phasor diagram, the 
resultant gives us directly the impedance of the series circuit of 
Fig. 32; see Fig. 34. The value of Z in Fig. 34(b) is simply the hypote¬ 
nuse of a triangle the legs of which are Xl and R. An impedance 
triangle for finding the impedance of a series circuit is shown in 
Fig. 34(c). 

An impedance triangle is a convenient way of finding the impedance 
of a series circuit. However, you must understand that neither an 
impedance triangle nor an impedance phasor diagram can be used for 
parallel circuits. If a series circuit has both L and C, the total react¬ 
ance X, which is the difference between Xl and Xc, should first be 
obtained. Then the circuit impedance Z is the hypotenuse of a triangle 
one leg of which is R and the other of which is X. 

ExampleI. . . Find the impedance of the circuit in Fig. 35(a). 



21-A- 28 -a. 

Fig. 34 Finding series circuit impedance with phasor diagram and triangle. 

o—1(—va-niw—1(—va—1(—w—o 
10 -a. 20 -A. 30 -a 40 -A. 50 -A. 90 -A. 60 -A. 

(a) Circuit 
Xc = 10 -a- + 40 -a. + 90 -a- = 140 -a. 
XL = 30-a. + 60 -a. = 90 -a. 

X = 140 -a. - 90 -a. = 50 -a. 
R = 20 -a- + 50 -a- = 70 -a. 

(c)Equivalent circuit (d) Impedance triangle 

140 -a 90 -a 

Fig. 35 Finding the impedance of a CLR series circuit. 

Solution . . . The calculations for finding X and R are shown in Fig. 35(b). 
Note the equivalent circuit in (c). 

Z = xÔFTÏÏ2 = V502 + 702 = x/7400 = 86 Q, ans. 

When one of the values, R or X, is at least 10 times the other, then Z can be 
considered as equal to the larger of the two values without serious error. 

Example 2 ... A choke coil has a reactance of 5000 Í2, and the resistance of 
its winding is 200 Í2. What is the impedance of the choke? 

27 



28 o-TÔT'-VA o 
2000 -a. 3000 -a. 

(o) 

o—W-1(-W-o 
35 -a- 60 -a- 45 -a. 

(e) 

o-1(--o 
700 a 300 

(b) 

o |(-HRnn-o 
800 -A. 300 -A. 

(d) 

o—nnnn-1(—w-|(—o 
600-A. 150-A 200-A. 200-A. 

(f) 

Fig. 36 

Solution . . . Since the reactance is over 10 times the resistance, the imped¬ 
ance is approximately 5000 B. The exact impedance works out to be 

Z = Vx2 + Ä2 = V50002 + 2002 = \/25,040,000 = 5004 0 

WHAT HAVE YOU LEARNED? 

1. Find the impedance of each of the circuits in Fig. 36. 

2. A 10,000-0 resistor and a 100-pF capacitor are connected in series. 
The circuit impedance at 200 Hz is (O; _ , at 250 kHz is 
(b)- , and at 150 MHz is (c)_ . 

3. If 100 V is applied across the circuit of Fig. 36(f), what current will 
flow? 

4. A motor has 75 0 resistance and 100 0 of inductive reactance. When 
this motor is connected to a 115-V 60-Hz line, the current is_ 
amperes. Hint: Consider the resistance and reactance of the motor to 
be in series. 

5. When the frequency of the applied voltage is increased, the react¬ 
ance of an inductor <□> (increases) (decreases) and the reactance of a 
capacitor (b) (increases) (decreases). That being the case, the impedance 
of an RL series circuit (c) (increases) (decreases) with an increase in 
frequency and the impedance of an RC series circuit (d> (increases) 
(decreases) with an increase in frequency. If a circuit contains only 
resistance, its impedance (.) _ with an increase in 
frequency. 



JO10nPu! 
¿ = j ua^ s' 

^uoiV°' 

63 

SU 
su 

,doid 8' 

•V £6 0 * 

(O auo ss „ saiH^S 3 V .33uePB3I}0

adM XUB ^U03 (8 o % 
ami si „. jo^oBd®3 « J° . . 8asB«oal ( 5

u,p»u.V.«‘’^ 
-st^ouis^^ 

’ = 7 
q - M Jri^^ • • 7fi’O 
* çl + ^A ’ „ 

s’-i 
—• « J "4 ~"a^ 
s -’X- ■ "°00 0' 15

■° 9'01 = viflA’ i??^ + '0Lß9^Z ay - • -ÔOO6‘^ W)

““"^^•^¿âssssï 
« 0LC9 ’ ^Su»'*01008 8q , T 

al atn 01 iBnba M X n07 X «Z’9 - = °X

■ ■ • « 

~»“X^ w ; á i «« -• r ■ ■ S w 
33U.pV . rot ^BnqnS 01 + 3XA ’ z ;9e = 

■^o ; • • • « <** (e) x
X ÖZ9L ’ 0°008Ç/ = ,H +^ “ 



30 

Fig. 37 An RC circuit with voltage distribution check. 

the components in a series a-c circuit, say, the voltage across R in 
Fig. 37(a). If the circuit current is found, then the voltage across R 
(or across C) can be found by Ohm’s law. To find the circuit current, 
the circuit impedance is first needed. The complete work for finding 
the voltage across R in Fig. 37(a) is as follows: 

Z = Vr2 + X2 = V302 + 402 = 50 0 

E _ 200 V 
Z “ 50 Q = 4A 

ER = 7xß = 4Ax30i2 = 120 V, ans. 

If the voltage across C is also wanted, it is Ec = I X X = 4 A x 40 0 
= 160 V. Using Kirchhoff’s voltage law as a check, the vectorial sum 
of the voltages across R and C must equal the applied voltage. Figure 
37(b) shows that the vectorial sum of Er and Ec equals E, or, 
mathematically, 

E = Ve2k + El = V1202 + 1602 = ^40,000 _ 200 V 

Example . . . Suppose that a 1000-mV signal is coming from the preceding 
stage to the grid of Vi in Fig. 38. Find the amplitude of the signal actually 
reaching the grid of Vi if the signal frequency is 50 Hz, and also when the 
signal frequency is 500 Hz. 

Solution . . . The signal voltage applied to the grid of Vi is the voltage across 
the grid resistor R. At 50 Hz 

Xc = -õAzt = ----, = 1.59 x 106O 
2»/C 6.28x 50x0.02 x 10 

Z = Vxc2+R2 = vfl.59 x 105)2 + (2 x 10s)2 = 2.56 x 105Q 

» E 1000 mV _ mQQ . 
r = = —tti— = 0.00391 mA 

2 2.56 x 106 Q 



Fig. 38 Capacitor C may cause the loss of some of the signal. 

Er = I X R = 782 mV the voltage applied to the grid of Vi at a 
frequency of 50 Hz 

At 500 Hz the reactance of Xc is only one-tenth what it is at 50 Hz, or 
1.59 X 10‘ Í2, since the reactance of a capacitor varies inversely with the fre¬ 
quency. At 500 Hz Xc is less than one-tenth of the value of R. Hence, the 
signal across R at 500 Hz, and therefore the signal applied to the grid, is 
approximately the same as the incoming signal voltage, which is 1000 mV. 

From the example we see that a capacitor with low reactance com¬ 
pared with the circuit resistance can pass a signal with negligible loss 
but that the signal loss caused by the capacitor can be great when 
Xc is nearly as large as R. In the example the capacitor at 50 Hz 
drops the signal from 1000 mV down to 782 mV, a loss of 21.8 per cent, 
but at 500 Hz and all higher frequencies the capacitor causes negligible 
signal loss. 

WHAT HAVE YOU LEARNED? 

1. If the reactance of capacitor C in Fig. 39 does not exceed (o)-
0, the signal loss caused by the capacitor will be negligible. A large 
capacitor C is needed if it is desired to hear (b) (very low) (very high) 
frequencies in the headphones without signal loss. You would not want 
to use too large a capacitor for C because (c) (high frequencies would be 
partly lost) (it would be unnecessarily bulky and expensive). 

2. In working a-c circuit problems (you can’t use Kirchhoff’s laws) 
(with Kirchhoff’s laws you must add vectorially). 

31 

3. A capacitor with a reactance of 50 0 and an inductor with a react-
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Fig. 39 

anee of 48 0 are connected in series across a 100-V source. The voltage 
across the capacitor is (a) - volts, and the voltage across the 
inductor is (t>)-volts. This shows that the voltage across a com¬ 
ponent in an a-c series circuit « (is always less than the applied voltage) 
(may sometimes be many times greater than the applied voltage). The 
voltage across a component in a d-c series circuit <d) (is always less than 
the applied voltage) (is sometimes greater than the applied voltage). 

4. Find the current through the circuit of Fig. 40 and the voltage 
across the resistor, inductor, and capacitor. 

Fig. 40 

5. What is the voltage across R in Fig. 41(a)? 

6. What is the voltage across C in Fig. 41(b)? 

ANSWERS 

1. (a) 200 ... As long as the reactance of the capacitor is one-tenth or less 
of the resistance of the headphones the signal loss will be negligible. 
(b) Very low ... A large capacitor is needed for low frequencies because the 
reactance of a large capacitor will be less at low frequencies than that of a 
smaller capacitor. 
(c) Unnecessarily bulky and expensive. 
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3; 

200 V Pb 

(o) 

Fig. 41 

PHASE SHIFT IN RL AND RC CIRCUITS . . . Diagram (a) of 
Fig. 42 reviews the fact that, when a voltage source is connected across 

j E 150 A

1 “ 7 " 15 ~ 10 A
The voltage across the capacitor is Ec = IXc = 10 x 42 = 420 V. 

2. With Kirchhoff’s laws you must add vectorially. 
3. (a) 2500 . . . The circuit impedance is first found: 

X - Xc - XL - 50 - 48 = 2 0 
The circuit impedance is equal to the circuit reactance, since there is no 

E 100 
resistance in the circuit. The circuit current is I = % = -g- = 50 A. The 

voltage across the capacitor is Ec = IXc = 50 x 50 = 2500 V 
(b) 2400 . . . El = IXL = 50 x 48 = 2400 V 
(c) May sometimes be many times greater than the applied voltage 
(d) Is always less than the applied voltage 
4. 312 mA . . . The first step is to find the circuit impedance. 

X, = Xi - Xc = 300 - 50 « 250 0 
Z = VXr + R2 = V2502 + 2OO2 ^102,500 - 320.2 0 
, E 100 A

1 “ Z “ 320.2 ” 312-3 mA

The voltage across the resistor is 62.4 V; the voltage across the inductor is 
93.6 V; and the voltage across the capacitor is 15.6 V. These voltages are 
obtained in the following manner: 

Er = IR - 312.3 x 10’ 3 x 200 - 62.5 V 
Ei = IXi = 312.3 x IO’ 3 x 300 = 93.7 V 
Ec - IXc - 312.3 x 10’ 3 x 50 = 15.6 V 

5. 200 V . . . The impedance of this circuit is 40 Q, because the reactance of 
the inductor cancels the reactance of the capacitor: Xt = Xi — Xc = 100 — 
100 = 0. Since the reactance of the circuit is zero, the impedance of the circuit 
is equal to the resistance of the resistor. Therefore, the current through the 
circuit is 

al w I5O V 

XC.IOO a 

. E 200 , A
1 = R “ To = 5 A

The voltage across R is then Ek = IR = 5 x 40 = 200 V. 
6. 420 V. . . Since there is no resistance in the circuit, the impedance is equal 
to the total reactance in the circuit: X, = Xc - Xi = 42 — 27 = 15 0. The 
circuit current is 
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(a) (b) (c) 

(f) 

high R — low X|_ 

Fig. 42 How relative values of X and R affect phase shift. 

a capacitor, the applied voltage lags the circuit current by 90°. Part 
(b) of the figure shows that for an inductor the voltage leads the cur¬ 
rent by 90°, and in (c) we see that the applied voltage across a resistor 
is in phase with the current. 

When a circuit has both resistance and reactance, the resistance tries 
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Fig. 43 Use of phase-shifting RC networks in a phase-shift audio oscillator. 

to keep the current and voltage in phase and the reactance tries to 
shift the voltage 90° with respect to the current. The result of this tug-
of-war action is a phase shift somewhere between 0° and 90°. If R and 
X are of equal value, the applied voltage leads or lags the current by 
45°, as shown in Fig. 42(d) and (g). When X is greater than R, the 
angle between applied voltage and current is greater than 45°, as 
shown in (e) and (h). When R is greater than X, the angle between 
applied voltage and current is less than 45°, as shown in (f) and (i). 

Looking at the phasor diagrams in Fig. 42, we can make other observa¬ 
tions about the phase relationships in the circuit. Remembering as al¬ 
ways that phasors revolve counterclockwise, (d) shows that the 
voltage across R leads the applied voltage E by 45° in the RC circuit 
shown and the voltage across C lags the applied voltage by 45°. RL 
and RC circuits are often used for the specific purpose of shifting the 
phase of a signal. Although the maximum phase shift possible from a 
RL or RC network is less than 90°, a larger phase shift can be obtained 
by using additional RL or RC networks in tandem. The three RC’s in 
Fig. 43 shift the phase of the signal from the tube by 180°. As a result, 
the signal going back to the grid from the output of the phase-shifting 
network is completely out of phase with the signal from the plate of 
the tube. The tube will not oscillate (generate an a-c signal) without 
this 180° phase shift. 

The signal from the plate of the tube in Fig. 43 passes first through 
CiR} in series. The relative values of Ci and Ri are so chosen that the 
signal voltage across Ri leads the signal voltage from the tube by 60°. 
This voltage across Ri is applied to C2R2 in series. C2R2 in turn shifts 
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Fig- 44 

the phase so that the signal across R2 leads the signal voltage across 
R\ by 60°, or, in other words, the voltage across R2 leads the signal 
from the tube by 120°. C3R3 provides another 60° phase shift for a 
total shift of 180°. 

WHAT HAVE YOU LEARNED? 

1. The signal voltage applied to the grid in Fig. 44 is the signal voltage 
across R. The CR network can cause the incoming signal to shift so 
that the signal reaching the grid is not completely in phase with the 
incoming signal. In some cases this phase shift will cause distortion. 
The amount of phase shift will be negligible if 6XC is much greater than 
R) (R is much greater than Xc). 

2. Figure 42(h) shows that, in an RL circuit in which Xl is greater 
than R, the voltage across R (o) (leads) (lags) the applied voltage 
by (b) (less than 45°) (more than 45°). The voltage across L w (leads) 
(lags) the applied voltage by (d) (less than 45°) (more than 45°). 

3. As you decrease the frequency of the incoming signal in Fig. 44, 
will the phase shift of the signal on the grid increase or decrease? 

4. Circuit C\R\ in Fig. 43 will provide a 60° phase shift at (a) (just one 
frequency) (any frequency). For the oscillator to work, the total phase 
shift must be exactly 180°. The oscillator can work (b) (at just one 
frequency) (any frequency). 

5. An RL circuit shifts the phase_degrees when Xl equals Xr. 

ANSWERS 

1. R is much greater than Xc . . . See Fig. 42(f). 



2. (a) Lags. . . Remember that phasors revolve counterclockwise. 37 
(b) More than 45°; (c) leads; (d) less than 45°. 
3. Increase . . . The phase shift increases because, as the frequency is de¬ 
creased, the reactance of the capacitor goes up. Remember that the reactance 
of a capacitor is inversely proportional to the frequency. 
4. (a) Just one frequency ... At any other frequency the reactance of the 
capacitor will be different. If the reactance of the capacitor is different, the 
phase shift will be different. 
(b) At just one frequency . . . Only at one frequency will CtRt, C2R3, C3R3 
provide a phase shift of exactly 180°. 
5. 45 . . . See Fig. 42(g). 

POWER FACTOR, POWER, AND Q 
The power factor is a measure of the amount by which the current lags 
or leads the voltage in an a-c circuit. When the current is in phase 
with the voltage, which is the case in a purely resistive circuit, the 
power factor is said to be 1. This is the maximum value the power 
factor can have. 

The minimum value the power factor can have is 0. It has this value 
when the current leads or lags the voltage by 90°. For angles of lead 
or lag somewhere between 0° and 90°, the power factor has a value 
somewhere between 1 and 0. The greater the angle between current 
and voltage, the lower the power factor. 

11 DEFINITION OF POWER FACTOR . . . In a discussion of power 
factor you will usually encounter the word “cosine.” This term comes 
from trigonometry, and it is used with reference to angles. The cosine 
of an angle of a right triangle is defined as the ratio of the length of the 
adjacent side to the length of the hypotenuse. In Fig. 45 the cosine of 
angle 8 (theta), abbreviated cos 8, is equal to side b divided by 
side c. 

adjacent side 
hypotenuse 

b 
c 

Fig. 45 The cosine of an angle of a right triangle is the ratio of the length of the 
adjacent side to the length of the hypotenuse. 
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(a) (b) 

Fig. 46 In either triangle cos O = =
hypotenuse Z ' 

When the angle 0 is the angle of lead or lag between current and volt¬ 
age, cos 6 is called the circuit power factor. In Fig. 46(a) and (b) the 
cosine of e is equal to the resistance R divided by the impedance Z. 
Hence, we have 

cos 6 = power factor = 

The power factor in any series circuit is equal to the circuit resistance 
divided by the total circuit impedance. 

Example ... In a series RC circuit, R = 80 Í2, Z = 100 Q, and Xc - 60 Q. 
Find the power factor. 

Solution • • • pf - = 0.8, ans. 
¿ IvU 

Note that there is no unit for pf. It is merely a ratio. 

Power factor may be further identified as either leading or lagging, 
depending upon whether the current leads or lags the voltage. This 
is just an abbreviated method of stating whether a circuit is com¬ 
posed of R and L or R and C. The pf in the example, for instance, 
may be identified as 0.8 leading, since current in an RC circuit leads 
the applied voltage. The reverse is true in an RL circuit. 

The pf may also be expressed as a per cent. Thus, in the preceding ex¬ 
ample the power factor of 0.8 may be expressed 80 per cent. 

WHAT HAVE YOU LEARNED? 

1. If a motor has 44 0 of resistance and 55 0 of impedance, the pf 
is _ _ 



Fig. 47 A d-c capacitance circuit. 

2. Power factor can be used to indicate the relative amount of react¬ 
ance in a circuit when the exact amounts of R, X, and Z are not 
known. For example, if the pf of a circuit is 0.9 lagging, we know that 
the ratio of resistance to (□)_ is (b)_ and that the 
reactance is « (inductive) (capacitive). 

3. If a circuit has a pf of 0.7 and Z = 300 0, R = (a)_ and 
X = (b)_ 

4. Find the power factor in a series circuit that has a resistance of 30 
9, and a reactance of 40 0. 

ANSWERS 

1. (a) 0.8 2. (a) Impedance; (b) 0.9; (c) inductive 

3. (a) R - 210 0 . . . pf = , so R = pf x Z - 0.7 x 300 - 210 Í2 

(b) X - 214.2 Q . . . X = \/Z2 - R2
4. 0.6. . .First find Z = 50 0 

TWO KINDS OF POWER . . . Consider a d-c circuit containing ca¬ 
pacitance only such as the one shown in Fig. 47. If the switch is 
closed, the capacitor will charge to the value of the voltage applied. 
If the switch is then opened, the capacitor will retain the charge in¬ 
definitely. Suppose that, while the switch is still open, we replace 
the charged battery with one that is discharged. Now if we close the 
switch, the capacitor will discharge and thereby charge the battery. 
A similar arrangement and the associated waveforms are shown in 
Fig. 48. Instead of a switch, we have an alternating voltage. As the 
voltage goes positive in one direction, the capacitor will charge. As 
the voltage decreases, the capacitor charge will also decrease and re¬ 
turn the charge to the source. 

When the signs of the voltage and current are the same, that is, either 
both positive or both negative, the capacitor draws power from the 
source. However, when the signs are different, the capacitor returns 
power to the source. Note that the amount of power returned to the 
source equals the power drawn from the source. Therefore, although 
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Fig. 48 A simple capacitor circuit and its waveforms. 

current flows through a capacitor, no power is consumed. We would 
come to a similar conclusion if we considered a purely inductive 
circuit. 

Next consider an RC circuit across an alternating voltage. Again the 
capacitance returns the power that it receives. The difference is that 
the resistor dissipates power. Note that in Fig. 49 the signs of the 
voltage and current are the same (either both positive or both nega¬ 
tive) for most of the cycle. This indicates that the circuit draws 
more power from the source than it returns. The difference between 
the power drawn and the power returned is the power dissipated or 
consumed by the circuit. 

Fig. 49 RC circuit showing apparent and real power. 



You have learned that power is found by multiplying the voltage by 
the current. That is, 
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P = E X 1 d-c circuit 

The value found when one multiplies the voltage by the current in an 
a-c circuit is called the apparent power. That is, 

apparent power = E x I a-c circuit 

The power in an a-c circuit is called apparent power because it is 
found by the method used to find power in a d-c circuit. That is apt 
to delude the novice into believing that by using this formula he can 
find the true power in an a-c circuit. 

To see how wrong this idea can be, refer to Fig. 48 again. If E is 50 V 
and Z is 5 A, the apparent power is 5 x 50 = 250 VA (volt-amperes). 
But you already know that the actual power used in this circuit is 
0 W. Although true power is dissipated in the circuit shown in Fig. 
49, it is less than the apparent power. The power used by any circuit 
can never be greater than the apparent power, and it will be less than 
the apparent power if the current is not exactly in phase with the 
voltage. Apparent power is not actual power any more than fool’s gold 
is gold. The word “power,” when used alone, always refers to true 
power. 

One way to find the power in an a-c circuit is to multiply the appar¬ 
ent power by circuit power factor: 

P = apparent power x pf = E x I x pf a-c circuit 

Suppose in Fig. 49 that the voltage E is 50 V, the current is 3 A, and 
the pf of the circuit is 0.6. Then 

P = E x I x pf = 50 x 3 x 0.6 = 90 W 

Hence, the power used in the circuit is 90 W. The apparent power is 
50 x 3 = 150 VA. 

The following formula, which is identical with one of the formulas for 
power in a d-c circuit, may also be used for finding power in an a-c 
circuit: 

P = PR a-c or d-c circuit 



42 When using this formula for power, it is important to remember that 
R is the resistance of the circuit, and not the impedance Z. In Fig. 40 
the power is 

P = PR = 0.3122 X 200 = 19.5 W 

WHAT HAVE YOU LEARNED? 

1. In an RC circuit such as that shown in Fig. 49 the positive por¬ 
tions of curve P are (a) (greater) (less) than the negative portions. The 
circuit (b) (is) (is not) dissipating power. The voltage and current 
W (are) (are not) 90° out of phase. As indicated by the shaded portions 
of curve P, <o) (some) (none) (all) of the power supplied by the source 
is returned to the source. 

ANSWERS 

1. (a) Greater; (b) is; (c) are not; (d) some 

13 POWER USED BY L AND C ... In calculating power in a-c 
circuits you must never for a moment forget that the power consumed 
by perfect capacitors and inductors is always zero. Only the resistance 
in a circuit dissipates power. If the voltage across a capacitor or an 
inductor is 20 V and current through the unit is 3 A, the power used 
is 0 W, assuming perfect inductors and capacitors. 

Since all coils have some resistance, any practical inductor will use 
some power. However, a practical inductor is represented in diagrams 
by an equivalent circuit consisting of a perfect inductor with a resistor 
connected in series to represent the resistance of the inductor. In 
Fig. 50, for example, the 10 0 of R is the resistance of the coil. The 
only power used by the entire circuit is that dissipated in resistance R. 
Since R is in fact part of the coil, the power would actually be dissi¬ 
pated within the coil as heat. 

WHAT HAVE YOU LEARNED? 

1. Determine the power dissipated in the circuit of Fig. 50. 

2. Find (a) the power consumed by the circuit of Fig. 37(a) and 



equivalent circuit 
for a practical inductor 43 

Fig. 50 A circuit with a practical inductor represented by an equivalent circuit. 

(b) the power consumed by the circuit of Fig. 41(a). In both cases 
use the formula P = I2R. 

3. Repeat Problem 2, but in both cases use the formula P = E2/R. 

ANSWERS 

1. 0.4 W . . . First calculate the impedance of the inductive branch of the 
parallel circuit. 

Z - VXl + Rl = V2OOO2 + 102 - V4,000,100 = 2000.025 0 
The current through the inductive branch is 

1 “ T = 2000.025 " °'200 A
The power dissipated in R is then P = PR = (0.200)2 x 10 = 0.4 W. We do 
not have to work with the capacitive branch of the circuit because no power 
is dissipated in the capacitor. 
2. (a) 480 W . . . From Fig. 37(b) we know that the voltage across R is 
120 V. The current through R is then 

j E 120 . _ . 
1 ~ = 40A

The power dissipated is then P = PR = 4.02 x 30 = 480 W. 
(b) 1000 W . . . P = PR = 5’ x 40 = 1000 W. The current of 5 A was deter¬ 
mined in a preceding What Have You Learned problem. 

3. (a) 480W . . . P = £ - = 480W. A 30 
(b) 1000 W . . . The current through R is 5 A. The voltage across R is then 
Er = IR = 5 X 40 = 200 V. 

p = C = = 1000 w. n 40 

14 MORE ABOUT POWER FACTOR ... The ratio of the realpower 
P to the apparent power Pt also yields the power factor of a circuit. 
By equation, 

r P P 
pf " Pt ~ Ex I 
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practical 
choke (winding 
has resistance) 

equivalent circuit 

perfect inductance 
(no resistance) 

R 

resistance 
of winding 

Fig. 51 Equivalent circuit of a practical choke. 

Thus, we may compute pf if we know the real and the apparent power. 

The unit for real power is the watt, and the unit for apparent power 
is the volt-ampere. This different unit assignment is made to further 
distinguish between real and apparent power. 

WHAT HAVE YOU LEARNED? 

1. An 8-H inductor has a resistance of 290 Í2. It is to be connected to 
a 120-V 60-cycle circuit. Find the impedance (□) _ , current 
(b)- , real power (cj- , apparent power (d) _ , 
and power factor (•)- . Hint: Xl and Z must be found first. 

ANSWERS 

1. (a) 3028 0; (b) 0.0396 A; (c) 0.455 W; (d) 4.75 VA; 
(e) 0.0958. 

THE FIGURE OF MERIT Q OF A CHOKE ... A perfect inductor 
would have only reactance and therefore would dissipate no power. 
That’s the kind of choke we would all like to have. Unfortunately, the 
winding of every practical choke has resistance, and this resistance 
eats up power. Figure 51 shows that a practical choke is equivalent 
to a perfect inductance in series with a resistance. 

The best chokes are those in which R is the least in comparison to the 
amount of reactance. The ratio of XL to R is called the Q of the coil. 
Coil Q is a figure of merit that measures how close the choke comes to 
the ideal of having all reactance and no resistance. The higher the Q 
of an inductor, the better its quality. 

Example . . . Find the Q of a coil with an inductance of a 0.5 mH and a 
winding resistance of 30 Q. The coil is operating at a frequency of 2 MHz. 



Solution . . . 

Xl - 2rfL = 6.28 X 2 X 106 X 0.5 x 10' 3 = 62800 

Q = - 209.3 ans. A Ov 

Since Xl varies with frequency, the Q of a coil depends upon the 
operating frequency. The higher the frequency the higher the XL. 
Remembering that Q equals Xl/R, this makes it appear that the high¬ 
er the frequency the higher the Q. But that is not necessarily so. When 
the frequency goes up, the resistance R also increases. Whether the Q 
goes up or down depends upon whether Xi, or R increases the fastest 
when the frequency is raised. 

The resistance R of a choke is not the resistance you read with an 
ohmmeter. That would be the d-c resistance, which, of course, would 
not change. The resistance value used for calculating Q is the a-c 
resistance at the operating frequency, and this resistance value is 
much higher at r-f frequencies than the d-c resistance. 

One reason for the higher value of R at r-f is skin effect. R-f current 
does not utilize the entire wire area, but only travels near the surface 
of the wire. Because only part of the surface of the wire is in use, the 
resistance of a choke at radio frequencies is far higher than the d-c 
resistance, and the higher the frequency the higher the r-f resistance 
will be. A good r-f choke should have a Q of at least 50, and Q’s of 150 
are common. For special purposes more expensive chokes with Q’s up 
to several hundred are available. 

Since in practically any choke Xl is more than ten times R, the 
impedance Z of a choke can be considered as equal to XL. Hence, 
approximately, Q = Z/R. Since pf = R/Z, we see that the power factor 
of a choke is approximately equal to the reciprocal of its Q, or con¬ 
versely, the Q of a choke is approximately equal to the reciprocal of 
its power factor. 

WHAT HAVE YOU LEARNED? 

1. Find the Q of a coil with an inductance of 3 mH operating at a 
frequency of 455 kH if the r-f resistance of its winding is 75 0. 

2. What is the power factor of the coil of Problem 1? 

3. Increasing the operating frequency in Problem 1 will (increase) 
(decrease) (not change) (either increase or decrease) the Q of the coil. 

4f 



46 4. If the power factor of a coil is 2 per cent, what is the Q of the coil? 

ANSWERS 

16 

1. 114. . . Find the reactance of the coil: 
XL = 2r/L - 6.28 X 455 x 103 x 3 x IO' 3 = 8570 Q 

X i 8570 

0.00877 . . . The power factor is approximately equal to the reciprocal of 2. 

the Q: pf - Ã-- ttt = 0.00877. y 114 
3. Either increase or decrease 

4- “ ■ ■ • - ¡ïï - üæ -

NONSINUSOIDAL WAVEFORMS 
The formulas for reactance and the rules in this lesson for working a-c 
circuit problems apply only to sine waves. We study electronics in terms 
of sine waves. One reason is that a sine wave is the most commonly 
occurring waveshape. It is the natural waveshape because most oscil¬ 
lators and other a-c generators inherently develop sine waves and 
because electronic circuits often turn nonsinusoidal waves into sine 
waves. When a sine wave goes into an LCR circuit, a sine wave also 
comes out. If any other waveshape is applied to an LCR circuit, the 
output wave is usually different from the input wave. This shows why 
it is easier to study electronics in terms of sine waves. Sine waves are 
as natural to electronics as round wheels are to rolling vehicles. 

But if all our rules apply only to sine waves, what do we do with waves 
that are not sine waves? The answer is simpler than it might seem, 
because all nonsinusoidal waves can be considered as being made up 
of a number of sine waves at different frequencies (a fundamental 
frequency and various harmonic frequencies). Thus the action of a 
nonsinusoidal wave can be determined by considering in turn each of 
its sine-wave components. 

HARMONICS . . . Figure 52 shows several sine waves, each repre¬ 
senting a different frequency. Observe that, during the time required 
for the upper wave to complete one cycle, the wave immediately 
beneath completes two cycles. The frequency of the wave that com¬ 
pletes two cycles is twice that of the upper one. 

In electronics, when there is a whole-number relationship between 



two sine waves, they are said to be harmonically related. In Fig. 52 
the second wave is called the second harmonic of the upper wave and 
the third wave, which completes three cycles in the time required for 
the upper wave to complete one cycle, is called the third harmonic. 
Another name for the upper wave is the fundamental or, sometimes, 
first harmonic. All of the waveforms shown in Fig. 52 are harmonics 
of the fundamental. Sometimes the harmonics are identified as even 
or odd as well as by number. The even harmonics are the second, 
fourth, sixth, etc.; the odd harmonics are the fundamental, third, fifth, 
seventh, etc. 

Example . . . What is the frequency of the third harmonic of 60 cycles? The 
fourth harmonic? 

Solution ... To find the third harmonic of a fundamental, multiply by 3. The 
product of 60 cycles and 3 equals the third harmonic, 180 cycles. The fourth 
harmonic is 4 times 60, or 240 cycles. 

WHAT HAVE YOU LEARNED? 

1. The fundamental of a sinusoidal waveform is 100 kHz. The fifth 
harmonic is _ kilohertz. 

2. 450 kHz is the ninth harmonic of _ kilohertz. 

3. In some cases a perfect sine wave is desired. The term “distortion” 
in this case applies to the lack of perfection in such a wave and is 
usually rated in percentage. The distortion is caused by harmonics 
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A fundamental 

B fundamental+third 

C fundamental ♦ third ♦ fifth 

D fundamental + all odd¬ 
order harmonics 

Fig. 53 Result of combining fundamental and harmonics. 

mixed with the perfect wave. For example, a 100-V waveform with 
2 per cent second-harmonic distortion would contain _ volts of 
the second harmonic. 

ANSWERS 

1. 500 2. 50 3. 2. 

HOW COMBINING FUNDAMENTAL AND HARMONICS PRO¬ 
DUCES A NONSINUSOID AL WAVE ... All waveforms, no mat¬ 
ter how complex, and regardless of their shape, are combinations of 
sine waves. Figure 53 shows the fundamental, the third harmonic, the 
fifth harmonic, and the result of adding the three waveforms together. 

When two frequencies, one of them 3 times the other, are imposed 
upon the same conductor, the result is a wave with a shape as shown 
by curve B, Fig. 53. Conversely, whenever you see a curve like B, you 
know that it is actually made up of sinusoidal frequencies, a funda¬ 
mental and its third harmonic. 

Combine the fifth harmonic with the fundamental and third harmonic, 
and curve C of Fig. 53 is the result. Notice that this curve is roughly 
the shape of a square wave. If the fundamental frequency and all odd 
harmonics are combined in suitable proportions, the result will be the 
true square wave of curve D. Hence, a square wave is not just a single 
frequency, but is made up of many frequencies, namely, the funda-
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50 If a waveform is perfectly symmetrical, it contains odd-order har¬ 
monics only. If a waveform is not perfectly symmetrical, it might 
contain both even- and odd-order harmonics, but it is certain to con¬ 
tain even-order harmonics. 

WHAT HAVE YOU LEARNED? 

1. A composite waveform resembles a square wave. What type of har¬ 
monics are present? _ . 

2. Another waveform resembles a sawtooth. In this case,_ 
harmonics are present. 

ANSWERS 

1. Odd 2. Even and odd. 

SUMMARY . . . Many waves other than pure sine waves are found 
in actual practice. In such cases, the pure sine wave, called the funda¬ 
mental, is associated with other sine waves whose frequencies are har¬ 
monics of the fundamental. The resultant waveform is the composite 
of the fundamental and the harmonics that are present. Harmonics 
of frequencies an even number of times greater than the fundamental 
are called even harmonics. Those with frequencies an odd number of 
times greater than the fundamental are called odd harmonics. 

As shown in Figs. 53 and 54, the fundamental sine wave is generally 
greater in amplitude than the harmonics. Also observe in Figs. 53 and 
54 that the time required for the square wave and sawtooth wave to 
complete their cycles is the same in each case as the time required for 
one cycle of the fundamental. 

LESSON 2315 

CURRENTS AND VOLTAGES IN A-C CIRCUITS 

EXAMINATION 

Circle the number of the correct answer for each question that follows. When you 
are finished, transfer the answers to the answer sheet by putting X's in the proper 
squares. When the graded answer sheet is returned to you, correct in this book any 
questions you may have missed. By doing so, you will have a record of the correct 
answers to all questions for review purposes. 



1. If one frequency is a whole number of times greater than another 
frequency, the two are said to be 
(1) in phase. 
(2) out of phase. 

2. The fifth harmonic of 455 kHz is 
(1) 45.5 kHz. (2) 4550 kHz. 

3. 3690 kHz is the ninth harmonic of 
(1) 33210 kHz. (2) 410 kHz. 

(3) harmonically related. 
(4) mutually resonant. 

(3) 91kHz. (4) 2275 kHz. 

(3) 3681 kHz. (4) 3699 kHz. 

4. The power factor of a circuit may be defined as 
(1) the ratio of impedance to resistance. 
(2) the ratio of resistance to impedance. 
(3) the ratio of reactance to resistance. 
(4) the ratio of resistance to reactance. 

5. A series circuit contains inductive reactance of 60 U and a resis¬ 
tance of 80 Í2. The power factor of this circuit is 
(1) 1.67. (2) 0.8. (3) 0.75. (4) 1.33. 

6. The power factor of an RLC circuit may be determined if we know 
(1) the resistance and the capacitance. 
(2) the resistance and the inductance. 
(3) the apparent and real power. 
(4) any of the above. 

7. In an a-c circuit containing R and L, if the inductive reactance is 
increased (R not changing), the power factor of the circuit will 
(1) remain the same. (3) increase. 
(2) decrease. (4) equal 1. 

8. In a circuit containing a capacitor alone with an a-c voltage ap¬ 
plied, the current will 
(1) be in phase with the applied voltage. 
(2) lag the applied voltage by 90°. 
(3) lag the applied voltage by 45°. 
(4) lead the applied voltage by 90°. 

9. Ohm’s law for a-c circuits states that 
(1) current is the product of voltage and impedance. 
(2) current equals voltage divided by resistance. 
(3) voltage is the ratio of current to impedance. 
(4) current equals voltage divided by impedance. 

5 



52 10. A series circuit containing a reactance of 30 0 and a resistance of 
40 Q is connected across an a-c source of 50 V. The current is 
(1) 1.67 A. (2) 0.6 A. (3) 1.0 A. (4) 1.25 A. 

11. A coil with a resistance of 5 0 passes 0.3 A of current through the 
winding when 110 V at 60 Hz is applied. The impedance of the 
coil is 
(1) 36.67 0. (2) 1.5«. (3) 367 0 (4) 15 0. 

12. An a-c circuit contains an inductive reactance of 100 0 and a 
resistance of 100 0. The phase angle 3, between the current and 
the voltage is 
(1) 15°. (2) 45°. (3) 60°. (4) 90°. 

13. A series RLC circuit contains a resistance of 4 0, an inductive 
reactance of 4 0, and a capacitance reactance of 1 0. The applied 
alternating voltage is 50 V. The voltage drop across the inductance 
is 
(1) 40 V. (2) 4 V. (3) 50 V. (4) 5 V. 

14. A series-resonant circuit consisting of a resistance of 615 0 and 
equal inductive and capacitive reactance of 175 0 has 260 V ap¬ 
plied. The voltage drop across the resistance is 
(1) 26 V. (2) 260 V. (3) 13 V. (4) 130 V. 

15. What is the voltage across the inductance in Fig. 55? 
(1) 49.5V. (2) 62.4 V. (3) 125 V. (4) 175 V. 

(5) None of the above 

16. What is the voltage across the capacitor in Fig. 55? 
(1) 31.7V. (2) 80 V. (3) 122 V. (4) 134 V. 

(5) None of the above 

XL»25-n. 

Xc-I6^ 

Fig. 55 

17. What is the voltage across the resistor in Fig. 55? 
(1) 23.8 V. (2) 60V. (3) 84V. (4) 105 V. 

(5) None of the above 



18. What is the power dissipated in the inductor of Fig. 55? 
(1) OW. (2) 104.8 W. (3) 441W. (4) 1225 W. 

(5) None of the above 

19. What is the power dissipated in the resistor of Fig. 55? 
(1) OW. (2) 84 W. (3) 588 W. (4) 918 W. 

(5) None of the above 

20. What is the power factor of the circuit of Fig. 55? 
(1) Approximately 0.5 (3) 0.75 
(2) Approximately 0.6 (4) 0.80 

(5) None of the above 

21. One way to find power in an a-c circuit is to use the formula 
p 

(1) P = PR. (2) P = PZ. (3) P = E X I. (4) P = 

22. Which circuit of Fig. 56 would you use for a phase-shifting net¬ 
work in which you want the output wave to lag the input wave by 
as near 90° as practical? 
(1) (a) (2) (b) (3) (c) (4) (d) 

50^ 
---° 

input I output 
C-p Xc"500-o-

o-• -o 
(a) 

500-n. 
O-Wv-»-° 

input R I output 
C-p XC*50 -n. 

O-•— -O 
(b) 

XC-5OO-^ 

°-1(-t-0
C < 

input R<50-o. output 

o-*-o 
(c) 

Xc-50^ 

°-IHt-0
G < 

input R < 500 output 

o-*-° 
(d) 

Fig. 56 

23. The amount of phase shift obtained with an RL or RC phase¬ 
shifting network 
(1) varies with the frequency. 
(2) is the same at all frequencies. 
(3) varies with frequency in an RL circuit but not in an RC 

circuit. 
(4) varies with frequency in an RC circuit but not in an RL 

circuit 

53 
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input 
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Lg g output 
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Fig. 57 

24. With proper values of R ’s and L ’s, the circuit of Fig. 57 can pro¬ 
vide a phase shift 
(1) not to exceed 45°. (4) not to exceed 180°. 
(2) not to exceed 90°. (5) not to exceed 270°. 
(3) not to exceed 120°. (6) not to exceed 360°. 

25. If the frequency of the voltage applied to an RL series circuit is 
increased, the power factor of the circuit 
(1) is increased. (2) is decreased. (3) stays the same. 

26. It is usually desirable for a choke coil to have 
(1) a high power factor. (3) a low Q. 
(2) a low power factor. (4) a high resistance. 

27. If the operating frequency of a choke is decreased, the Q of the 
choke will 
(1) increase (3) not change. 
(2) decrease. (4) either increase or decrease. 

Fig. 58 

28. The power used by the circuit of Fig. 58 is 
(1) 2.81 W. (3) 25.3 W. (5) 1687 W. 
(2) 11.25 W. (4) 70.3 W. (6) 2812 W. 

END OF EXAM 
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A chat with your instructor 

[n this lesson you will learn how resonant circuits can be used in place 
jf inductors or resistors in amplifiers to steer the a-c and d-c current 
components into their proper paths. 

The advantage of using resonant circuits for this purpose is that they 
can be tuned to offer a high impedance at any desired frequency and 
a low impedance to all other frequencies. Because of the frequency¬ 
sensitive impedance of resonant circuits, the amplifier responds to one 
desired frequency and rejects all others. Thus, resonant circuits are 
used in r-f amplifiers where it is generally desirable to be able to tune 
to a specific desired frequency. Resonant circuits would not be used 
in audio amplifiers where it desired to amplify all audio frequencies. 

You will learn in this lesson that an oscillator is simply an amplifier 
in which part of the output signal is fed back to the input. Since it 
is difficult to avoid a certain amount of signal feedback from output 
to input, all amplifiers tend to oscillate. In fact, special precautions 
must be taken to prevent oscillations in amplifiers. One important 
precaution you will learn about in this lesson is to use neutralizing 
circuits, which are widely found in transmitters. 

There are a number of different modes of operation to which vacuum 
tubes can be adjusted for use as amplifiers. These are referred to as 
class A, class AB, class B, and class C operation. In this lesson you 
will learn the characteristics and uses of each class of operation. 

A word on circuit drawings. Never try to “memorize” a diagram. 
Instead, study each diagram and its explanation in the text until you 
know the purpose of every part of the circuit and why the part is 
connected the way it is. Then when you try to redraw the circuit from 
memory, think of what parts are needed to make the circuit work 
ind how they must be connected to each other. 

When you think you have your diagram about right, check to see if 
you have proper d-c paths to furnish the needed operating voltages 
for the tube elements and suitable a-c paths for delivering the signal 
from the input to the output. Does the circuit have the proper block¬ 
ing components to force the a-c to follow the proper path and keep the 
d-c out of circuits where it is not wanted? 
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Amplifier Circuitry 

REVIEWING THE BASIC AMPLIFIER CIRCUIT ... Before pro¬ 
ceeding, let us stop for a moment and look over the circuit of a basic 
vacuum-tube amplifier. This circuit is shown in Fig. 1. An input signal 
from a microphone is amplified and fed to a pair of headphones. Two 
batteries are used to supply bias voltages to the tube. Ea supplies a 
negative voltage to the grid through choke L„ which is a short to 
this d-c voltage. Ebb supplies a positive voltage to the plate of the 
tube and causes a d-c plate current lb to flow through the tube and 
through the choke L2, which is also a short for d-c. 

The a-c voltage from the microphone passes through C, to the grid 
and varies the resistance of the tube in such a way that amplified a-c 
appears on the plate current lb. The high a-c impedances of the chokes 
L, and L2 prevent the a-c input and output voltages from being shorted 
to ground through the bias batteries Ecc and Ebb. The capacitors C, 
and C2 prevent the d-c bias batteries Ecc and Ebb from being shorted 
to ground through the microphone and headphones while allowing 
the a-c to pass in and out of the amplifier circuit. 

Notice that this amplifier is relatively insensitive to the frequency of 
the input signal. So long as the input frequency is such that the 

Fig. 1 The basic frequency-insensitive amplifier. 



3 chokes have high impedance and the capacitors have low impedance, 
the amplifier will work properly. For example, the circuit of Fig. 1 
could be made to amplify a 100-cps signal equally well as a 1-kc signal 
and all the frequencies in between. 

WHAT HAVE YOU LEARNED? 

1. Refer to the circuit of Fig. 1. What would happen if capacitor C, 
suddenly shorted out so that d-c could pass through it? (□>_ 
_ _ If the microphone 
is also a short for d-c, what is the total voltage appearing on the grid 
of the tube under this condition? (b)_ 
_ _ Now suppose that instead of C, shorting, the 
windings of L, short so that L, is a complete short circuit to both d-c 
and a-c. What is the total voltage appearing on the grid under this 
condition? «_ _ 
Suppose you put on the headphones and receive an unpleasant d-c 
shock. You discover the plate supply voltage Ebb is appearing on the 
headphones and has shorted to the case, giving you the shock. You 
immediately know that id) _ has shorted. If the circuit is work¬ 
ing normally but L2 shorts, will you hear anything on the phones? 
Why? M -

2. The circuit of Fig. 1 will amplify any signal whose frequency is 
high enough that the chokes (a) (block) (pass) a-c and high enough 
that the capacitors (b) (block) (pass) a-c. 

ANSWERS 

1. (a) The d-c voltage from E a would appear on the microphone. 
(b) Only the a-c voltage from the microphone, since E« is shorted to ground 

through L, and the microphone. 
(c) Only the d-c bias voltage Ea, since the a-c signal is then shorted to ground 

through L, and E«. 
(d) C2.. . This is the only way Em can get to the headphones. 
(e) No, because the a-c output shorts to ground through L¡ and Ebb. 

2. (a) Block; (b) pass. 

ADDING SELECTIVITY TO AN AMPLIFIER 
In many radio applications it is desirable to use an amplifier which 
will amplify a signal of one particular frequency and, at the same time, 



4 reject all other signals having different frequencies. The amplifiers 
you have studied thus far amplify a large range of input signals equally 
well regardless of their frequency. In the following sections you will 
see how LC resonant circuits are used to give an amplifier “selectivity” 
so that it can select a certain narrow range of frequencies to be ampli¬ 
fied while rejecting all others. 

g REVIEWING THE PARALLEL LC CIRCUIT ... A parallel LC 
resonant circuit has a most valuable property. This circuit offers a 
very high impedance to a voltage near its resonant frequency and a 
low impedance at all other frequencies. 

Figure 2 shows a typical LC parallel circuit that is resonant at 1 
me with L = 0.254 mh, C = 100 pf (picofarads), and R (the resistance 
of the inductor L) = 16 ohms. Also shown is the curve which describes 
how the impedance of this circuit varies with frequency. At the reso¬ 
nant frequency this circuit has a very high impedance, about 159,000 
ohms. The impedance drops sharply as the frequency changes from 
resonance. For example, at 0.95 me the impedance of the circuit is only 
about 215 ohms. The width of this curve tells you the range of frequen¬ 
cies over which the LC circuit has a relatively high impedance. 

In Fig. 2 the impedance of the LC combination is greater than 100,000 
ohms for frequencies in the range 0.99 to 1.01 me. This narrow range 
of frequencies over which the impedance is high is determined by the 
Q of the LC circuit. At most radio frequencies the resistance of the 
inductor L can be made small enough (making the Q high) that the im-

Fig. 2 The impedance of the LC circuit is greater than 100 kilohms between 0.99 
and 1.01 me. 
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, r.k TO -„„..it is verv large for a very small range of frequen-
Ä" ; ran — hasa low impedance except 
at a narrow rangZof frequencies near its resonant frequency Parallel 
LC re—dmuits used in radio work are often called tank aroutta. 

WHAT HAVE YOU LEARNED? 

1 A parallel tank circuit has a very W (high) (low) impedance near its 
ie—frequency and a very m tk^ou. 
ouencies You are listening to a l-mc broadcast signal on a receive 
and find that a 4-mc signal is interfering with the signal youi demr > t 
r t «tn A tank circuit you have on hand has an impedance of 200,000 
£ It 1 “and™ impedance of 5 ohms at 4 mo You connect the 
tank circuit as shown in Fig. 3. The l-mc signal will then see w -
kilohms of impedance shunted across the input o ^^oFim ped anee 
tank The 4-mc interference will see (d, -- °hæs of

thte interfering signal will essentially be shorted to ground. The l-mc 
nput S is not shorted to ground, since the impedance o the tank 
circuit is very high at 1 me. If the interfering signal hada frequency 
of 1.001 me, would this circuit eliminate the interference, in -

ANSWERS 

1 (a) High; (b) low; (c) 200 kilohms; (d) 5 ohms; (e) tank 
f) No • 1.001 me is too near the resonant frequency-of the tank, so 
interfering signal would also see a high impedance to ground. 

THF TUNED PLATE CIRCUIT ... Figure 4 shows an amplifier with 
which you are already familiar except for the parallel LC resonant 
circuit which has been shunted directly across the output to make the 
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Fig. 4 An unwanted 5-kc signal shorted out by the LC resonant circuit. 

amplifier selective. Two signals are shown entering the amplifier; one 
has a frequency of 5 kc and the other a frequency of 10 kc. It is desired 
to amplify the 10-kc signal and at the same time reject the 5-kc signal. 
To accomplish this, the LC resonant circuit is so tuned that it is 
resonant at 10 kc. It then offers a high impedance to the 10-kc signal 
and at the same time a low impedance to the 5-kc signal. 

Since the tank circuit is shunted across the output of the amplifier, 
its low impedance at 5 kc shorts the unwanted signal to ground while 
its high impedance at 10 kc lets the 10-kc signal pass out of the 
amplifier unaffected. Because of the LC circuit, the amplifier has been 
made selective, so that only a signal having a frequency very near to 
10 kc can pass through the circuit without being shorted to ground 
at the output. 

When analyzing amplifiers, it will help a great deal if you think of the 
parallel tank circuit as being an open circuit when very near its reso¬ 
nant frequency and a short circuit for all other frequencies. Of course, 
because of the inductor, a parallel LC circuit is always a short for d-c 
current. The amplifier of Fig. 4 is said to have a shunt-fed or parallel-
fed, plate circuit, since the LC combination is shunted across 
the output. 

WHAT HAVE YOU LEARNED? 

1. The impedance of a parallel tuned LC circuit is measured and found 
to be about 50 ohms at a frequency of 100 kc. This same circuit is also 



found to exhibit an impedance of 100 kilohms at a frequency of 1 me. 
Where would you expect the resonant frequency of this circuit to be? 
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2. In Fig. 4 what would happen if C2 shorted so that is could pass d-c 
current? (o>_ 
The d-c voltage on the plate of the tube under this condition would 
very nearly be (b) _ _ 

3. The amplifier of Fig. 4 is said to be selective because it amplifies 
only frequencies very near the (O)_ frequency of the LC 
output circuit. If the LC circuit of Problem 1 were used in the ampli¬ 
fier of Fig. 4, a 100-kc input signal would see (bi _ ohms shunted 
across the output of the device, while a 1-mc input signal would see 
W_kilohms across the output. Which signal is nearly shorted 
out at the output? (d;_ 

4. You desire to amplify the input signal to a radio receiver at a fre¬ 
quency of 2 me and at the same time prevent amplification of un¬ 
wanted interference which has a frequency of 1 me. You could use 
the amplifier of Fig. 3 provided you tuned the tank circuit to a fre¬ 
quency of _ megacycles. 

ANSWERS 

1. Near 1 me .. . The impedance of the circuit is very large near 1 me. 
2. (a) The d-c plate supply voltage would short to ground through L2 and L. 

(b) Zero. 
3. (a) Resonant; (b) 50 ohms; (c) 100 kilohms; (d) 100 kc 4. 2 me 

A THE SERIES-FED PLATE CIRCUIT . .. Besides the shunt-fed 
circuit, there is another way in which the LC circuit can be used in 
the output to provide selectivity. Remember that the purpose of the 
choke in the output circuit is to provide a high impedance to the a-c 
signal and a low impedance to the d-c plate supply voltage. Since the 
LC circuit itself presents a high a-c impedance at its resonant fre¬ 
quency and at the same time is a short for d-c, the LC circuit can be 
used in place of the choke in the output circuit as shown in Fig. 5. 

In addition to replacing the choke, the LC circuit will at the same 
time be a short to all frequencies not near its resonant frequency. We 
take advantage of this property and provide a capacitor C3 from the 
bottom of the LC circuit to ground. Now all unwanted frequencies 
will be shorted through the LC circuit and C3 to ground. For example, 
5- and 10-kc signals are simultaneously applied to the input of the 
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Fig. 5 A series-fed selective amplifier in which the IC circuit replaces the choke. 

amplifier of Fig. 5, in which the LC circuit is tuned to 10 kc. At 10 
kc the LC circuit has a very large impedance, so that the 10-kc signal 
passes through the amplifier unaffected. At the same time the 5-kc 
signal sees a low impedance in the LC circuit, so it is shorted through 
this circuit and through C^ to ground. 

Although the 5-kc signal could be shorted to ground through Ebb with¬ 
out the use of C3, at high frequencies any practical plate supply will 
have some small a-c impedance. Therefore, C3, which has a negligible 
impedance, is usually desirable. C3 is called a bypass capacitor, since 
it allows the a-c to bypass Ebb on its way to ground. 

The circuit of Fig. 5 is called a series-fed plate circuit, since the LC 
circuit is in series with the plate supply voltage Ebb. Note that in this 
type of circuit the coupling capacitor C2 is always necessary to pre¬ 
vent the d-c plate supply voltage Ebb from appearing at the output 
terminals. 

Note that although the parallel- and series-fed plate circuits have 
slightly different circuit configurations, their electrical operation is 
identical. In both cases (1) d-c is fed to the plate through an element 
which has low d-c impedance, (2) the signal to be amplified sees a 
high impedance to ground, and (3) the signals to be rejected are 
shorted through the LC circuit. 



(a) Parallel-fed circuit ( b) Series-fed circuit 

Fig. 6 

WHAT HAVE YOU LEARNED? 

1. Refer to Fig. 6, where a series-fed plate circuit and a parallel-fed 
plate circuit are shown. In the parallel-fed circuit of Fig. 6(a) the d-c 
plate current flows out of the plate supply Ebb through the tube and 
returns to Ebb through _ In the series-fed circuit of Fig. 6(b) 
the d-c plate current flows out of Ebb through the tube and returns to 
Ebb through it)_ In the parallel-fed circuit the a-c signal to be 
amplified appears on the plate of the tube and passes through C2 to the 
output. The high impedance of (c)-prevents this 
signal from being shorted to ground through Ebb. This signal is not 
shorted to the ground at the output because the LC circuit is resonant 
at its frequency and hence has a (d) (large) (small) impedance. In the 
series-fed circuit the signal to be amplified again passes from the plate 
of the tube to the output terminal unaffected since the high impedance 
of the (e)_ circuit prevents it from being shorted to ground 
through Ebb or C3. In the parallel-fed circuit, any unwanted signal of 
different frequency appearing at the plate of the tube passes through 
C2 and is immediately shorted to ground by the in- circuit. 
In the case of the series-fed circuit, the unwanted signal is shorted to 
ground through the (g)- circuit and (h>-

ANSWERS 

1. (a) L^ (b) L; (c) L2; (d) Large; (e) LC; (f) LC; (g) LC; (h) C, 

ADDING SELECTIVITY TO THE GRID CIRCUIT . . . You have 
seen how an LC resonant circuit can be added to the output end of an 
amplifier to short unwanted signals to ground and produce selectivity. 
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(a ) Shunt-fed grid circuit (b) Series-fed grid circuit 
Fig. 7 Addition of an LC resonant circuit to the grid circuit to provide selectivity. 

In exactly the same way, an LC circuit can be added to the grid cir¬ 
cuit of the amplifier to produce selectivity. 

As in the case of the plate circuit, the grid of the amplifier can be 
series or shunt fed. Figure 7(a) shows a shunt-fed grid circuit in which 
the LC circuit is shunted across the input, and Fig. 7(b) shows the 
series-fed grid circuit in which the LC circuit is in series with the grid 
supply voltage Ect. A bypass capacitor Ct is provided in this case. 
A 10 kc signal to be amplified and an unwanted signal at 5 kc are 
shown entering the input terminal of the amplifier. In both cases the 
10-kc signal passes unaffected to the grid of the tube because the LC 
circuit is tuned to 10 kc and thus presents a very large impedance at 
this frequency. 

In the shunt-fed case the unwanted 5-kc signal is immediately shorted 
to ground at the input through the LC circuit. The d-c grid bias from 
Ea is supplied to the grid through the choke L,. In the case of the 
series-fed grid circuit, the 5-kc signal is shorted to ground through 
the LC circuit and the bypass capacitor Ct. Here the d-c grid bias 
from Ea is supplied to the grid through the inductor L of the LC circuit. 

WHAT HAVE YOU LEARNED? 

1. Find the mistakes in the circuits of Fig. 8 and describe how these 
mistakes can be corrected. Hint: Check the following points. (1) Does 
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the tube in each case have grid bias? (2) Does the wanted signal for 
each circuit see a high impedance to ground and a direct path to the 
grid? (3) Does the unwanted signal see a short circuit to ground? 

ANSWERS 

1. Circuit (a). Tube has no grid bias, Ecc is shorted to ground through L, and L. 
C, must be moved between the LC circuit and L,. 

Circuit (b). The unwanted signal cannot be shorted to ground through L„ 
and the wanted signal is shorted to ground through Ecc. L, must be moved and 
placed in series with E«. 

Circuit (c). This circuit is correct and electrically identical to the series-fed 
circuit of Fig. 7(b). 

Circuit (d). All signals are shorted to ground by Ecc. Not only is Ecc shorted 
out, but there is no d-c path to the grid. The LC circuit cannot short the un¬ 
wanted signal to ground because of L, must be placed in series with Ecc, and 
C, must be moved so that it is between the LC circuit and the new position of L . 

g THE TUNED-PLATE TUNED-GRID AMPLIFIER ... To 
achieve maximum selectivity, LC resonant circuits are simultaneously 
used in the grid and plate circuits of the amplifier. The result is called 
a tuned-plate tuned-grid amplifier, an example of which is shown in 
Fig. 9. This amplifier has a shunt-fed plate circuit and a series-fed 
grid circuit. You could just as well have a series-fed plate circuit or a 
shunt-fed grid circuit or any combination you like, since these cir¬ 
cuits all perform the same electrical operation. 



Fig. 9 A tuned-plate tuned-grid amplifier with series-fed grid circuit and shunt-fed 
plate circuit. 

With both the input and output circuits tuned to the frequency to be 
amplified, maximum rejection of unwanted signals is obtained. These 
unwanted signals are now shorted at both the input and the output 
of the amplifier. In this way the amplifier is made sensitive only to 
the frequencies very near to the frequency to which the LC circuits 
are tuned. Tuned-Plate Tuned-Grid amplifiers are often called TPTG 
amplifiers for the sake of brevity. 

Figure 9 and preceding figures have shown separate power supplies 
for Ecc and Ebb. While the use of separate power supplies for plate 
and bias voltages is common in transmitters and other high-power 
equipment, a single power supply is usually used in receivers and other 
low-power equipment. If cathode bias is used for the circuit of Fig. 9, 
thus eliminating Ecc, the circuit becomes that of Fig. 10. The bias pro¬ 
vided by Ecc in Fig. 9 is now obtained from the voltage drop across R,. 
Since Ecc is eliminated, there is no further need for C„ which bypassed 
Ecc. 

Fig. 10 The circuit of Fig. 9, but using cathode bias. 



(c) Series-fed grid, series-fed plate 
:ig- 11 
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tn order to keep circuitry in this lesson as simple as possible to better 
Ilústrate basic amplifier principles, separate power supplies for bias 
ind plate are generally shown. You should understand that in any of 
hese circuits cathode bias or some other suitable biasing method can 
□e substituted in place of Ecc, as is done in Fig. 10. 

WHAT HAVE YOU LEARNED? 

L Draw a TPTG amplifier circuit with a shunt-fed grid and a shunt¬ 
ed plate circuit. 



14 2. Draw a TPTG amplifier circuit with a shunt-fed grid and a series-
fed plate circuit. 

3. Draw a TPTG amplifier circuit with a series-fed grid and a series-
fed plate circuit. 

4. What d-c voltage appears on the plates of the tuning capacitor in 
the shunt-fed plate circuit of Problem 1? 

5. What d-c voltage appears on the plates of the tuning capacitor in 
the series-fed plate circuit of Problem 2? 

ANSWERS 

1, 2, 3. See Fig. 11(a), (b), and (c), respectively, for answers. 
4. Zero volts with respect to ground. 
5. The plate supply voltage Ebb with respect to ground. 

COUPLING AND CASCADING STAGES ... If sufficient gain is 
not obtained from a single stage, two or more stages can be connected 
in tandem (cascaded) to obtain additional gain. There are various 
methods of coupling the output of one tuned stage to the input of the 
next. In Fig. 12, capacitive coupling is used for the purpose. The signal 
output from the first stage is coupled to the grid of the second stage 
through capacitor C4. The tank circuit L2-C2 is a high impedance to 
a signal at its resonant frequency, so that the signal takes the path 
through C4 to the grid. The capacitor C4 is necessary to keep the plate 
power supply Ebb off the grid of the second stage, which would give that 
grid a positive bias. We show a choke L, as the d-c path between grid 
and cathode for the first stage, and a resistor ñ2 for this purpose in the 
second stage. Since both have a high impedance to the signal, either 
can be used in either stage. The principle is that the d-c path between 
grid and cathode must have a high impedance to the signal, so that 
the signal won’t short to ground through it. 

Grid bias is obtained in Fig. 12 by the cathode resistor method, using 
R,C2 and ß3Cs for the purpose. A separate bias voltage, as shown in 
previous figures of this lesson, could be used just as well. 

A method of coupling two stages by transformer or inductive coupling 
is shown in Fig. 13. Coil L2 is placed close to L„ so that L, is the pri¬ 
mary and L2 the secondary of a transformer. The signal current 
flowing in L, is transferred to L2 by transformer action, and thus 
reaches the grid of the following stage. 



Fig. 12 Capacitor coupling between two stages. 

Since L,-Cl is a parallel resonant circuit of high impedance, which in 
previous circuits of this lesson has been used to block the signal, it 
may seem to you that very little signal current will flow through L,. 
While it is true that the signal current L entering the tank circuit is 
very low, the circulating signal current within the tank circuit that 
swishes back and forth between L, and C, will be high at resonance. 

Since the signal current through Lt is high at resonance, there is a 
good signal transferred from L, to L2. For frequencies not at resonance, 
the current through L, will be much less and therefore little signal is 
transferred to the grid of the next stage. Because the impedance of 
L'-C, will be much less for frequencies off of resonance, the signal 
current L will be more than at resonance. In spite of that, the signal 
current through L, will be less because it is only at resonance that the 
circulating current in L, and C, is many times greater than L. 

15 

Fig. 13 Transformer coupling between tuned stages. 
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Fig. 14 Two TPTG amplifier stages in cascade, using link coupling. 

Sometimes the equipment is so layed out that L2 of Fig. 13 is at a dis¬ 
tance from Lr By a method called link coupling, shown in Fig. 14, L2 

can still be coupled to L,. In this figure, L, couples the signal by trans¬ 
former action to L2. From L2 it is conveyed by the transmission line to 
Lt. The signal current flowing in Lt induces the signal into L2. 

TRANSISTOR TUNED-CIRCUIT COUPLING METHODS . . . 
Methods of coupling transistor tuned stages differ in certain respects 
from the methods for vacuum tubes. Figure 14A shows a transformer 
coupling between two transistor stages. Winding differs from L2 of 
Fig. 13 in that it consists of only a very few turns. L2-L< is thus a volt¬ 
age step-down transformer. Now a transformer that steps down the 
voltage steps up the current. Hence, the current fed to the base of T2 

is greater than the current through L2. 

Remember that a transistor is a current amplifying device. Hence, the 
more signal current fed to the base, the better the gain from the sys¬ 
tem. The fact that the voltage has been lowered is unimportant be¬ 
cause the base input resistance of the transistor is very low, so that 
little voltage is needed to feed the signal into the base. In contrast, a 
tube is a voltage amplifying device. We want to get the strongest 
possible signal voltage to the grid. The grid circuit resistance is very 
high, so that very little signal current is required. 

The signal current induced in Lt must feed between base and emitter of 
T2. C4 and C5 are sufficiently large to have low impedance at the signal 
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Fig. 14C Capacitor coupling between two transistor stages. 

Figure 14C shows capacitor coupling between two transistor stages, 
by means of C2. The signal output from T, is tapped on to L, at the 
point with the most satisfactory impedance match. Because the input 
to T2 has a very low impedance, the base of T2 is tapped at a very low 
point on L2, where the impedance is also very low. This arrangement 
gives a much higher signal current to the base than if the base was 
tapped at some higher point or at the top. 

The reason impedances are varied by changing tap positions is that 
a tapped coil is actually a transformer. While we usually think of a 
transformer as having two windings, a primary and a secondary, it 
need only have one winding. It is then called an auto transf ormer. 
Part of the single winding does double duty, acting as both primary 
and secondary turns. If, for example, L2 has 50 turns in all, and the 
tap is 5 turns from the bottom, then the voltage at the tap is one¬ 
tenth the voltage across the entire coil. Remembering that when the 
voltage is stepped down, the current is stepped up, the current from 
the tap will be ten times the current in L2. Since low voltage and high 
current means low impedance (R =E/I), the impedance at the tap 
point is low. In a similar manner, L, is a voltage step-up transformer. 
If the tap is at the center point, then the voltage across the entire 
coil is twice the voltage between center tap and bottom, and the coil 
current one-half the collector current. 

WHAT HAVE YOU LEARNED? 

1. Draw a TPTG amplifier with a capacitance coupled input circuit 
which is parallel fed and a transformer-coupled output circuit which 
is series fed. 

2. If you apply a 0.1-volt input signal to the input of the first ampli¬ 
fier in Fig. 13, the voltage appearing at the grid of the second tube 
will be (a)-volts if the gain of the first amplifier is 10. If the 
gain of the second amplifier is also 10, the voltage at the output of 



the second amplifier will be (b) - volts. By what factor has the 
input signal been amplified by the two amplifiers working together? 
(c)-

ANSWERS 

2. (a) 1 volt... 0.1 volt input X gain of 10. 
(b) 10 volts ... 1 volt input to second amplifier X gain of 10. 
(c) 100 ... The gain of the total combination = Earn -e- Ein = 10 -s- 0.1 = 100. 

Fig. 16 The principle of feedback. 

OSCILLATORS 
THE PRINCIPLE OF THE OSCILLATOR ... An oscillator is a 
device which generates an a-c voltage at some particular fre¬ 
quency. At very low frequencies (the 60-cycle voltage in your home, 
for example) sinusoidal voltages can be generated by mechanical gen¬ 
erators; but at the much higher frequencies required for radio work 
no mechanical generator can work fast enough, so that oscillators 
using vacuum tubes or transistors must be used. 

The idea behind an oscillator is very simple; it is illustrated in Fig. 16. 
You have seen how it is possible to have an amplifier which will 
amplify one particular frequency quite well. If an external signal is 
applied to the input of the amplifier by closing the switch, a large 
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Fig. 17 A TPTG amplifier in use as an oscillator. 

amplified output signal will appear at the output terminals. If some 
of this output signal is now “fed back” to the input terminals by a 
feedback device of some kind, this fed-back voltage can be used to 
supply the input of the amplifier and the external input voltage can 
be disconnected by opening the switch. In this way a large sinusoidal 
output voltage can be produced at the output terminals with no ex¬ 
ternal input voltage, the input voltage being supplied by the output 
voltage itself through feedback. The frequency of the output voltage 
is the frequency to which the amplifier is tuned. Almost all oscillators 
are of this form—an amplifier with a feedback device. 

Figure 17 shows a TPTG amplifier in use as an oscillator. In this case 
the output voltage from the plate is fed back to the grid through the 
internal capacitance between the plate and grid of the vacuum tube. 
Although this capacitance is very small, it is sufficient to feed back 
enough voltage to drive the amplifier as an oscillator. No external 
input signal is needed to start the oscillator, because there are always 
some tiny stray noise voltages produced by the moving electrons in 
the tube. These noise signals are magnified in amplitude by the tube 
and fed back to the input to provide the input signal needed to start 
oscillations. 

WHAT HAVE YOU LEARNED? 

1. An oscillator can be made from an amplifier by supplying the input 
of the amplifier with a signal taken from the <o)_of the 
amplifier. The portion of the circuit which takes part of the output 
and applies it to the input is called a (b)_device. 
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2. Is the TPTG oscillator shown in Fig. 17 any different from the 
circuits for TPTG amplifier which you have been studying so far? 
(□)_ Can a TPTG circuit which oscillates be used to amplify 
an input signal? (b)- . 

3. You have probably heard the squeal produced by a public address 
system when the output of the speaker is brought too close to the 
microphone. Some of the output of the speaker is then being fed back 
to the input of the amplifier. Since there is an amplifier present with 
feedback, you could classify the squeal of the amplifier as -

ANSWERS 

1. (a) Output; (b) feedback 
2. (a) No ... The basic circuit for an oscillator is identical to that of the ampli¬ 
fier. However, when the circuit is used as an amplifier, special precautions must 
be taken to prevent feedback through the internal tube capacitance. 

(b) No ... A signal is always present at the output of an oscillator regardless 
of any input signal. 
3. Oscillation ... The circuit oscillates at an audio frequency, so you hear the 
output as a squeal with a pitch equal to the oscillation frequency. 

PREVENTING OSCILLATION . .. When a TPTG circuit is to be 
used as an amplifier, some care must be taken to prevent it from oscil¬ 
lating. A TPTG circuit which oscillates cannot be used simultaneously 
as an amplifier because a signal is always present at the output of an 
operating oscillator. 

The easiest way to prevent oscillation is to remove the internal capaci¬ 
tance between plate and grid and thereby remove the source of feed¬ 
back for the oscillator. Pentode and tetrode vacuum tubes have an 
extremely small internal capacitance because of the addition of the 
screen grid between the plate and the grid of the tube. 

Figure 18 shows a TPTG amplifier circuit using a tetrode. Voltage is 
supplied to the screen grid through the screen dropping resistor Rs. 
Since the screen must be kept at a positive potential (less than the 
plate supply voltage Ebb), it will draw current. The screen current Is 
then causes a voltage drop across Rs, and the voltage on the screen is 
Ebb minus the drop across Rs. No a-c voltage must appear on the screen 
while the circuit is in operation, so a bypass capacitor Cs is provided 
to short any a-c on the screen to ground. 

WHAT HAVE YOU LEARNED? 

1. If in Fig. 18 the value of the plate supply voltage Ebb is 300 volts 
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Fig. 18 A TPTG amplifier using a tetrode tube. 

and the screen draws a current of 5 ma, the value of Rs necessary to 
produce a voltage of 250 volts between the screen grid and ground is 
-kilohms. 

2. What is the purpose of the screen bypass capacitor Cs in Fig. 18? 
•°*------ What 
would happen if this capacitor were shorted to ground? (b)_ 

3. Redraw Fig. 18 using cathode bias to eliminate Ecc. 

ANSWERS 
1. 10 ... 300 volts — 250 volts = 50 volts which must be dropped across Rs. 

Rs = -ÈJLYPIÍ8 _ jo kilohms 
5 ma 

2. (a) Cs shorts any a-c which appears on the screen grid to ground. 
(b) The d-c voltage on the screen grid would be shorted to ground. In most 

tubes this would cut off the flow of plate current. 

Fig. 19 



Fig. 20 Plate neutralization of a TPTG amplifier. The a-c ground is at the bottom of 
tank circuit LC and at the top of ^C,. Therefore, the signal in t2C2 is 180° 
out of phase with the LC signal with respect to ground or cathode. 

NEUTRALIZATION ... Even with the use of a screen grid, some 
tubes still tend to oscillate in high-gain amplifiers. In these cases and 
in the cases when the tube has no screen grid another measure must 
be taken to prevent oscillation. The amplifier circuit must be so con¬ 
structed that the voltage fed back to the grid can be canceled out. 
The operation of canceling out the feedback voltage is called neutral¬ 
izing the amplifier. 

Transmitter and other high-power amplifiers require neutralization. A 
voltage which is 180° out of phase with the feedback voltage (the 
exact negative of the feedback voltage) must be obtained and applied 
to the grid of the tube to cancel the feedback voltage and produce 
neutralization. One method of neutralization of this kind is shown in 
Fig. 20. Here another tank circuit is so arranged that the transformer 
action between the plate tank inductor L and the tank inductor L¡ 
induces a voltage in the tank circuit of L2 which is 180° out of phase 
with the output voltage. This induced voltage is then fed to the grid 
through the neutralizing capacitor Cn. The voltage fed to the grid 
through Cn is then 180° out of phase with the feedback voltage sup¬ 
plied to the grid through the plate grid capacitance Cpg and the two 
voltages cancel, thereby eliminating oscillation. 

23 
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Fig. 21 Use of a single tank in the output circuit of the neutralized amplifier. Note 
that C» and plate connect to opposite sides of the cathode potential point 
on L. This is necessary to obtain the proper phase. 

The voltage which is fed back through Cpg is in phase with the input 
voltage and is called a positive, or regenerative feedback voltage. 
The voltage which is fed back to the grid through the neutralizing 
capacitor Cn is 180° out of phase with the output voltage and is called 
negative, or degenerative, feedback. Most neutralizing circuits work 
on the same principle: Positive feedback tends to make the amplifier 
oscillate, while negative fedback prevents oscillation by canceling the 
positive feedback. 

In any practical amplifier two coupled tank circuits as shown in Fig. 
20 are seldom used. Instead, the two tank circuits are combined into 
one as illustrated in Fig. 21. The one tank circuit of this figure, with 
a center-tapped inductor, is electrically equivalent to the two separate 
coupled tanks. 

The method of neutralization of Fig. 21 is called plate neutralization, 
since the neutralizing voltage is obtained from the plate circuit. The 
neutralization circuit shown in Fig. 22 is called a grid neutralization 
circuit. In this circuit a voltage is taken directly from the plate circuit 
but is fed to the lower end of the center-tapped tank (equivalent to 
two coupled tanks) in the grid circuit. This voltage then induces a 
voltage 180° out of phase with the feedback voltage in the grid circuit 
and thereby produces neutralization. 
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WHAT HAVE YOU LEARNED? 

1. Neutralization is achieved by feeding back to the grid a voltage 
which is (a)_ degrees out of phase with the feedback voltage 
causing oscillation. This means that the neutralizing voltage is the 
negative of the (b) (regenerative) (degenerative) feedback voltage. In 
the circuit of Fig. 20, if the internal capacitance between plate and grid 
is 10 pf, what would you expect the value of the neutralizing capacitor 
Cn to be? Why? (c>_ 

2. Draw a TPTG amplifier using a triode tube having a shunt-fed 
plate and a shunt-fed grid circuit using grid neutralization. 

3. In Fig. 21, why is the point on L to which + Ehb is connected at 
ground a-c potential? 

ANSWERS 

1. (a) 180 (b) regenerative (c) Also 10 pf. If the neutralizing voltage is 
to exactly cancel the feedback voltage, it must have the same amplitude as the 
feedback voltage. Thus the neutralizing voltage must see the same path to the 
grid circuit as the feedback voltage. 
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Fig. 24 

3. Capacitor C2 has negligible reactance at the frequencies used, and it therefore 
effectively shorts a-c to ground while blocking d-c. 

AMPLIFIERS 
THE GRID-VOLTAGE PLATE-CURRENT CURVE ... The 
amount of plate current which flows in a vacuum tube is determined 
primarily by the value of the total voltage which appears between 
the grid and cathode of the tube. The voltage from grid to cathode 
determines to what extent the grid repels the electrons emitted by 
the cathode, and in this way it determines how much current can 
flow through the tube to the output circuit. 

The curve of Fig. 25 shows how the voltage from grid to cathode 
affects the plate current of a vacuum-tube amplifier. This curve shows 
the readings of a milliammeter in the plate circuit plotted against 
the readings of a meter connected between the grid and cathode of 
the tube. When the voltage eg from grid to cathode has a very large 
negative value of, say — 50 volts, we are at point A of the curve. At 
this point the grid of the tube is so negative that it repels all the elec¬ 
trons emitted by the cathode, and no plate current whatsoever flows 
through the tube. 

No plate current flows until we decrease the voltage from grid to cath¬ 
ode so that it is about — 30 volts, which corresponds to point B on the 
graph. At this point the grid is just barely negative enough to repel 
all the electrons from the cathode and cut off the plate current ip. 
When the grid-cathode voltage is less than the value at point B, the 
grid is no longer able to repel all the electrons from the cathode— 
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Fig. 25 The grid-voltage plate-current curve. 

some of them get by and a plate current results. For example, at point 
C, where the grid-cathode voltage is —10 volts, plate current flows. 
The curve tells you that at —10 volts the current in the plate circuit 
is 5 ma. 

The value of negative grid-cathode voltage at which plate current just 
begins to flow (point B) is called the cutoff voltage of the tube, since 
making the grid more negative than this value cuts off the plate cur¬ 
rent. When the grid is made positive with respect to the cathode as 
at point D, plate current flows and, in addition, the grid also starts 
drawing current from the cathode because the positive grid begins to 
attract the negative electrons. 

WHAT HAVE YOU LEARNED? 

1. Using the curve of Fig. 25, answer the following questions: 

When the grid bias voltage is — 40 volts, (o)_milliamperes 
flows in the plate circuit. When the grid bias voltage is —20 volts, 
(b)_milliamperes flows in the plate circuit. When an a-c input 
signal is applied to the input terminals, the total voltage from grid to 
cathode is equal to the negative bias voltage E« plus the a-c input 



voltage. Suppose the a-c input signal shown in Fig. 26 is applied to 
the input of the amplifier and the bias voltage E« is kept at —10 volts. 
At t = 0 the a-c input has a value of zero, and the total voltage from 
grid to cathode is then —10 + 0= —10 volts. From the curve you see 
the plate current at this time is then w_milliamperes. When 
t = 0.05, the value of the a-c input is 5 volts. The total voltage from 
grid to cathode is then —10 + 5 volts = — 5 volts. From the curve you 
can tell, then, that the plate current at t = 0.05 sec is id)_ milli¬ 
amperes. What is the value of plate current at t = 0.1 sec? (e)_ 
What is the value of plate current at t = 0.3 sec? io_ 

Notice that the input signal is actually producing a 10-volt fluctuation 
about the d-c bias level of —10 volts, which in turn is producing a plate 
current fluctuation of 2.5 ma about the 5-ma d-c level produced by 
the bias. 

ANSWERS 

1. (a) 0; (b) 2.5; (c) 5 ma; (d) 6.25 ma; (e) 7.5 ma; (f) 2.5 ma 

THE CLASS A AMPLIFIER ... Figure 27 shows the operation of an 
amplifier. The total voltage from grid to cathode is the a-c input 
signal voltage plus the d-c negative grid bias voltage Ecc. The class of 
operation of an amplifier depends on what value is chosen for E«. In 
class A operation Ecc is chosen as indicated on the curve, directly 
under the center of the linear, or straight, portion of the curve. 

With no input signal the plate draws a constant d-c plate current. In 
Fig. 27 Ecc is —10 volts, so that the no signal d-c plate current is 5 
ma. When the signal is applied to the input terminals, the signal adds 
to the bias voltage, and the voltage from grid to cathode varies as 
shown on the curve of Fig. 27. On this diagram an input voltage of 
value 2 volts peak is shown producing a fluctuation about the bias 
voltage Ecc. for example, 0.001 sec after the input is applied, the input 
voltage has risen to its maximum value of 2 volts. The total voltage 
on the grid is now 2 volts —10 volts = — 8 volts bias. On the curve 
you see the plate current then rises to 6 ma. Because the curve is very 
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nearly a straight line near the bias value Ecc, the plate current will 
be an exact reproduction of the input voltage waveform. 

In this kind of diagram you can think of the input voltage as being 
reflected up off the curve, producing the plate current as shown in 
Fig. 27. Note that if the plate-current grid-voltage curve were not a 
straight line near Ecc, the output current would not resemble the in¬ 
put voltage so closely and serious distortion would occur. Such a case 
is shown in Fig. 28, where Ecc is chosen as —3 volts in the knee or 
curved portion of the curve. 

Take careful note of the fact that in class A operation the total volt¬ 
age from grid to cathode is always negative, that is, the peak value of 
the input signal must always be less than value of the bias voltage 
Ecc. You could not, for instance, apply an input signal having a peak 
value of 10 volts to the amplifier we have been discussing. If you did, 
the input signal would drive the grid into the knee of the curve and 
distortion would result. 
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Fig. 28 Distortion which results from biasing in the knee of the eg — ip curve. 

WHAT HAVE YOU LEARNED? 

1. If you put a square wave into the input terminals of a class A am¬ 
plifier, the voltage which appears at the output terminals will be a 
(a)_wave because a class A amplifier (b| (does) (does not) 
reproduce the input signal. 

2. The class A amplifier is so biased that the operating point is in the 
_of the linear portion of the Eg-Ip curve. 

3. Referring to Fig. 27, the maximum peak input voltage which you 
can apply to the input of the amplifier without forcing the grid-cath¬ 
ode voltage into the lower knee of the curve is (a)_volts. Apply¬ 
ing a voltage greater than this value will result in a (b) (distorted) (un¬ 
distorted) output. 

4. In Fig. 27 the a-c output current fluctuates about the d-c level of 
(a)_milliamperes. It rises to a value of (b)_milliamperes 
on positive peaks and falls to a value of (c)_milliamperes. On 
the average, what would you say the plate current of the tube is? 
(d)_milliamperes. 

5. If the voltage from grid to cathode is always negative in class A 
operation, can any current ever flow from the cathode through the 
tube and out of the grid? (Consider the grid-cathode portion of the 
tube as a vacuum-tube diode.) 



ANSWERS 3 

1. (a) Square wave; (d) does 
2. Center 
3. (a) 6 volts; (b) distorted 
4. (a) 5 ma; (b) 6 ma; (c) 4 ma 

(d) 5 ma ... This is the d-c level about which the fluctuations are taking place. 
5. No ... The situation corresponds to a reverse-biased diode with a negative 
voltage on its anode. 

CHARACTERISTICS OF THE CLASS A AMPLIFIER ... A Class 
A amplifier is valuable because the output waveform is an exact re¬ 
production of the input voltage waveform. Thus it can be used in 
such applications as a high-fidelity amplifier, in which no distortion 
is wanted. In the preceding topic you saw the following characteristics 
of a tube operated in class A: 

1. The tube is always biased with a negative voltage in the center of 
the linear or straight portion of the plate-current grid-voltage curve 
so as to give a distortionless output. 
2. The input signal must never be so large as to drive the grid posi¬ 
tive or force it into the knee of the plate-current grid-voltage curve, 
because distortion would result. 
3. Because of the way the tube is biased, the tube draws a constant 
d-c plate current with no signal applied. 

Since the grid is always kept at a negative voltage with respect to 
the cathode, the grid never draws any current in class A operation. 
In other words, negligible current is drawn from the input signal 
source, since only a voltage is necessary to drive the grid of the tube. 
The input power, which is the product of the input voltage and cur¬ 
rent, is then small for a class A amplifier. 

When no signal is applied to such an amplifier, a fairly large d-c plate 
current flows through the tube. The product of this current and the 
voltage across the tube gives the amount of power which Ebb is supply¬ 
ing to the tube in the form of heat. When a signal is applied to the 
input, the plate current rises and falls about this d-c level. Although 
the plate current is rising and falling, on the average, it is constant at 
this d-c value. For example, the plate current in Fig. 27 rises to 6 ma 
and falls to 4 ma, but on the average it has a value of 5 ma, which is 
just the no-signal d-c plate current. 

Thus, when an a-c input signal is applied to a class A amplifier, the 
average value of d-c plate current does not change. The power sup-
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Fig. 29 

plied to the tube in heat due to the d-c plate current is always dis¬ 
sipated whether the input signal is applied or not. Because of this 
large amount of power lost in heat, the class A amplifier is highly 
inefficient. Normally the efficiency of a class A amplifier is between 20 
and 35 per cent. 

WHAT HAVE YOU LEARNED? 

1. Figure 29 shows a class A audio amplifier with microphone input 
and speaker output. Can any a-c microphone current flow to ground 
through C, and the grid-cathode portion of the tube? Why? («) -
_ The only 
current which is drawn out of the microphone is the small value of 
current that leaks off across the high impedance of (b) - The 
no-signal d-c plate current is 5 ma, and the plate supply voltage is 
100 volts. The power dissipated in the tube in heat due to the d-c 
plate current level is w_ watt with no signal applied. If a signal 
is now applied, is this power still lost in heat? (d) -

What will a d-c milliammeter in series with Ebb read if an input signal 
of 0.01 volt is applied by the microphone? (•) - milliamperes. 
The formula for plate efficiency is a-c power output divided by d-c 
power input. What is the efficiency of this amplifier if 0.1 watt of a-c 
power is delivered to the speaker? m- per cent. 

2. What would happen if resonant tank circuits were added to the 
amplifier operating in Fig. 29? 

ANSWERS 

1. (a) The grid is always negative in class A operation, so no grid current can 
ever flow. 
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(b) Ä,; (c) 0.5 watt = Ep X Ip 33 
(d) Not all of it; part of the 0.5 watt is now converted to a-c signal power, 

and is delivered to the speaker. 
(e) 5 ma... The average value of d-c plate current does not change when 

you apply an input signal. 
(f) 20 per cent... 0.1 -t- 0.5 = 0.20. 

2. The amplifier would become selective and only one frequency of the micro¬ 
phone output would be amplified. 

THE CLASS B AMPLIFIER ... In order to make an amplifier more 
efficient than a class A amplifier, you must somehow remove the 
power lost due to the constant average d-c plate current. In a class B 
amplifier the constant d-c plate current is completely removed by 
biasing the tube at cutoff as shown in Fig. 30. Now when no signal is 
applied, the tube will draw no current and the efficiency is thereby 
raised. Unfortunately, as you can see, if a small input signal is ap¬ 
plied, the negative portion of the output current is completely cut off 
and only one half of the input waveform is reproduced. Also, distor¬ 
tion results because the grid is driven into the knee or nonlinear por¬ 
tion of the curve. 

To get around the first difficulty, we simply employ two tubes in what 
is called a push-pull circuit. Both these tubes are biased at cutoff; 
one tube amplifies the upper portion of the input signal and the other 
tube amplifies the lower portion. 

A common push-pull circuit for class B operation is shown in Fig. 31. 
Transformers are used in both input and output circuits to separate 

Fig. 30 The no-signal plate current is removed by biasing at cutoff in a class 
B amolifier. 



34 

inverted 

lower tube produces 
this pulse 

upper winding voltage 
in phase with input 
signal 

-output of 
upper tube 

lower winding voltage 
180° out of phase with 
input voltage 

Fig. 31 A class B amplifier. 

upper tube amplifies top 
half of input signal producing 
this current pulse 

and add the upper and lower portions of the input signal for amplifi¬ 
cation. Consider the transformer at the input of the amplifier. The 
signal to be amplified is applied to the winding on the left. It induces 
a voltage just like itself in the upper secondary winding, and in the 
lower winding it induces a voltage which is inverted or turned upside 
down (180° out of phase). The upper tube then amplifies the top por¬ 
tion of the input signal, while the lower tube amplifies the bottom 
portion. 

The action in the output transformer is exactly opposite to that of 
the input transformer. The upper tube induces an amplified voltage 
in the output winding which corresponds exactly to the top portion 
of the input signal. The output of the lower tube is inverted by the 
action of the output transformer so that it induces an amplified volt¬ 
age in the output winding which corresponds to the lower portion of 
the input signal. 

The result is a complete amplification of the input signal: the upper 
tube amplifies the upper half of the input, and the lower tube ampli¬ 
fies the lower half. You might say that one tube is pushing while the 
other tube is pulling. The push-pull amplifier can be made selective 
by using the inductance of the input and output transformers in com-
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36 ANSWERS 

1. (a) Two; (b) push-pull; (c) cutoff; (d) knee; (e) zero 
2. See Fig. 31. 

4. 180° 

J g CHARACTERISTICS OF THE CLASS B AMPLIFIER ... The 
common class B amplifier consists of two tubes, both biased at cut¬ 
off, operating in a push-pull circuit. In the preceding topic you learned 
of the following characteristics of tubes operating in class B: 

1. The tubes are always biased at cutoff, and each tube amplifies one 
half of the input signal. 
2. Some distortion results because the grids of both tubes must be 
driven in to the knee of the plate-current grid-voltage curve. 
3. Because of the way the tubes are biased, the output signal does 
not fluctuate about a constant d-c plate current. Therefore, a class B 
amplifier is much more efficient than a class A amplifier which has 
heat losses that are due to the constant average d-c plate current 
level. 

Since distortion cannot be avoided in a class B amplifier, it is com¬ 
mon practice to drive the amplifier as hard as possible to obtain max¬ 
imum efficiency. The input signal is made so large as to actually drive 
the grids positive during a small portion of a cycle. A typical plate¬ 
current grid-voltage curve for the class B amplifier is given in Fig. 34. 
The tubes are biased at cutoff, where E« = —10 volts. The input sig¬ 
nal in this case has a peak value of 11 volts, which is greater than Ea. 
(Note that this could never be the case for a class A amplifier.) Now, 
0.001 sec after the input is applied, the total voltage from grid to 
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Fig. 34 In class B. operation the grid is driven positive during peaks. 

cathode is 11 — 10 = 4-1 volt. The grid is then positive with respect 
to the cathode and draws current. 

It is useful to distinguish between modes of operation in which the 
grid draws currents and those in which the grid does not. For this 
purpose the subscripts 1 and 2 are used after the letter denoting the 
class of operation. The subscript 2 means the grid draws current, and 
the subscript 1 means that it does not. Thus in class B, operation the 
grid does not draw current, while in class B2 operation the grid is 
driven harder so that it does draw current. 

Since in class B2 opeation current is drawn by the grid for a small 
period of one cycle of the input signal, the input signal source must 
supply some current as well as voltage to drive the amplifier. Because 
the grid draws current in a class B2 amplifier, a class B2 amplifier re¬ 
quires considerably more driving power than a class A amplifier, the 
grid of which draws negligible current. 

Class B amplifiers have application where high efficiency and high 
output power are required and where some small distortion can be 
tolerated. An example is the output stage of a public address system 
amplifier. Typical efficiencies for a class B amplifier range between 50 
and 60 per cent. 

Class B amplifiers are used in transmitters to amplify modulated r-f 
signals. Because tuned tank circuits are used, push-pull operation is 
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not required, although it is often used. The flywheel action of the 
tank circuit fills in the missing part of the signal caused by plate cur¬ 
rent cutting off during half of the cycle. This will be explained shortly 
in connection with class C operation. For this use distortion can be 
kept low. 

WHAT HAVE YOU LEARNED? 

1. Figure 35 shows a class B push-pull amplifier used as a final stage 
in a public address system. The output of the microphone must first 
be amplified by several cascaded class A stages. It cannot be directly 
applied to the input of the class B amplifier because a class B ampli¬ 
fier requires considerably (□) (more) (less) driving power than a class A 
amplifier. This increased driving power is required because, at the 
peaks of the input signal, current will flow in the input circuit 
through the input transformer and the (b)_por¬ 
tion of the tubes. If you do not speak into the microphone, how much 
current will a d-c milliammeter in series with Ebb read? (q_ 
A sinusoidal input signal is shown entering the amplifier. The upper 
tube conducts during (d)_degrees of one cycle of this input sig¬ 
nal, while the lower tube conducts during w_degrees of one 
cycle of the input signal. This push-pull class B amplifier could prob¬ 
ably deliver 20 watts of audio to the speaker with some small distor¬ 
tion; compare this with the class A audio stage of Fig. 29 which de¬ 
livers 0.1 watt of distortionless output. 

ANSWERS 

1. (a) More; (b) grid-cathode 



Fig. 36 AB, and AB, operating points are in between cutoff and the center of the 
linear portion of the curve. 

(c) Zero... Since the tubes are biased at cut off, no plate current flows un¬ 
der no-signal conditions. 

(d) 180°, or one half of the input cycle; (e) 180°, or one half of the input 
cycle 

^*7 THE CLASS AB AMPLIFIER ... In a class A amplifier the grid is 
biased exactly in the center of the linear portion of the plate-current 
grid-voltage curve. The result is low distortion and low efficiency. In 
a class B amplifier, the grids of the tubes used are biased all the way 
at cutoff with resulting high efficiency but also some distortion. 

It is possible to bias two tubes in push-pull somewhere between the 
class B and class A bias points. Such amplifiers are called class AB 
amplifiers. These amplifiers are sort of “in between.” They have less 
efficiency than class B amplifiers but more efficiency than class A am¬ 
plifiers. At the same time, they have less distortion than class B am¬ 
plifiers but more distortion than class A amplifiers. 

There are two types of class AB amplifiers; AB, and AB2. The class 
AB, amplifier is biased a little more negative than the class A operat¬ 
ing point, as illustrated in Fig. 36. In class AB, operation the grid is 
never driven positive and most of the distortion results from the 
lower knee of the curve. In class AB2 operation the bias point is 
chosen even further negative but not as negative as cutoff. Class AB 2 

operation is also shown in Fig. 36. In class AB2 operation, as in class 
B operation, the grid is driven positive for a short portion of the in¬ 
put cycle. The resulting distortion in AB2 operation is due to both 
knees of the curve. Since the grid draws current during it, AB2 opera¬ 
tion requires more driving power than AB, operation. 

39 



40 WHAT HAVE YOU LEARNED? 

1. AB, and AB2 operation occur when you bias somewhere between 
the class A operating point and («) _ . Suppose you took 
the amplifier of Fig. 35 and changed Ecc so that the tubes were biased 
not at cutoff but at a value slightly less than cutoff. You would then 
be operating the amplifier class it) _ if you drove the grids hard 
enough to draw current on peaks. On the other hand, if you did not 
drive it hard enough to draw grid current, you would be operating the 
amplifier class <c) _ The efficiency of the amplifier would go 
id) (up) (down) after you changed Ecc from its value at cutoff. The dis¬ 
tortion of the amplifier would go <«> (up) (down) after you changed Ecc 
from its value at cutoff. 

ANSWERS 

1. (a) Cutoff, or the class B operating point 
(b) AB2; (c) AB,; (d) down; (e) down 

THE CLASS C AMPLIFIER ... So far we have discussed amplifiers 
of classes A, AB,, AB2, and B. In these amplifiers the grid bias was 
taken progressively more and more negative with progressively high¬ 
er and higher efficiency. The class B amplifier had the most negative 
grid bias and the highest efficiency, the bias point being at cutoff. 

It is possible to use a single-tube or push-pull amplifier and bias it far 
beyond cutoff, thereby obtaining a higher efficiency still. Such an am¬ 
plifier is called a class C amplifier, a single-tube version of which is 

plate current pulses 

i®g 

biased far 
beyond cutoff 

output pulses become 
sinusoidal because of 
flywheel effect of 
output tank 

output current 
is a series of 
pulses 

'P 

only this part of 
the input signal 
is amplified 

this part of 
input signal 
is cut off 

L-cutoff 

Ingrid 
driven 
positive 

1 on peaks 

Fig. 37 The operation of a class C amplifier. 



shown in Fig. 37. As you may have noted, increasing the negative grid 4 
bias also increases the distortion in the output signal current. In the 
class C amplifier the grid is driven positive for a portion of the input 
cycle. The resulting output current is not even half of the input 
waveform but is merely a succession of pulses formed by the very top 
of that waveform. 

Plate currrent flows only during a small fraction of the input cycle. 
You might say that the distortion has become so bad that almost all 
of the input waveform has been clipped off except for this small pulse. 
The pulses go out of the plate of the tube into the output tank cir¬ 
cuit, which is tuned to the input frequency. By means of the flywheel 
effect of this tank circuit the pulse is restored to a sine wave which 
appears across the output tank. A class C amplifier is inoperative 
unless the incoming grid is of sufficient amplitude to unblock the tube 
on positive peaks so that plate current can flow to excite the tank 
circuit. A class C amplifier cannot be used to amplify audio signals, 
which vary in amplitude and frequency. For one reason, the low 
amplitude signals would not unblock the tube, and so would not be 
amplified. Also a class C amplifier requires a tuned tank circuit. 
Tuned circuits respond to a relatively narrow band of frequencies. It 
is not practical to have a tuned tank circuit that will respond to all 
the different frequencies usually found in audio signals. 

WHAT HAVE YOU LEARNED? 

1. When operating class C, a tube is biased far beyond (a)_ 
The tube must then be driven hard enough so that grid current (b) (is) 
(is not) drawn on peaks of the input signal. Does the plate current 
waveform resemble the input current waveform in a class C amplifier? 
(c)-

2. A class C amplifier requires a tuned plate circuit so that the output 
tank can restore a |o| _ waveshape to the output cur¬ 
rent pulses of the tube. To what frequency must you tune the output 
tank in a class C amplifier? (b>_ 

3. Your voice probably simultaneously contains sinusoidal waves hav¬ 
ing frequencies anywhere from 20 cps to 15 kc. Why can’t you use a 
class C amplifier to amplify your speech? 

4. A tube in class B operation conducts during 180° of the input cycle. 
A tube in class C operation conducts in pulses which are much (less) 
(greater) than 180° of the input cycle. 



42 ANSWERS 

19 

1. (a) Cutoff; (b) is 
(c) No ... The output current is made up of a series of pulses corresponding 

to the very top portion of the input signal. 
2. (a) Sinusoidal (b) To the frequency of the input signal (or to a harmonic 
of that frequency). 
3. The tuned tank circuit could not respond to such a wide frequency range. 
4. Less 

CHARACTERISTICS OF THE CLASS C AMPLIFIER ... Since 
class C amplifiers require tank circuits, and are therefore tuned am¬ 
plifiers, they find their application in radio-frequency work where, 
for example, the output of an oscillator must be amplified in a trans¬ 
mitter. In the preceding topic you saw the following characteristics 
of a class C amplifier: 

1. The grid is biased far beyond cutoff (usually about 2 to 4 times 
the cutoff value) and is driven hard enough that the grid goes posi¬ 
tive and draws current during an extremely small portion of one cycle, 
at the positive peaks of the input wave. 

2. The plate current output consists only of a succession of short 
pulses which are made up of the very top portion of the input wave¬ 
form and which last for a small fraction of the input cycle. 

3. The flywheel effect of the output tank circuit restores a sine-wave 
shape to the output pulses of current. 

Since the output current is made up of a series of short pulses, the 
tube is actually conducting for only a very short period of time each 
cycle. Figure 38 shows typical output current pulses. One pulse only 
lasts for 60° of the input cycle. Since the tube is on for only this short 
period of time, very little power is lost in the tube in the form of heat 

Fig. 38 The plate current output of a class C amplifier. 
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and a very high efficiency is obtained. Efficiencies for class C ampli¬ 
fiers are on the order of from 70 to 80 per cent. Because the grid of 
the class C amplifier draws current, you must supply power to the in¬ 
put circuit to drive the tube, as was the case in class B2 and class AB 2 

amplifiers. 

Because of the high bias voltage required and because plate current 
flows only a small part of the cycle, cathode bias cannot be used as the 
entire source of bias voltage with class C operation. 

WHAT HAVE YOU LEARNED? 
» 

1. Figure 39 shows a class C amplifier amplifying the output of an 
oscillator and feeding the amplified signal to an antenna. A telegraph 
key is provided in series with the cathode of the tube to turn the tube 
on and off so that it can be used as a CW transmitter. Since the grid 
draws current on the positive peaks of the input signal, the oscillator 
must supply (»i _ to the input of the amplifier. The effi¬ 
ciency of the amplifier is typically (b) _ per cent. If 
you used a class B or a class A amplifier instead of a class C amplifier, 
you would have a (c) (higher) (lower) efficiency. Can the frequency of 
the oscillator and the frequency to which the grid tank is tuned be 
different? (d> _ If the cutoff value of the tube were — 30 volts, 
would — 60 volts be a proper value for E«? (e) _ _ 

ANSWERS 

1. (a) Power; (b) 70 to 80 per cent; (c) lower; (d) no 
(e) Yes... — 60 volts is twice the cutoff value. 

20 GRID LEAK BIAS . . . Because of the fact that the grid draws cur¬ 
rent under class C operation, an economical circuit can be constructed 
to produce the high negative voltage needed to bias the grid beyond 
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( a ) During positive peaks, Cg charges 
through grid-cathode, «mich acts 
like forward-biased diode 

(b) During rest of the cycle,Cg discharges 
through Rg and produces negative 
grid bias 

Fig. 40 Grid leak bias is obtained by adding Cg and Rg to the grid circuit. 

cutoff and thereby eliminating the need for a separate bias battery. 
This circuit is obtained by adding a capacitor Cg and a resistor Rg to 
the grid circuit of the class C amplifier, as shown in Fig. 40. 

On the first half-cycle, when the input voltage is large and positive, 
the grid becomes positive and the grid-cathode portion of the tube 
acts like a forward-biased diode (almost a short circuit). During this 
time, the capacitor Cg charges up as shown. For the rest of the cycle 
the grid goes negative and the grid-cathode portion of the tube acts 
like a reverse-biased diode (open circuit), so that the charge on the 
capacitor leaks off through Rg and produces a large negative voltage 
across it. This negative voltage appears from grid to cathode and 
becomes the bias voltage Etc needed for class C operation. Rg is called 
the grid leak resistor. To calculate the bias voltage developed, you 
must multiply the average value of grid current by Rg\ 

Ec = Rg X Ig 

Thus, if you have a grid leak of value Rg = 47 kilohms and an aver¬ 
age value of grid current of Ig = 1 ma, then you will develop a nega¬ 
tive bias of 47 kilohms X 1 ma = 47 volts. 

WHAT HAVE YOU LEARNED? 

1. Draw a TPTG amplifier operating class C, using grid leak bias, and 
having a series-fed plate circuit with plate neutralization. 

2. You construct a class C amplifier using grid leak bias with a grid 
leak resistor of Rg = 50 kilohms. You make a measurement with a 
vacuum-tube voltmeter and find you are developing —50 volts of 
bias. What is the average value of grid current which your tube is 
drawing? _ milliamperes. 



3. How much bias will you develop across a grid leak resistor of 10 
kilohms if the average grid current is Ig = 10 ma? - volts. 

4. Why can’t grid leak bias be used in a class A amplifier? 

ANSWERS 

COMPARING THE CLASSES OF AMPLIFIERS ... It is im-
portant that you keep in mind the various characteristics of the class 
A, B, and C amplifiers. Table 1 summarizes these characteristics. 

Table 1 
Amplifier Characteristics 

2. 1 ma... Ig = Eg + Rg = 50 volts + 50 kilohms = 50 volts - 50 X 10 3 

ohms = 1 ma 
3. — 100 volts 
4. The grid never draws current in class A operation, so you could never charge 
the grid capacitor. 

Factor 

Bias 

Efficiency 

Distortion 

Class A 

Center of linear 
portion of eg-ip 
curve 

20 to 35% 

Negligible 

Grid drive Grid always 
negative; no 
grid current 

Class B 

Cutoff 

Class C 

2 to 4 times 
cutoff 

50 to 60% 

Small 

Grid usually driven 
positive; 
current drawn 
on peaks 

70 to 80% 

Pulse output 
not a reproduction 
of input signal 

Grid driven 
positive; grid 
current drawn 
on peaks 



46 The characteristics of class AB, and AB2 amplifiers are between those 
of class A and B amplifiers. Remember that in class AB, operation 
the grid is kept negative and no grid current flows, while in AB2 opera¬ 
tion grid current flows on peaks. 

Notice in Table 1 how the properties of the classes of amplifiers vary. 
Grid bias is more and more negative as you move from class A to class 
B to class C. As the grid bias is made more negative, the efficiency, 
distortion, grid current, and driving power correspondingly increase. 

WHAT HAVE YOU LEARNED? 

1. Class A amplifiers have efficiencies on the order of h_ 
per cent; class C amplifiers have efficiencies on the order of (b)_ 
- per cent; and class B amplifiers have efficiencies on the 
order of w_per cent. 

2. Which class of amplifier is not suitable as an audio amplifier?_ 

3. Which class of amplifier requires the least amount of driving 
power? Why?_ 

4. Which class of amplifier produces the least distortion?_ 

5. Which class of amplifier requires two tubes for the total reproduc¬ 
tion of an input signal?_ 

6. Which class of amplifier is not biased as negatively as cutoff but 
draws grid current on positive peaks of the input signal?_ 

7. Which class of amplifier is the least efficient?_ 

ANSWERS 

1. (a) 20 to 35; (b) 70 to 80; (c) 50 to 60 
2. Class C 
3. Class A, since the grid never draws current from the driving source. 
4. Class A 5. Class B 6. AB, 7. Class A 

22 PLATE-CURRENT PLATE-VOLTAGE CURVES ... For a given 
vacuum tube there is a particular range of values which the plate 
supply voltage Ebb must have if the tube is to operate properly. This 
range is determined by constructing curves which show how the plate 



Fig. 42 Plate-current plate-voltage curves for a triode vacuum tube. 

current Ip of the tube varies with plate voltage Ep when the grid bias 
Ecc is kept fixed. 

Figure 42 shows the readings of a milliammeter in the plate circuit of 
a triode plotted against the readings of a voltmeter across the tube 
for various values of Ebb. For small values of plate voltage (such as at 
point A, where Ep = 10 volts and Ecc = —10 volts) the plate current 
is very small, too small, in fact, to provide a satisfactory d-c level 
about which the output signal can vary. 

The triode is usually operated at a large enough plate voltage to be 
on the portion of the curve which is linear, or straight. For example, 
if your grid bias was Ecc = —10 volts, you could use a plate voltage 
of Ep = 100 volts, which would put you at point B in the straight 
part of the curve. 

Fig. 43 Plate-current plate-voltage curves for a pentode vacuum tube. 



48 The Ip-Ep curves for a pentode are quite different from those of the 
triode. These curves rise steeply, then flatten out at large plate volt¬ 
ages as shown in Fig. 43. Again the tube must be operated at plate 
voltages in the linear or flat portion of the curves. 

It is useful to summarize the factors which determine a suitable bias 
voltage for the grid of a vacuum tube. These are the plate supply 
voltage, the permissible swing of the a-c plate current component, 
the excitation voltage, the maximum distortion permissible, the load 
impedance, and the class of operation desired. 

(c) 

Fig. 44 Transistor neutralization methods. 

OQ NEUTRALIZATION IN TRANSISTOR CIRCUITS . . . Feedback 
from output to input leading to oscillations is a problem with transis¬ 
tors and well as with vacuum tubes. Nothing equivalent to a screen 
grid is available for transistors to reduce the internal capacity. How¬ 
ever, some transistor types have substantially less internal capacity 
than others, and thus less need for neutralization. 



Four methods of neutralization are shown in Fig. 44. The circuit of 
(a) corresponds to the vacuum tube method of Fig. 21. In method (b) 
feedback is taken from the base of the following stage, and thus feed¬ 
back 180° out of phase from the collector feedback signal is obtain¬ 
able. If the feedback is not of the correct phase, it is merely a matter 
of reversing the leads of L2, which will change the phase of the feed¬ 
back signal. The circuit of Fig. 44(b) has the disadvantage that the 
output impedance of the transistor appears across the entire tank and 
lowers the tank Q. This is because putting a resistance across a par¬ 
allel tuned LC circuit broadens the frequency response of the circuit 
—in other words, the circuit will not tune as sharply. Nor will the 
tank circuit have as high a value of impedance as a circuit without 
the shunting resistor. The circuit of Fig. 44(c) differs from (b) in that 
the collector is fed from a tap on L„ rather than from the top of the 
coil. This improves the circuit Q because the output impedance of the 
transistor does not appear across the entire tank. Also, changes in cir¬ 
cuit operation due to replacing the transistor with one with some¬ 
what different characteristics are minimized with this arrangement. 

In a vacuum tube amplifier, the internal feedback signal is coupled to 
t he input entirely by means of the plate-to-grid capacitance, so negative 
feedback by means of a neutralizing capacitor works sufficiently well. 
In the transistor amplifier, however, some signal is fed back through 
the internal resistance of the transistor. Because the signal is fed back 
through a capacitance and a resistance, there is a slight phase shift in 
the signal. With the negative feedback obtained by the neutralizing 
capacitor alone, as shown in Fig. 44(a), the two feedback signals are 
not exactly 180° out of phase, so neutralization is incomplete. To 
nake the two signals exactly 180° out of phase, the negative feedback 
signal must be shifted in phase. This is accomplished by putting a re¬ 
sistor in series with Cn as shown in Fig. 44(d). The combination of Rn 
n series with Cn causes the two feedback signals to be exactly 180° 
sut of phase, and more complete neutralization is accomplished. 
This method of neutralization is called unilateralization. The resistor 
n series with the neutralizing capacitor can also be used in the cir¬ 
cuits of Fig. 44 (b) and (c). 

To avoid the need of neutralizing transistor circuits, a frequent prac-
ice is to operate the stage with a mismatched load. The effects of 
eedback are then less bothersome, but the gain of the stage is reduced. 

49 



50 LESSON 2405-4 

AMPLIFIER CIRCUITRY 

EXAMINATION 

Circle the number of the correct answer for each question that follows. When you are finished, 
transfer the answers to the answer sheet by putting X's in the proper squares. When the graded 

answer sheet is returned to you, correct in this book any questions you may have missed. By doing 

so, you will have a record of the correct answers to all questions for review purposes. 

1. With reference to oscillators, which one of the following state¬ 
ments is not correct? 
(1) An oscillator is an electronic a-c generator. 
(2) An oscillator is an amplifier which uses part of its output to 

supply its own input. 
(3) An oscillator may require neutralization. 
(4) An oscillator is an electronic device for converting d-c power 

to a-c power. 

2. If in a vacuum-tube stage Ebb is 500 volts, the plate current is 100 
ma, the grid leak current is 2 ma, and the grid leak resistance is 
10,000 ohms, what is the grid bias voltage? 
(1) -50 volts (3) -20 volts 
(2) -200 volts (4) -10 volts 

3. Which point on the grid-voltage plate-current curve of the figure 
below indicates the correct bias voltage for Class A operation? 

(1) Point a (3) Point c 
(2) Point b (4) Point d 

4. Which point of the curve of the figure below indicates the correct 
bias voltage for class B operation? Select one of the answers given 
for Question 3. 

grid voltage 



5. Which point of the curve of the preceding figure indicates the cor¬ 
rect bias voltage for class C operation? Select one of the answers 
given for Question 3. 

6. When a vacuum tube is properly operating class C, 
(1) grid current flows. 
(2) grid current does not flow. 
(3) grid current may or may not flow. 
(4) a triode tube should not be used. 

7. Grid current is flowing in a class A amplifier employing one tube. 
Which one of the following comments applies? 
(1) This is normal operation in some class A circuits. 
(2) This indicates improper bias or too high an input signal. 
(3) This indicates too low an input signal. 
(4) This indicates too high a plate voltage. 

8. Too high a value of negative grid bias in a class A audio amplifier 
will 
(1) Cause the negative peaks of the a-c component of the plate 

current to be cut off. 
(2) Cause the positive peaks of the a-c component of the plate cur¬ 

rent to be flattened. 
(3) Increase the plate current. 
(4) Cause the tube to overheat. 

9. Too low a value of negative grid bias in a class A amplifier will 
(1) cause grid current to flow when a strong signal is applied to 

the grid. 
(2) cause the negative peaks of the a-c component of the plate 

current to be cut off. 
(3) increase the power output from the stage. 
(4) decrease the plate current. 

10. A class B2 audio-frequency amplifier stage requires considerably 
greater driving power than a class A amplifier because: 
(1) Grid draws current, and the power dissipated in the grid re¬ 

sistor by this current flow must be furnished by the signal 
source. 

(2) Power output from a class B2 stage is greater, so that driving 
power must also be greater. 

(3) A driving signal of greater amplitude is required for class B 2 

operation. 
(4) Sufficient driving power is required to block plate current 

flow for approximately half of each cycle. 

5 



52 11. Which of the following statements is not correct with reference to 
a class A audio amplifier? 
(1) Distortion is generally less than with other types of operation. 
(2) Power output is lower than with other classes of operation. 
(3) Efficiency is lower than with other classes of operation. 
(4) Power amplification is low. 

12. Which of the following is not a characteristic of a properly oper¬ 
ating class A audio amplifier? 
(1) Tube is always biased to operate over the linear portion of 

the plate-current grid-voltage curve. 
(2) The grid never draws current from the cathode. 
(3) Average plate current varies in accordance with the ampli¬ 

tude of the incoming signal. 
(4) Plate current flows when there is no signal on the grid. 

13. The grid bias used with a class A amplifier is 
(1) negative and less than for class B or class C. 
(2) negative and greater than for class B or class C. 
(3) positive and less than for class B or class C. 
(4) positive and greater than for class B or class C. 

14. A class A amplifier is one that is 
(1) biased so that plate current flows less than one-half of the 

excitation cycle. 
(2) biased so that plate current flows approximately one-half of 

the excitation cycle. 
(3) biased so that plate current flows three-quarters of the exci¬ 

tation cycle. 
(4) biased so that plate current always flows. 

15. The plate current in a properly operating class A amplifier 
(1) Increases in average value with an increase in amplitude of 

the incoming signal to the grid. 
(2) Decreases in average value with an increase in amplitude of 

the incoming signal. 
(3) Average value stays the same at all times. 
(4) Average value increases when bias on grid of next stage is 

made more negative. 



>. Which of the following is not a characteristic of a class B ampli¬ 
fier? 
(1) Must be used with push-pull in an audio amplifier. 
(2) No distortion when carefully adjusted and balanced in a push-

pull arrangement. 
(3) Grid may draw current from cathode. 
(4) Usually uses incoming signal of greater amplitude than used 

for class A operation. 

7. With class B operation, plate current flows 
(1) Much less than one-half of the excitation cycle. 
(2) One-half of the excitation cycle. 
(3) Three-quarters of the excitation cycle. 
(4) The entire excitation cycle. 

3. With class C operation, during what time does plate current flow? 
Select one of the answers given for Question 17. 

). Which of the following is not a characteristic of a class C ampli¬ 
fier? 
(1) Higher power amplification than for class A. 
(2) High power output. 
(3) High efficiency. 
(4) Plate current flows during only a small part of each excita¬ 

tion cycle. 

1 Class C amplifiers cannot be used for audio-frequency amplifica¬ 
tion because 
(1) Intolerable distortion of the audio input signal cannot be 

avoided. 
(2) A sinusoidal excitation signal is needed. 
(3) Efficiency, while high at radio frequencies, is low at audio 

frequencies. 
(4) Class C amplifiers draw grid current. 

1. Typical efficiency of a class A amplifier is 
(1) 15 to 20 per cent 
(2) 20 to 35 per cent 
(3) 50 to 60 per cent 
(4) 70 to 80 per cent. 

2. What is the typical efficiency of a class B amplifier? Select one of 
the answers given for Question 21. 

5. 



54 23. What is the typical efficiency of a class C amplifier? Select one of 
the answers given for Question 21. 

24. Why is the plate circuit efficiency of an r-f amplifier tube operat¬ 
ing as class C higher than that of the same tube operated as class 
B? 
( 1 ) The efficiency of class C is not higher than that of class B. 
(2) A high excitation voltage can be used. 
(3) The tube has a high power output. 
(4) Relatively little of the input power is lost on the plate in the 

form of heat. 

25. Which one of the following is not a factor in determining a suit¬ 
able bias voltage for the grid of a vacuum tube? 
(1) class of operation desired. 
(2) whether series or shunt plate feed is to be used. 
(3) Excitation voltage available. 
(4) Plate supply voltage. 

26. In Fig. 45 two sets of plate-voltage plate-current curves are shown. 
(1) The curves in (a) could be those of either a triode or a pen¬ 

tode. 
(2) The curves in (b) could be those of either a triode or a pen¬ 

tode. 
(3) The curves of (a) are for a pentode and those of (b) are for 

a triode. 
(4) The curves of (a) are for a triode and those of (b) are for a 

pentode. 

Fig. 45 
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Fig. 46 

27. Figure 46(a) through (h) are output wave shapes obtained when 
a signal with peak value of 3 volts is applied to an audio ampli¬ 
fier under various bias conditions, using a tube with Eg-Ip charac¬ 
teristics as shown. What value of grid bias voltage will produce 
the wave shape of (a)? 
(1) —12 volts 
(2) —10 volts 
(3) —8 volts 
(4) —6 volts 
(5) —4 volts 
(6) —2 volts 
(7) obtained when signal increases to 5 volts peak value and grid 

bias is —4 volts. 
(8) impossible 

28. What value of grid bias voltage will produce the wave shape of 
(b), assuming the same peak value voltage as in Ques. 27? (Select 
answer for this and the following six questions from choices for 
Ques. 27.) 

29. What value of bias voltage will produce the wave shape of (c)? 

30. What value of bias voltage will produce the wave shape of (d)? 



56 31. What value of bias voltage will produce the wave shape of (e)? 

32. What value of bias voltage will produce the wave shape of (f)? 

33. What value of bias voltage will produce the wave shape of (g)? 

34. What value of bias voltage will produce the wave shape of (h)? 

Fig. 47 

35. You are troubleshooting the amplifier shown in Fig. 47. What 
class of operation is employed? Hint: Note method of obtaining 
bias voltage. 
(1) Class A (2) Class C 

36. You notice that meter M, reads higher when a signal is applied 
than when there is no signal. Is this normal? 
(1) Yes (2) No 

37. With a signal applied to the circuit of Fig. 47, you find that the 
output of the stage is badly distorted. Replacing the tube does 
not help. You measure the plate voltage, which you find to be 
normal. With no signal applied you measure 0 volts between the 
control grid and cathode. Which of the following could explain 
this reading? 
( 1 ) This is normal when no signal is applied. 
(2) Z/3 may be shorted. 
(3) L„ C„ or both may be shorted. 
(4) L, (but not C.) may be shorted. 
(5) R, may be open. 
(6) C, may be shorted. 
(7) Plate current is too high. 



18. You next measure the a-c voltage between cathode and ground 
with the signal applied. If the circuit is operating properly this 
reading would be 
(1) the proper bias voltage for the grid. 
(2) nearly zero volts. 
(3) between 4 and 8 volts, usually. 
(4) the same as the voltage of the applied signal. 
(5) the voltage Ebb less the voltage drop across the tube. 

19. You measure the d-c voltage between cathode and ground, and 
find it to be zero volts. For a properly operating circuit, this read¬ 
ing would be 
(1) zero volts. 
(2) the proper bias voltage for the grid. 
(3) between 4 and 8 volts, usually. 
(4) the same as the voltage of the applied signal. 

10. Resistor R is color coded Brown-Black-Red-Silver. You measure 
its resistance and find it to be 900 ohms. Therefore, 
(1) this resistor may be faulty, since its resistance is less than the 

color coded value. 
(2) this resistor is not faulty, since its resistance does not vary 

from the color coded value by more than the coded tolerance. 
(3) this resistor has too high a value and should be replaced. 

57 

41. Some months later you again find yourself troubleshooting the 
circuit of Fig. 47. When you apply plate voltage, meter M, reads 
extremely high. (Since M, is a d-c meter, any signal current 
through it will not be read.) This high reading could be caused by 
(1) L3 being shorted. 
(2) C3 being shorted. 
(3) L2 or C2 being shorted. 
(4) Any one of the above. 

output to next stage 

Fig. 48 



58 42. How would you classify the amplifier of Fig. 48 with reference to 
the type of tuning in plate and grid circuits? 
(1) Untuned grid, shunt-fed tuned plate 
(2) Series-fed tuned grid, shunt-fed tuned plate 
(3) Shunt-fed tuned grid, untuned plate 
(4) Shunt-fed tuned grid, series-fed tuned plate 
(5) Untuned grid, series-fed tuned plate 
(6) Untuned grid and untuned plate 

43. Will the amplifier of Fig. 48 work properly as shown? If not, what 
is wrong? It is assumed that neutralization is not needed. If more 
than one of the selections indicate faults, check all that do so on 
your answer sheet. 
(1) Circuit is O.K. as drawn. 
(2) Grid circuit is improperly connected. 
(3) Capacitor C3 is improperly connected. 
(4) A capacitor should be shown across the power supply Ebb. 
(5) Plate tank circuit not shown in circuit correctly. 
(6) Not enough grounded points are shown. 
(7) The circuit should have a cathode resistor and by-pass capac¬ 

itor. 
(8) Capacitor Cb must be removed. 

44. What is the purpose of R2 in Fig. 14A? 
(1) To provide a d-c path between base and ground, so that base 

does not float 
(2) It helps to temperature stabilize the operation of T, 
(3) To by-pass the signal around the transistor 
(4) To control the input signal to the base 



[iiliUlulllliiU.il. 

Km 

MdMÜuüuuUuíliliüiíiiUiiiii.iiuJiL 

m\\\\\\\v 
MWllllliWiliillllk Milllllilllllllllllllillllll I 



CLEVELAND INSTITUTE OF ELECTRONICS CLEVELAND, OHIO 



electronics 
CLEVELAND INSTITUTE OF ELECTRONICS CLEVELAND, OHIO 

How to Work 
with Transistors 

An AUTO-PROGRAMMED Lesson 



ABOUT THE AUTHOR 

Through over 15 years experience in helping students learn through 
home study, Mr. Geiger has obtained an intimate understanding of 
the problems facing home-study students. He has used this knowledge 
to make many improvements in our teaching methods. Mr. Geiger 
believes that students learn fastest when they actively participate in 
the lesson, rather than just reading it. 

Mr. Geiger edits much of our new lesson material, polishing up the 
manuscripts we receive from subject-matter experts so that they are 
easily readable, contain only training useful to the student in practi¬ 
cal work, and are written so as to teach, rather than merely present¬ 
ing information. 

Mr. Geiger’s book, Successful Preparation for FCC License Examin¬ 
ations (published by Prentice-Hall), was chosen by the American Insti¬ 
tute of Graphic Arts as one of the outstanding text books of the year. 

This is an AUTO-PROGRAMMED Lesson exclusive with the 
Cleveland Institute of Electronics. It is your assur¬ 
ance of the finest in technical education and training. 
‘Registered Trademark 

Accredited by the Accrediting Commission 
of the National Home Study Council 

The Accrediting Commission has been approved by the US. 
Office of Education as a “nationally recognized accrediting 
agency" 



CLEVELAND INSTITUTE OF ELECTRONICS 

How to Work with Transistors 
By DARRELL L. GEIGER 
Senior Project Director 
Cleveland Institute of Electronics 



In this lesson you will learn... 

HOW TRANSISTORS OPERATE ... 
1. Leakage Current and Current Gain . .. 
2. Internal Transistor Operation . .. 
3. The Action of Leakage Current ... 

Pages 2 to 11 
Page 2 
Page 6 
Page 8 

STABILIZING CIRCUITS... 
4. Temperature Stabilization ... 
5. Current Feedback Stabilization ... 
6. Stabilization with Single Voltage Source ... 
7. Voltage Feedback Stabilization ... 
8. Bias Compensation ... 

Pages 11 to 19 
Page 11 
Page 12 
Page 14 
Page 16 
Page 18 

COUPLING METHODS... 
9. Cascading Stages ... 

Pages 20 to 23 
Page 20 

CONFIGURATIONS... 
10. Methods of Connecting Transistors ... 
11. The Common-Collector Configuration . .. 
12. The Common-Base Configuration ... 

Pages 23 to 32 
Page 23 
Page 27 
Page 30 

CIRCUIT REFINEMENTS... Pages 32 to 42 
13. Performance Improvement through Inverse Feedback . .. Page 32 
14. Operating Theory . .. Page 34 
15. Power Amplifier Stages. .. Page 36 
16. D-C Amplifiers .. . Page 39 
17. Compound-Connected Transistors ... Page 41 

TRANSISTOR CIRCUIT LIMITATIONS ... 
18. Transistor Noise... 
19. Drift in D-C Amplifiers ... 
20. High-Frequency Performance of Transistors ... 

Pages 42 to 46 
Page 42 
Page 42 
Page 43 

EXAMINATION... Pages 47 to 53 

Frontispiece: Small rugged transistors make it possible to build compact com¬ 
puter circuits capable of processing information at fantastic speeds. 
Photo: Courtesy, Raytheon Company. 

© Copyright 1967, 1966, 1965, 1964 Cleveland Institute of Electronics. 
All Rights Reserved/Printed in the United States of America. 
SECOND EDITION/Third Revised Printing/December, 1967. 



A chat with your instructor 

In previous lessons you have studied the basic circuitry associated 
with transistors. In this lesson the theory of operation of the transistor 
will be explored, to better enable you to build and maintain transistor 
circuitry. In addition, transistor circuits will be studied in more detail 
than has thus far been done. 

The practical use of transistors involves a number of complications 
not found with vacuum tubes. The most important of these is the 
tendency of transistor characteristics to vary, not only with tempera¬ 
ture changes but also with aging and manufacturer’s tolerances. 

Two “identical” transistors can have substantially different character¬ 
istics. Circuits must therefore be designed to work well over a wide 
range of different transistor characteristics. This complicates the 
circuitry, but it is an advantage in servicing. Although several hundred 
transistor types are manufactured, most of them can be successfully 
replaced by selecting from a relatively few types kept in stock. Of 
course, it is always better to replace with the same type number, or 
with a type number specifically approved by the manufacturer, and 
for many types of work this is a requirement. 

Of the operating characteristic changes that take place in transistors, 
variation in leakage current is the most important. Much of this lesson 
is devoted to understanding it and to finding ways to compensate for 
its effects. Fortunately, circuitry that compensates for leakage cur¬ 
rent variations is also effective in compensating for most other varia¬ 
tions in transistor characteristics. Therefore, it is practical to limit 
the study to methods of correction for leakage current variations. 

Additional compensation is often used to correct for variations in 



2 transistor gain, however. This is done by the use of inverse (negative) 
feedback, which you will study. Inverse feedback is sometimes used in 
tube circuitry to reduce distortion and improve stability, but it is much 
more widely used with transistor circuitry. 

You will also study direct-coupled circuits, because they are much 
more widely used with transistors than with tubes. Coupling capaci¬ 
tors between stages must be large for transistor circuits, especially if 
good low-frequency response is required. Because of the low voltages 
involved, d-c coupling is more practical than with tubes, and it 
eliminates the need for the coupling capacitor. 

Before you start this lesson you should review material on transistors 
covered in previous lessons, and in particular the lessons on diodes. 
Since a transistor consists of two diodes, understanding diode theory 
is basic to understanding transistor theory. 

How to Work 
with Transistors 

HOW TRANSISTORS OPERATE 
J. LEAKAGE CURRENT AND CURRENT GAIN... An ordinary 

transistor consists of two diodes. The collector and base, the one com¬ 
posed of N-type semiconductor material and the other of P-type 
material, form one junction, as can be seen in Fig. 1. The base and 
emitter, which also consist of opposite type materials, form the other 
diode. 

In Fig. 1 the collector-base diode is reverse-biased by battery Vcc. As 
a result a small reverse current will flow, as in an ordinary semicon¬ 
ductor diode. This is called the collector-base leakage current, and it 
is represented by the symbol Icbo, or by Ico. The O in the subscript 
means that the third lead (the emitter in this case) is open. 

Figure 2(a) differs from Fig. 1 in that the battery voltage is now shown 
connected between collector and emitter, with the base lead now open. 
The resulting leakage current flow is called Iceo. Since the emitter¬ 
base diode is forward-biased, and thus offers little opposition to cur¬ 
rent flow, a comparision of Fig. 2(a) with Fig. 1 could easily lead one 



Fig. 1 Measuring the collector-base leakage current. 
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to suppose the Icbo and Iceo would be essentially equal. This is far 
from the case, however. You will find that Iceo is many times greater 
than Icbo. Since an understanding of leakage current is essential if 
you are to work intelligently with transistors, the reason for this 
strange phenomenon will be the subject of the next several pages. 

collector 
T+ current Ic is 

Vcc^ equal to 

collector collector I 

base base T1VCC 
VBB emitter¬ 

emitter emitter * 

leakage current I cecT * L 

of 
/ 

base current 
IR

leakage current 
^EO^ 

base-collector june- r 
tion is reverse-biased so 
it will not conduct ex¬ 
cept for small reverse 
or leakage current-^ 
base lead not_^_ 
connected— 
emitter-base june 
tion is forwardbias 
so it does not op¬ 
pose current flow 

tl-base junc-
-T tion is for-
* ward biased 

so thatIB 
is equal 
.^BB 
t0~r 

(b) (a) 

Fig. 2 Current flow in NPN transistors (a) when base is open and (b) when base 
current flows. 

In Fig. 2(b) a supply voltage Vbb is shown connected between base 
and emitter, causing a base current Ib to flow. Since the emitter-base 
junction is forward-biased, it offers little resistance to current flow. 
Hence, the resistor R must be used in series to limit the base current 
Ib to the desired value. 

When a base current flows, the collector current greatly increases. 



4 You can find the change in collector current by multiplying the change 
in base current by the current gain of the transistor, represented 
either by ß (Greek letter beta) or by h/t. Suppose that Ib is increased 5 
Ma by reducing the resistance of R. If the current gain of the partic¬ 
ular transistor is 50, then the collector current will increase by 50 X 
5 /za = 250 Mæ 

Suppose that the leakage current Iceo is 5 ga. What will Ic be in 
Fig- 2(b), if Ib is 25 ga? Assume that ß is 50. The base current has 
changed from zero in (a) to 25 in (b). The corresponding change in 
collector current is 50 X 25 ga = 1250 /xa. Now since the collector 
current was 5 /xa when the base current was zero, the collector current 
is now 5 -I- 1250 = 1255 /xa. The formula for finding the collector 
current is 

Ic = ßlß + Iceo 

WHAT HAVE YOU LEARNED? 

Many of the following questions are review, and thus they are not 
answered in the preceding discussion. You should review as needed to 
understand the answers to all the questions; otherwise, you will not 
be able to fully understand this lesson. 

1. Conduction in P-type material is by means of (a>_ 
charges, called <b>_ 

2. The emitter in a transistor is more heavily doped than the collector 
is. What does this mean? 

3. To reverse-bias a diode, the N-type material is connected to the 
- terminal of the voltage source. 

4. Is the transistor in Fig. 3 of the NPN or PNP type?_ 

5. In Fig. 3 lead A is the (a)-, lead B is the (b)_, 
and lead C is the (c)_ 

6. Remembering that the base-emitter junction is always forward-
biased and the collector is reverse-biased, the proper polarity for the 
top terminal of the voltage source Vbb in Fig. 3 is (o)_ 
and for the top terminal of Vcc is (b>_ _ 
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Fig. 3 

7. To find the leakage current (Iceo) of the transistor in Fig. 3, you 
would (a) (open) (close) switch S and then read microammeter <b) (M,) 
(MJ. 

8. Suppose in Fig. 3 that the leakage current (Iceo) is 20 pa and that 
the current gain is 80. If the base current is 15 pa, what is the collec¬ 
tor current? -

9. If the base current of Problem 8 were to decrease by 2 pa, then the 
collector current would (□) (increase) (decrease) by w --M3-

10. Assume that the leakage current is negligible in Fig. 3 and that a 
collector current of 4 ma is wanted for best operation. You should 
adjust R so that microammeter M, reads - pa- This value of 
Ib is called the base bias current. 

11. It is particularly important in studying transistors to distinguish 
between current gain, voltage gain, and power gain. The amplifier 
stage of Fig. 4 has a voltage gain of , a current gain of (b)-, 
and a power gain of w-

signal input 
40 ua at 0.2 

Fig. 4 

amplifier 
stage 

12. If the collector current in Fig. 3 is 4 ma and the base current is 
50 pa, the emitter current is - ga. 

ANSWERS 

1. (a) Positive; (b) holes 
2. It means that the emitter has more impurities than the collector, and thus 
has more charge carriers. 



6 3. Positive 4. PNP 5. (a) Collector; (b) base; (c) emitter 
6. (a) Negative; (b) negative 7. (a) Open; (b) M, 
8. 1220 pa ■ ■ • Ic = ßle + Iceo 

= 80 X 15 ga + 20 pa = 1220 ga 
9. (a) Decrease (b) 160... 80 x 2 ga = 160 ga 
10. 50 ... 4 ma is 4000 ga. 4000/80 = 50 ga. 
11. (a) 20.. . 4/0.2 = 20 (b) 10 ... First find the current through the load. 
4/10,000 = 400 ga. The current gain is 400 ga/40 ga = 10. 

(c) 200.... Using the formula P = EI, find the signal power input and the 
signal power in the load. Signal power input is 40 ga X 0.2 volts = 8 gw. Power 
in the load is 400 ga X 4 volts = 1600 gw. Power gain is 1600/8 = 200. 
12. 4050 ... First draw arrows on the base and collector leads to show the direc¬ 
tion of current for those two leads. For both leads the arrows will point in toward 
the transistor. Hence, the current going into the transistor at those two leads is 
4000 + 50 = 4050 ga. By Kirchhoffs current law, the current leaving the tran¬ 
sistor (or any other device) must equal the current entering. 

INTERNAL TRANSISTOR OPERATION ... In this topic we shall 
explore the internal operation of the transistor to see how the base 
current is able to control the amount of collector current. Two char¬ 
acteristics of the base are important in explaining the action. First, 
the transistor is manufactured so that the base region is very thin, 
just a few thousandths of an inch. Second, the base region is only 
lightly doped, so that it has relatively few charge carriers. 

In this topic we assume that the leakage currents Iceo and Icbo are 
negligibly low and can therefore be considered as zero. The effect of 
leakage current will be considered in the next topic. 

In Fig. 5 the base-emitter diode of the transistor is forward-biased by 
Vbb. As in any forward-biased semiconductor diode, the negative 
charge carriers in the emitter region will move toward and into the 
base region and the positive charge carriers (holes) in the base region 
will move toward and into the emitter region. (It may be helpful for 
you to review the theory of diode operation at this time.) Since the 
base, being lightly doped, has relatively few charge carriers, most of 
the movement is negative charge carriers moving to the base region. 

Near the junction between emitter and base, some of the free electrons 
will meet and combine with holes, as indicated in Fig. 5 — electron A 
will combine with hole B and electron C with hole D. However, since 
the holes are relatively few in number and the base region is very thin, 
most of the negative charge carriers will be pulled by the positive col¬ 
lector voltage Vcc completely through the base region to the collector 
region without meeting up with a hole. 



Fig. 5 Movement of charge carriers in an NPN transistor. 

For those charge carriers that unite near the junction, the action of 
the base-emitter diode, forward-biased by Vbb, is the same as in any 
diode with which you are already familiar. The resulting current flow 
is Ib. The negative charge carriers that pass through the base region 
without meeting up with any holes form the collector current Ic. In 
most transistors not over 5 per cent of negative charge carriers coming 
from the emitter will meet up with holes. Hence, the collector current 
Ic will be at least 20 times the base current 7b; that is, the current 
gain will be at least 20. 

Why does the collector current reduce to zero (if leakage current is 
zero) if the base lead is opened, so that the base current is zero? You 
will remember that P-type material contains holes and is neutrally 
charged. As the negative charge carriers from the emitter unite with 
holes to form negatively charged atoms, the number of holes is re¬ 
duced. In order to form new holes to replace the ones lost, current Ib 
must flow. If Ib is zero, the number of holes quickly reduce to the 
point where the overall charge of the base is highly negative. Then 
negative charge carriers in the emitter region will no longer move 
toward the base, because the negative charge of the base region repels 
them. Hence, the collector current is zero. 

By varying the value of Ib in Fig. 5 we vary the value of the collector 
current, because the strength of Ib determines how fast new holes can 
form. Negative charge carriers will move from emitter to base at such 
a rate that holes are neutralized as fast as new holes are formed. 
We have illustrated transistor action with an NPN-type transistor. 
By merely reversing all polarities, and by interchanging holes and 
free electrons in Fig. 5, the discussion will apply equally well to a 
PNP-type transistor. 



8 WHAT HAVE YOU LEARNED? 

1. The base region in a transistor has (many) (few) charge carriers. 

2. The majority charge carriers in the base region of a PNP transistor 
are (holes) (free electrons). 

3. The charge carriers in the emitter region of an NPN transistor move 
(o) (toward) (away from) the base. In a PNP transistor they move 
(b) (toward) (away from) the base. 

4. If all the holes in the base region of an NPN transistor unite with 
free electrons from the emitter, then the base region will be (negatively 
charged) (positively charged) (neutrally charged). 

5. If all the holes in the emitter of a PNP transistor pass through the 
base to the collector without meeting up with any free electrons, then 
the base current Is will be (equal to the emitter current) (equal to the 
collector current) (zero). 

ANSWERS 

1. Few 2. Free electrons 3. (a) Toward; (b) toward 4. Negatively 
charged 
5. Zero .. . The base current is the current that results from emitter and base 
charges uniting. 

I HE ACTION OF LEAKAGE CURRENT ... In Fig. 5 you saw how 
some of the free electrons passing through the base region combine 
with holes to build up a negative charge on the base. If this negative 
charge cannot drain off as formed, it blocks further collector current 
flow. In the perfect transistor of Fig. 5, the only way the negative base 
charge could drain off was by means of Ib. In a practical transistor 
there is another way—by means of the minority carriers. 

While conduction in N-type semiconductor material is primarily by 
means of free electrons (called the majority carrier), you will remem¬ 
ber there are a few holes in N-type material, which accounts for a 
small current flow. It is the current flow due to these holes that forms 
the collector-base leakage current Icbo in Fig. 1. If there were no holes 
in the N-material, the leakage current in Fig. 1 would be zero. The 
holes in N-material are called the minority carrier, since they carry 
only a small fraction of the current. 



® = hole IC(^IB + Iceo^ 9 

Fig. 6 Internal operations in an NPN transistor, leakage current being considered. 

The holes in the collector region, being positively charged, are repelled 
from the positive battery voltage applied to the collector, and attracted 
by the negative charge of the P-region, so that they move downward 
in Fig. 6, as the drawing shows. As they enter the base region, they 
add holes to the base region to replace some of the holes lost because 
of combining with electrons from the emitter region. In other words, 
they help drain off the negative charge on the base. 

In summary, holes in the base are constantly being lost because of 
collisions with emitter electrons on their way to the collector. This loss 
is constantly being replenished by new holes from two sources, so as 
to maintain equilibrium. One source is the electrons forming the base 
current Ib. Each electron exiting from the base forms a new hole in 
the base. The other source is the leakage current Icbo, which carries 
holes to the base region. 

Now what will the collector current be if we open switch S in Fig. 6, 
so that the base is opened and Ib becomes zero? It won’t be zero be¬ 
cause some of the negative charge on the base is still being drained off 
by the holes of Icbo entering the base. For every hole that enters the 
base, ß electrons will pass from emitter to collector. Remember that 
the great majority of the emitter electrons will pass through the base 
without colliding with a hole, and thus do not make the base more 
negative. Only the occasional ones that meet with base holes form nega-



10 Üve charges which must be neutralized by new holes entering the base 
1 he current due to electrons from emitter to collector is equal to ß 
times the rate at which current is drained away from the base region. 
It doesn t make any difference how the current gets away from the 
base, whether by means of Ib or by means of Icbo, or by means of both. 

So when the base lead is open (Ib is zero) the current due to electron 
flow from emitter to base is equal to ßlcBO. However, this is not the 
entire collector current. Icbo itself is also part of the collector current. 
or example, if Icbo is 5 p.a and ß is 50, then the electron flow from 

emitter to collector is 5 X 50 = 250 Ma, and the total collector cur¬ 
rent Iceo is 250 ga + 5 ga = 255 /za. We thus find Iceo, the collector 
current when the base lead is open (called the collector-to-emitter 
leakage current) to be 

Iceo = ßlcBO + Icbo = (ß + 1) ICB0

If you think of leakage current as a current made up only of minority 
carriers, then Iceo is not a leakage current. We call it a leakage cur¬ 
rent because ideally we would like the collector current to be zero 
when Ib is zero, and also because Iceo is caused by the minority car¬ 
rier Icbo flow between collector and base. 

When the base is not open, the total collector current is made up of 
two parts collector current resulting from Ib, which is equal to ßIB 
and the co! ector current due to Icbo, which is equal to Iceo. Hence,’ 
tne total collector current is 

Ic = ßIB -|- Iceo 

WHAT HAVE YOU LEARNED? 

1. If in Fig. 6 Ib is 30 /za and collector-to-base leakage current is 5 iza, 
what is the value of the collector current Ic? Assume that ß is 50. 

2. Since the emitter-base junction is always forward-biased, and so 
has only a small opposition to current flow, the base current Ib in 
Fig. 6 is determined primarily by R and Vbb in accordance with Ohm’s 

, ■ If Y™™ 2 volts and R is 50’000 »hms, what is the approximate 
value oí Ib. (o) - if iCB0 is 5 what the value of the

Iceo component of the collector current? (b> _ ua. What is the 
collector current? (c) _ »a



3. The leakage current is highly dependent upon temperature. Assume 
that after the transistor in Problem 2 has warmed up in operation, 
the leakage current Icbo increases to 30 pa. What is then the value of 
Ic?_ 

4. If a PNP type transistor were used in Fig. 6 and the battery 
polarities reversed, then the direction of movement of the majority 
current carriers in collector would be (a) (up) (down). The leakage cur¬ 
rent Icbo would consist of (b) (holes) (free electrons). 

5. If there were no leakage current, then the collector current would 
be _ when the base current is zero. 

6. The leakage current Iceo (increases) (decreases) (stays the same) 
when the base operating current is increased. 

7. The minority carriers in P-type material are (free electrons) (holes). 

8. The leakage current Iceo is (equal to) (much greater than) the 
minority carrier current of the collector material. 

ANSWERS 

1. 1755 ^...Ic = ßlß + Iceo = ßlß + ßlcßo + Icbo 
= (50 X 30) + (50 X 5) + 5 
= 1500 + 250 + 5 = 1755 pa 

2. (a) 40...^=-^ = ^ = 40 pa 

(b) 255...(/} + 1) Icbo = 51 X 5 = 255 pa 
(c) 2255 ... Ic = ßlß + Iceo = (50 X 40) + 255 = 2255 pa 

3. 3530 pa 
4. (a) Up ... The majority carriers in P-type material are holes. The collector 
of a PNP connects to the negative side of the battery. Hence, the holes, which 
have a positive charge, are attracted up toward the negative battery plate. 

(b) Free electrons 
5. Zero 6. Stays the same 7. Free electrons 8. Much greater than 

4 STABILIZING CIRCUITS 
TEMPERATURE STABILIZATION ... The significant point to note 
from Problems 2 and 3 in the What Have You Learned section of 



12 Topic 3 is that, although the base current stayed a constant 40 /xa, a 
change in Icbo of only 25 /xa caused the collector current to change 
from 2255 to 3530 /xa—over a 50 per cent increase! 

If a transistor is to work properly in a circuit, the collector bias cur¬ 
rent Ic must be that value for which the circuit was designed. In most 
cases, wide variations in collector current cannot be tolerated. As a 
result, practical transistor circuits usually require more components 
than corresponding vacuum tube circuits, since special circuitry is 
needed to hold Ic reasonably constant for varying values of leakage 
current. Since temperature changes cause the variation in leakage cur¬ 
rent, the special circuitry needed is referred to as temperature stabiliza¬ 
tion circuitry. 

The formula Ic = ßls + I ceo shows us that (1) variations in the 
value of Ic are equal to the variations in value of Iceo if neither Ib nor 
ß changes and (2) the way to keep Ic more nearly constant is to use 
some type of circuitry that will cause Ib to decrease when Iceo in¬ 
creases, and vice versa. This is the principle on which most tempera¬ 
ture stabilization circuitry works. 

CURRENT FEEDBACK STABILIZATION ... One of the simplest 
stabilization methods is the use of a resistor in series with the emitter, 
Re in Fig. 7(a). This method is called current feedback stabilization. À 
bypass capacitor Ce is used across Re to pass the signal so it will not 
be attenuated by Re. Figure 7(b) shows the same circuit without any 
provision for temperature stabilization. 

To see how Re improves the stability, assume values for Vbb, R„ and 
ß as shown in Fig. 7(b). For these values, you have already found from 
Problems 2 and 3 of Topic 3 that the value of Ic will vary from 2255 /xa 
when Icbo is 5 /xa, to 3530 /xa, when Icbo is 30 /xa. We shall now add a 
750-ohm resistor Re in the emitter circuit in Fig. 7(a) and again cal¬ 
culate the variation in Ic. 
If Ib is still 40 /xa when Icbo is 5 /xa, then Ic is still 2255 /xa. Ie is then 
2255 + 40 = 2295 /xa. The voltage drop across Re is Ie X Re = 
2295 X 10 6 X 750 = 1.72 volts. Remembering that the sum of the 
voltage drops around a circuit must in all cases equal the supply volt¬ 
age, the voltage across R, plus the base-emitter voltage drop must be 
equal to 2 — 1.72 = 0.28 volt. Assuming that the base-emitter voltage 
is 0.1 volt, then the voltage across R, is 0.18 volt. Hence, R, must have 
a resistance of 0.18 -s- 40 /xa = 4500 ohms, because otherwise Ib would 
not be 40 /xa as assumed. 

If Ie now increases because of an increase in Iceo, the voltage drop 
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Fig. 7 Stabilization using emitter resistor. 

across will increase, thus reducing the voltage across ß, and con¬ 
sequently reducing the base current Ib. The reduction of Ib will im¬ 
prove the temperature stabilization by keeping Ic from increasing in 
value as much as would otherwise be the case. When Icbo increases to 
30 pa, Ib reduces to 17.6* pa. Then 

IC = ßlB + IcEO 

= 50 X 17.6 pa 4- 1530 pa = 2410 pa 

Hence, with Re in the circuit, the value of Ic varies only from 2255 pa 
to 2410 pa, whereas without Re the variation is from 2255 to 3530. 

WHAT HAVE YOU LEARNED? 

1. Show that 17.6 pa is correct for Ib in Fig. 7(a) when Icbo is 30 pa, 
remembering that R is 4500 ohms. 

ANSWER 

1. If 17.6 is correct, the sum of the total voltage drops across R,, R,, and the 
*We do not show how this value is obtained since considerable math is required. 



14 base-emitter will equal 2 volts, the value of Vbb. 
Iceo - (ß + 1) Icbo = 51 X 30 = 1530 jxa 
Ic = ßlB + Iceo 

= 50 X 17.6 + 1530 /ia = 2410 pa 
Ie = Ic + Ib = 2410 + 17.6 = 2427.6 ga 
Vu, = Ie X = 2427.6 X 10 ‘ X 750 = 1.82 volts 
Vr, = Ib X Ä, = 17.6 X 10 6 X 4500 = 0.08 volt 
Base-emitter voltage drop is 0.1 volt 
Vbb = Vrí 4- Vr, + Vbe 

= 1.82 + 0.08 + 0.1 = 2.00 volts 

g STABILIZATION WITH SINGLE VOLTAGE SOURCE ... The 
stabilization method of Fig 7(a) works well only when a separate bat¬ 
tery Vbb is used for supplying the bias, as is shown in the figure. If Ib 
were taken from the much higher voltage of Vcc through the use of a 
much larger resistor for R„ the temperature stabilization would 
be poor. However, by adding another resistor, R2 in Fig. 8(a), it is pos¬ 
sible to obtain good stabilization from a single battery. You will 
recognize the circuit of 8(a) as one that you have previously studied, 
and you should review its operation in Lesson 2404. 

The reason the circuit of Fig. 7(a) does not give good stabiliza¬ 
tion when Vbb is high is that the voltage drop across ft is then high 
compared to the maximum voltage drop it is practical to have across 
Re. That being the case, variations in voltage across Re due to changes 
in leakage current have little effect on Ib, so that little stabilizing ac¬ 
tion occurs. 

Figure 8(b) shows a tube circuit that corresponds to the transistor cir¬ 
cuit of (a). In comparing the two circuits, notice in particular that the 
transistor stage requires far higher values for its capacitors than 
does the tube amplifier. This is because transistor circuits in general 
work with lower signal voltages and higher signal currents than do 
tube circuits. Or to say it another way, the impedances associated 
with transistor circuits are generally lower that those associated with 
tube circuits. 

The purpose of all the capacitors in both diagrams of Fig. 8 is to pass 
the a-c or signal while blocking the d-c currents. To do this effectively, 
the signal voltage loss across the capacitor must be low compared to 
the amplitude of the signal voltage, so that the voltage loss is a small 
percentage of the signal. Since the voltage across a capacitor is given 
by Ec = I X Xc, the higher the signal current, the greater the signal 
loss Ec will be. Also, if Ec is to be only a small percentage of the sig-



Fig. 8 A transistor audio amplifier stage compared to an electron tube stage. 

nal voltage, Ec must be less for a capacitor in a transistor stage than 
in a tube stage, since in the latter the signal voltages used are higher. 
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The purpose of the following questions is to review and improve your 
understanding of the circuit of Fig. 8(a) and to compare its operation 
with that of the tube circuit in (b). 

WHAT HAVE YOU LEARNED? 

1. The d-c bias for the grid of a tube required for proper operation is 
obtained by applying a (□> (voltage) (current) to the grid. The bias (b) 
(voltage) (current) used by the grid is essentially zero. The d-c bias for 
the base of a transistor is obtained by applying a (c) (voltage) (current) 
to the base. The bias (d) (voltage) (current) used by the base is very low. 

2. The bias for the grid in Fig. 8(b) is obtained from the voltage drop 
across component _ _ 



16 3. The voltage source for producing the base bias in Fig. 8(a) is ob¬ 
tained from component (a)- .In order to set the bias current at 
the correct value, (b)-is used in conjunction with this 
voltage. 

4. What is the purpose of R, in Fig. 8(b)? (□)__ 

Is there a d-c voltage drop across Ä, ? <b)_ 

5. What is the purpose of R2 in Fig. 8(a)? <o)__ 

Is there a voltage drop across R2? (b)_ 

6. What resistors are involved in temperature stabilization in Fig. 
8(a)?_ 

ANSWERS 

1. (a) Voltage; (b) current; (c) current (d) Voltage ... You bias the input to 
a tube by applying the proper bias voltage to the grid. The bias current is zero. 
You bias a transistor by adjusting the base current Ib to the proper value. The 
base emitter voltage is low, about 0.1 or 0.15 volt. 
2. Re 3. (a) Vcc (b) Resistance ... Ä,, R2, and Re are used in conjunction 
with Vcc to set the base bias current to the desired value. 
4. (a) To provide a d-c path between grid and cathode, without which a tube 
will not function properly, and also to provide a path through which the bias 
voltage developed across Re can be applied to the grid. 

(b) No ... Negligible d-c current flows through R„ and so there is no voltage 
drop across R,. 
5. (a) It helps provide temperature stabilization. 

(b) Yes ... R, and R2 are in series across Vcc. Hence, current will flow. 
6. R2, R„ and Re. 

VOLTAGE FEEDBACK STABILIZATION ... Another basic stabi¬ 
lization method, that of voltage feedback, is shown in Fig. 9(a). The 
base bias current is provided by feedback from the collector through 
R, and R2. When the collector current increases because of the tran¬ 
sistor warming up, the voltage drop across Rl, through which 7c must 
flow, increases. This will cause the collector voltage Vc to decrease, 
and consequently Ib to also decrease. The lowering of Ib reduces Ic, 
so that variations in Ic due to temperature changes are not as pro¬ 
nounced as they would be if Ib were obtained directly from Vcc. 

We must prevent the signal on the collector from also feeding back 
through R.-Ri to the base, where it would cause degeneration. That is 



Fig. 9 Variations in stabilization circuitry. 
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the purpose of C2, which bypasses to ground any a-c component 
reaching it. 

The circuit of Fig. 9(a) gives rather poor temperature stabilization. 
One improvement is to use a combination of voltage and current 
stabilization as shown in Fig. 9(b). Another method is that of Fig. 9(c), 
where R} and Vbb are added to the basic voltage stabilization circuit 
of (a). Notice that Vbb is connected to the base-emitter junction in 
reverse bias. The voltage Vc in series with Vbb gives the current 
through R2, R , and R, shown by the heavy arrows. The voltage drop 
across R} caused by this current flow must be slightly greater than 
Vbb in order to overcome the reverse bias of Vbb; otherwise, Ib would 
be zero. 

Since the base-emitter resistance is low, small changes in Vc, and hence 
in the voltage across R2, will make substantial changes in Ib. Hence, 



18 the stabilization will be very good. The same circuit is also used with 
Vbb omitted to avoid the need for an additional power supply, but 
the results are not nearly so good. 

WHAT HAVE YOU LEARNED? 

1. In Fig. 9(a) why is it necessary to use two resistors with C2 con¬ 
nected between them? Why not instead connect C2 from collector to 
ground or from base to ground? If connected from collector to ground, 
C2 would (o) - - If connected 
from base to ground, C2 would (b)___ 

2. If Vcc is 12 volts in Fig. 9(a), what is the value of Vc if Zc is 0.8 ma 
and Rl is 5000 ohms? (a)_ If R, and Ä2 are each 250,000 
ohms, what is the value of Ib, assuming base-emitter voltage drop as 
negligible? |b) - If Ic increases to 1.2 ma, what then will be 
the value of Ib 1 w_ 

3. Little or no signal output from the stage of Fig. 9(a) with Ic ab¬ 
normally high could be caused by (R2 shorted) (R2 open) (C2 shorted) 
(C2 open). 

ANSWERS 

1. (a) Short to ground the signal output from the transistor at the collector, so 
that there would be no signal output from the collector. 

(b) Short the incoming signal to ground at the base, so that there would be 
no output from the amplifier. 
2. (a) 8 volts... The voltage drop across Rl is Ic X Rl = 0.8 X 10-3 x 5000 
= 4 volts. With 4 volts lost across Rl, that leaves 12 — 4 = 8 volts for the value 
of Vc. Ib is ignored in finding Vc, as its effect is slight. 

(b) 16 ga... 8 volts is applied to the base through Ä,-Ä2.The combined resist¬ 
ance of R, and R2 is 500,000 ohms. Hence, the current is 8/500,000 = 16 ga. 

(c) 12 ga ... The voltage drop across Rl is 1.2 X 10~3 X 5000 = 6 volts. Vc 
= 12 - 6 = 6 volts. Ib = 6/500,000 = 12 ga. 
3. R2 shorted ... Then C2 connects Vc directly to ground, so the signal is shorted. 
Ic will increase because R¡, being shorted, increases Ib. 

BIAS COMPENSATION ... The methods of temperature stabiliza¬ 
tion discussed so far rely on some type of feedback to obtain stability. 
Another approach is to use in the circuit some component whose char¬ 
acteristics also vary with temperature, but in such a manner as to com¬ 
pensate for the changes in transistor characteristics. 



Fig. 10 Use of a thermistor for temperature compensation. 

A thermistor is a commonly used bias compensation device. It is a resis¬ 
tor whose resistance changes with temperature, decreasing with an 
increase in temperature. In Fig. 10 thermistor RT has been added to 
the stabilization circuit of Fig. 8(a) to further improve the circuit 
stability. With an increase in temperature, the resistance of RT drops, 
increasing the current through Re and therefore the voltage drop ac¬ 
ross Re. Without RT, the circuit will only reduce the rise in Ic with 
temperature increase. It cannot eliminate the rise in Ic because the 
reduction in Ib is brought about by an increased voltage drop across 
Re, which requires an increase in Ic. By using RT, the extra current 
needed through Re to reduce Ib can come directly from Vcc through 
RT, without the necessity of Ic increasing. 

Fig. 11 Use of a diode for temperature stabilization. 
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The characteristics of an ordinary semiconductor diode change with 
temperature, and a diode is therefore suitable for bias compensation. 
An example of such use is given in Fig. 11. Diode D is forward-biased 
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♦- principal path of signal output from Q| 

Fig. 12 Two-stage audio amplifier using capacitor (RC) coupling. 

to Vcc. The current I through R, is equal to the sum of Ib and Id, 
and it is essentially constant because Ä, has a high resistance com¬ 
pared to the resistance of D, or the base-emitter impedance. When 
the temperature increases, the resistance of D, decreases. As a result 
Id becomes larger and Ib consequently smaller, so that temperature 
stabilization is obtained. 

COUPLING METHODS 
CASCADING STAGES ... Each stage in the two-stage audio amplifier 
shown in Fig. 12 is identical to the amplifier stage of Fig. 8(a). Capaci¬ 
tor (or RC) coupling is used between the stages, the signal output of 
Qi being coupled to the input of Q2 by means of C3, as shown by the 
double-headed arrows. Except for the extra circuitry required for tem¬ 
perature stabilization and the use of different component values, Fig. 
12 appears identical to a two-stage vacuum tube audio amplifier using 
capacitive coupling. However, it is important to note certain differences 
in operation. 

If the base of Q2 were replaced by the grid of a class A operated tube, 
the signal coming in would meet a nearly infinite resistance at the 
grid, so that only a voltage (no current) would come into the grid. 



'hus the preceding stage of a class A vacuum tube amplifier need 
jrnish only a voltage (no power) to the grid of the following stage; in 
ther words, a tube is basically a voltage amplifier. 

nstead of seeing a very high impedance, which would be the case for 
vacuum tube, the signal coming into Q2 in Fig. 12 encounters a quite 
)w resistance, perhaps 1000 ohms, between base and emitter. As a 
esult the base-emitter resistance offers little opposition to current 
low, so that the strength of the signal current to the base of Q2 is 
primarily limited by the collector-to-emitter impedance of Q,, which 
nil be perhaps 50,000 ohms. Since the signal current in the collector 
ircuit of Q2 is equal to the base signal current multiplied by the cur¬ 
ent gain (ß) of Q2, we want the signal current into the base of Q2 to 
>e as high as possible for the best output from the amplifier. 

Yom another point of view, since the input to a transistor draws 
ignal current, it draws power from the signal source. A transistor is 
hus a power amplifier, and the greatest output is obtained by getting 
he maximum possible signal power into the input, which occurs when 
he input signal current is highest. You will remember that maximum 
>ower is transfered from a source to a load when the impedance of 
he load is equal to the impedance of the source. In Fig. 12, Q, is a 
ignal source feeding the base of Q2, which is the load. Since the col-
ector-emitter impedance (called the output impedance) of Q, is about 
>0,000 ohms, the base-emitter resistance of Q2 should also be about 
>0,000 ohms for the best gain from the amplifier. Since, in fact, the 
tase-emitter resistance is only about 1000 ohms, the amplifying effi-
:iency of the simple fiC-coupled amplifier of Fig. 12 is poor. Never-
heless, the circuit is widely used because of its simplicity. 

Fig. 13 Two stages of audio amplification using transformer coupling. 



22 By the use of transformer coupling as shown in Fig. 13, the gain of a 
transistor amplifier can be much increased. By selecting the proper 
turns ratio for T,, the output impedance of Q, can be exactly matched 
to the input impedance of Q2 for maximum signal amplification. The 
transformer uses fewer turns on the secondary than on the primary, 
so that the secondary signal current is much higher than the primary 
signal current. Thus the signal current applied to the base of Q2 is 
much higher than with RC coupling, and consequently the signal out¬ 
put from Q2 is much greater. 

WHAT HAVE YOU LEARNED? 

1. Figure 12 shows all the signal output from Q, going to the base of 
Q2. Actually, some of the signal will follow other paths, and thus be 
lost. Name those paths._ 

2. Assume that Q, and Q2 both have a current gain of 50. If a 4-/ia 
signal is fed to the base of Q,, the signal strength at the collector of 
Q will be (a)_ /ia. If 25 per cent of the signal output from Q, is 
lost through the shunting paths referred to in Problem 1, the strength 
of the signal fed to the base of Q2 will be |b)_/ia. The signal 
strength at the collector of Q2 will be (c)_ga. The overall current 
gain of the two-stage amplifier between the base of Q, and the collec¬ 
tor Of Q2 is (d)_ 

3. If a smaller capacitor than shown is used for C3 in Fig. 12, the 
overall gain of the amplifier will be reduced. Explain why. 

4. If in Fig. 13 the output impedance of Q, is 50,000 ohms and the 
input impedance of Q2 is 1000 ohms, what is the proper turns ratio for 
transformer T, for the highest amplifier gain? («) -
If the signal output from Q, is 120 /xa, then the signal input to Q2 will 
be (b)_ga, neglecting losses. 

5. A crystal microphone has a high internal impedance. It (a) (would) 
(would not) be suitable to connect its output directly to the grid of a 
vacuum-tube voltage amplifier. It (b> (would) (would not) be suitable to 
connect its output directly to the base input of a transistor amplifier. 

ANSWERS 

1. Some of the signal will shunt through R,, directly to ground, and some will go 



(c) PNP common böse 
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(d) NPN common base (e) PNP common collector (f ) NPN common collector 

Fig. 14 Basic transistor configurations. 

through Äj and and then through Vcc to ground. The greatest loss will be 
through R„ because it has the lowest resistance. In addition, some signal will be 
lost through stray wiring capacitances and the internal capacitances of the 
transistors. 

2. (a) 200; (b) 150; (c) 7500 (d) 1875... 2^00= 1875 
4 

3. A smaller value of C, will have a higher reactance. This will make it harder 
for the signal from Q to get through it. Hence, more of the signal will take the 
path through R„ so that the signal reaching the base of Q, will be reduced. 
4. (a) 1:7.07 ... Remember that for impedance matching the turns ratio should 
equal the square root of the impedance ratio. The impedance ratio is 
50,000/1000 = 50. /5Õ = 7.07. (b) 848 
5. (a) Would ... Since the grid of a tube has a high input impedance, the im¬ 
pedance of the microphone is matched to the input impedance of the tube for 
good gain. 

(b) Would not... Because of its very high internal impedance, very little 
current output can be obtained from a crystal microphone to feed the base of a 
transistor amplifier. 

CONFIGURATIONS 
IQ METHODS OF CONNECTING TRANSISTORS ... There are three 

basic methods by which transistors can be connected; they are known 
as the common-emitter, common-base, and common-collector con-



24 figurations. Since each of the three can be used with either NPN or 
PNP transistor types, there are six different arrangements, as shown 
in Fig. 14. 

The most used configuration is the common-emitter of Fig. 14(a) and 
(b). It has been the connection method assumed in all the discussion 
so far in this lesson. It derives its name from the fact that one side of 
both the input and the output circuit is connected to the emitter lead. 
Similarly, in the common-base connection of (c) and (d) one side of 
both the input and the output circuit connects to the base, and in (e) 
and (f) one side of both the input and the output circuit connects to 
the collector. The common-emitter, common-base, and common¬ 
collector circuits are also respectively known as the grounded-emitter, 
grounded-base, and grounded-collector circuits. The latter names come 
from the fact that the common lead is typically grounded to the signal 
in practical circuits, although not necessarily grounded to d-c. 

An important consideration in using any of the three configurations is 
to get the batteries hooked in with the correct polarity. The rule is 
simple enough: The collector-base junction must always be reverse-
biased, and the emitter-base junction forward-biased. Vcc is connected 
correctly in every case if the polarity of the lead going to the collector 
is opposite the type of collector material. That is, in an NPN transistor, 
the collector is negative, and it should therefore be fed from the positive 
terminal of Vcc. In a PNP transistor the collector is positive, and it 
therefore connects to the negative side of Vcc. Note that all the cir¬ 
cuits in Fig. 14 conform to this rule. In connecting the input circuit 
bias battery, Vbb or Vee, connect P-type material to the positive bat¬ 
tery terminal and N-type material to the negative battery terminal 
for common-base and common-emitter circuitry. 

For a common-collector circuit connect the common collector to the 
terminal of Vbb that has the same polarity as the terminal of Vcc that 
is connected to the collector. Since the voltage of Vcc is greater than 
that of Vbb, the base-emitter junction is then forward-biased. To see 
this, refer to Fig. 15(a), where Fig. 14(f) is redrawn with only the 
circuitry that pertains to the base-emitter bias. The collector con¬ 
nection is not shown because it has nothing to do with the base-emitter 
bias polarity. 

Figure 15(a) shows that the batteries are connected across the base¬ 
emitter junction. The two batteries are connected series bucking; that 
is, so that their voltages oppose each other. Hence, the total battery 
voltage is the diffierence between the voltages of Vbb and Vcc. Since 
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Fig. 15 (o) Common collector base-emitter biasing circuit, (bl Single battery bias¬ 
ing of common-collector circuit. 

the higher-voltage battery will overcome the opposing voltage of the 
lower-voltage battery, the direction of current flow will be that in¬ 
dicated by the higher-voltage battery Vcc, as shown by the arrows. 
Thus the base-emitter junction is forward-biased. 

It appears from Fig. 15(a) that the purpose of Vbb is to cut down the 
voltage used to form the base-emitter bias. If a larger value for R, is 
used, Vbb is not needed and a single battery can be used for all biasing 
needs. The single battery equivalent of Fig. 14(f) is shown in Fig. 15(b). 

Fig. 16 
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Fig. 17 

WHAT HAVE YOU LEARNED? 

1. You will often see one of the three configurations drawn similarly 
to Fig. 16. Which one is it?_ 

2. Redraw Fig. 14(a) using a single battery for biasing. 

3. Carefully compare Fig. 14(c) with (a). Why is it not possible to use 
the method of Problem 2 to obtain bias from a single battery? 

4. Figure 17 is the equivalent circuit of Fig. 14(c) using a single bias 
battery. The voltage drop across component _ ' replaces the 
base-emitter biasing battery Vee in Fig. 14(c). 

5. You could increase the base-emitter bias current in Fig. 17 by 
(increasing) (decreasing) the value of R^. 

6. If a voltmeter connected across R2 in Fig. 17 reads 5 volts, and one 
connected across R, reads 10.5 volts, then the voltage between collector 
and base is (a) - volts, and the base-emitter biasing voltage 
across R3 is (b) _ volts. 

7. In a transistor the collector current is slightly less than the (a) 
- current. That being the case, the output signal 
current from the common-base circuit of Fig. 14(c) is (b) (much more) 
(slightly less) than the input signal current. The current gain of a 
common-base circuit is w (between 25 and 100) (less than 1). 

8. “Grounded-collector circuit” is just another name for the_ 
- circuit. 

ANSWERS 

1. Common collector ... The circuit is essentially identical to Fig. 15(b). 
2. See Fig. 18. 
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3. In (a) both base and collector are fed from negative sides of voltage sources. 
In (c) the collector is fed from the negative side of the voltage source but the 
emitter is fed from the positive side. If connected similarly to Fig. 18, the emitter 
bias polarity would be wrong. 
4. Äj ... Äj with Ra form a voltage dividing network across Vcc. The portion of 
the 12 volts that is across R3 is the biasing voltage for the base-emitter junction. 
5. Decreasing... This would increase the portion of the 12 volts of Vcc that is 
across R3. 
6. (a) 5.5 volts 

(b) 1.5 volts... 12 -10.5 = 1.5 V. 
7. (a) Emitter. . . Remember that the emitter current is equal to the sum of 
the collector and base currents. However, since the base current is very low, the 
collector current is only slightly less than the emitter current. 

(b) Slightly less (c) Slightly less than 1 ... the common-base configura¬ 
tion does not give any current gain. However, it can give voltage and power gain 
as will be seen later. 
8. Common-collector. 

THE COMMON-COLLECTOR CONFIGURATION .. . The com¬ 
mon-collector and common-base configurations are used in situations 
where their special characteristics are advantageous. Since the com¬ 
mon-emitter circuit normally gives better gain than the other 
configurations, it is the one usually used. 

The common-emitter circuit, as you have learned, is characterized by 
a good current gain, a low input impedance of perhaps 1000 ohms, 
and a high output impedance of perhaps 50,000 ohms. In contrast, a 
transistor connected in the common-collector configuration also has a 
good current gain, but a high input impedance of between 20,000 and 
500,000 ohms and a low output impedance of a few hundred ohms. It 
is therefore used where a high input impedance and a low output im¬ 
pedance are desired. It is not generally as suitable as the common¬ 
emitter circuit because its typical power gain is only !00, while a power 
gain of 1000 to 10,000 can be provided by the common-emitter con¬ 
figuration. The reason for the low power gain is that the common-



28 collector circuit cannot provide any voltage gain. A voltage gain of 
several hundred is possible with the common-emitter configuration. 

An examination of Fig. 14(e) or (f) will show why the input impedance 
of the common-collector arrangement is high. Note that the incoming 
signal is applied to base and collector. Since the base-collector junction 
is reverse-biased by Vbb, it has a high impedance. 

What do we mean by input and output impedances, as applied to 
amplifying devices? Ordinary conductors and resistors have set values 
of resistance that stay the same regardless of what the voltage or cur¬ 
rent may be. This is not true of tubes and transistors. Their resistances 
vary with the voltages and currents used. What we are interested in is 
the impedance offered to the signal under normal operation conditions. 

Thus the input and output impedances are the impedances seen by 
the signal when suitable d-c supply voltages are used. You cannot find 
the output impedance by the simple Ohm’s law formula, R = E/I, 
because R is not constant, but has a different value for normal oper¬ 
ating values of E than it has for lower values of E. Instead, we use 
the formula 

Zoutput = _small change in collector voltage 
collector current change resulting from 

the change in collector voltage 

For example, suppose you increase the collector voltage Vc from 9 to 
9.5 volts, and as a result the collector current increases from 1000 to 
1010 ga. Since changing the collector voltage by 0.5 volt causes the 
collector current to change by 10 /za, the output impedance is 

Zo =irxAo* = 50’000 ohms
In using the above formula for finding Zoutput, the base current must, 
of course, be held constant. 

If a change in collector voltage has only a small effect on the collector 
current, as in the example just given, the output impedance is high. 
This is the case with the grounded-emitter circuit. The collector signal¬ 
current value, you will recall, is found by multiplying the base cur¬ 
rent by the current gain ß of the transistor. As long as the collector 
voltage is within the limits in which the transistor works properly, it 
has such a small effect on the collector current that we ignore it in 
figuring the approximate value of the collector current. 



Fig. 19 Using a grounded-collector as an impedance-matching device. 

In the common-collector circuit, the output is taken from the emitter, 
and a small change in emitter voltage will cause a substantial change 
in emitter current. Hence, the output impedance of this configuration 
is low; refer to Fig. 15(b). The voltage Vc (the voltage between emitter 
and collector) is impressed across ñ (since the emitter-base voltage is 
negligible) and thus determines the base bias current. Any change in 
Vc will change the base current. This will cause a change in emitter 
current approximately equal to the change in base current multiplied 
by ß, and it will thus be substantial. 

Figure 19 shows an example of the use of the common-collector con¬ 
figuration. Problem 5 in Topic 9 brought out the point that a crystal 
microphone with its high internal impedance cannot be used satis¬ 
factorily as the input to a common-emitter amplifier. However, the 
input impedance to the common-collector stage Q, of Fig. 19 is high, 
and thus it matches the crystal microphone input for good power 
transfer. Also, the low output impedance of Q, matches the low input 
impedance of the grounded-emitter stage Q2 for good power transfer. 
The grounded-collector stage Q, thus acts as an impedance-matching 
device to match the high impedance of the crystal microphone to the 
low input impedance of Q2. A transformer could be used for the same 
purpose, but it would not have the good wide-range frequency response 
that the grounded-collector stage has. 
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WHAT HAVE YOU LEARNED? 

1. In Fig. 13 a transformer is used to match the high-impedance output 
of Q, to the low-impedance input of Q2. As a substitute for the trans¬ 
former, you could use a transistor connected in the (□>--— 
configuration as an impedance-matching device. In a high-fidelity 



30 amplifier why would this matching method be superior to using a trans¬ 
former? (b)_ 

2. A common-collector circuit cannot provide any _ gain. 

3. If the output current from a transistor varies considerably with 
changes in voltage on the output terminal, then the transistor has a 
(high) (low) output impedance. 

ANSWERS 

1. (a) Common-collector ... The high input impedance of the common-collector 
will match the high output impedance of Q,, and the low output impedance of 
the common-collector will match the low input impedance of Q2. 

(b) A transformer will not respond nearly as well as the common-collector 
circuit to very low and very high audio frequencies. 
2. Voltage 3. Low 

THE COMMON-BASE CONFIGURATION ... An examination of 
Fig. 14(c) and (d) shows that the input signal enters the emitter and 
the output signal leaves from the collector. Since the collector current 
is always slightly less than the emitter current, the output signal cur¬ 
rent is always slightly less than the input signal current. In other 
words, the grounded-base circuit provides no current amplification. It 
can, however, give voltage and power amplification. 

The input impedance to the grounded-base circuit is very low, about 
100 ohms, and the output impedance is very high, up to several meg¬ 
ohms. When used as an audio amplifier, the common-base circuit gives 
a wider range of frequency response than does the common-emitter 
circuit, and it is therefore sometimes used in high-fidelity circuits. 

The most important advantage of the common-base configuration is 
that the grounded base, being sandwiched between collector and 
emitter, reduces the internal capacitance of the transistor, much as 
the internal capacitance of a tube is reduced by the use of a screen 
grid grounded at the signal frequency. Thus the grounded-base circuit 
is much used as an r-f amplifier at very high frequencies. The cor¬ 
responding triode vacuum-tube circuit is the grounded-grid amplifier, 
also used in the VHF range. 

The grounded-base configuration does not usually require temperature 
stabilization circuitry. 
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WHAT HAVE YOU LEARNED? 

1. A simple example showing practical use of the common-base circuit 
is the transistorized megaphone of Fig. 20. The carbon microphone 
has a resistance of 200 ohms and requires a d-c current through it of 
approximately 10 ma to work well. The transistor used should have 
an Ic value of approximately 10 ma. Speaking into the microphone 
varies the microphone resistance to values above and below 200 ohms, 
in accordance with the amplitude of the sound waves striking the 
diaphragm. This causes Ie to vary above and below its average or d-c 
value, thus producing an a-c input component, which is the signal to 
be amplified. The emitter-base impedance in Fig. 20 can be assumed 
to be approximately!«!)_ohms. That being the case, the emitter 
bias current is approximately <b>-ma, and the collector current 
is approximately («>-ma. 

2. To get the best transfer of power from the microphone to the 
transistor input, the input impedance of the transistor should ideally 
be_ohms. 

3. Why would it not be satisfactory to change the transistor connec¬ 
tions in Fig. 20 to a grounded-emitter configuration? 

4. Assuming that the primary winding impedance of T, is 2,000 ohms, 
the power gain of the transistor is-- (Ignore loss of signal 
through R,.) 

ANSWERS 

1. (a) 100 (b) 10 ... The resistance in series with Vee is the 200 ohms of 
the mike plus the 100 ohms emitter base resistance, for a total of 300 ohms. 
I = E/R = 3/300 = 0.01 amp. 

(c) 10 ... In a transistor the collector current is always approximately the 
same as (actually, slightly less than) the emitter current. 
2. 200 ... To get the most power from a source to a load, the load impedance 
should be the same as the source impedance. Actually, a 200-ohms source feeding 
into a 100-ohm load, as in this case, is not enough of a mismatch to cause ex¬ 
cessive loss. 



32 3. Assuming a ß value of 50 and since Ic should be 10 ma, the proper base bias 
current would be approximately 10 ma/50 = 0.2 ma. Hence, the current 
through the mike in series would be limited to 0.2 ma, which is not enough 
for satisfactory operation. 
4. 20 . . . The input power to the transistor is Z/Ä», and the output power is 
HR,. The power gain is the output power divided by the input power, or 

Gp = Ic'Ro 
I,'Ri 

Since L and Ie are approximately equal, they cancel, so that the power gain is 
R./Ri = 2,000/100 = 20. 

CIRCUIT REFINEMENTS 
PERFORMANCE IMPROVEMENT THROUGH INVERSE FEED¬ 
BACK ... Negative (inverse) feedback is frequently used in transistor 
amplifiers to reduce distortion and increase the frequency response. It 
also improves the amplifier stability and reduces variations in overall 
gain caused by changes in transistor characteristics. 

Energy fed from the output of an amplifying device back to the input 
may be either in phase or out of phase with the input signal. In-phase 
feedback (called positive feedback) increases the gain of the amplifier; 
and if it is sufficient, it will cause the amplifier to lapse into oscillations. 
Out-of-phase feedback (known as negative, or inverse, feedback), since 
its phase opposes the incoming signal, reduces the gain of the amplifier 
and prevents oscillations. Because of the loss of gain, an additional 
stage may be needed when inverse feedback is used, but the substanti¬ 
ally improved performance sometimes justifies this disadvantage in 
using negative feedback. 

The circuit of Fig. 21 is identical to that of Fig. 8(a) except that 
only part of the temperature stabilization resistance Re in the emitter 
circuit is bypassed by Ce. The signal current as well as the d-c bias 
currents must pass through Re,. Hence a signal voltage develops across 
Re,. We have previously seen how the d-c voltage drop across Re, op¬ 
poses the base bias voltage source and thus reduces the base bias 
current. Similarly, the a-c signal voltage developed across Re, opposes 
(that is, is out of phase with) the incoming signal voltage and thus 
reduces the signal current into the base. 

Since the same incoming signal voltage now causes less base current, 
the base input impedance is obviously increased. For series voltage 
inverse feedback (the type being discussed) to be effective, the input 



Fig. 21 Series or current inverse feedback. 

signal must come from a low-impedance source. The signal current 
from a high-impedance source would only be slightly reduced by the 
increased base input impedance caused by the series feedback, and 
thus the feedback action is slight. 

The shunt inverse feedback circuit of Fig. 22 is identical to the circuit of 
Fig. 8(a) except for the addition of R3 to feed some of the signal voltage 
output from the collector back to the base. The feedback will be nega¬ 
tive, since the output signal voltage from a common-emitter stage is out 
of phase with the input-signal voltage, just as the output-signal voltage 
from a vacuum tube is out of phase with the input voltage. 

Fia. 22 Shunt or voltage feedback. 
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signal 
voltage 

(a) Series feedback 
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voltage 

Fig. 23 Comparing series and shunt feedback. 

OPERATING THEORY ... To see the significant difference between 
the series feedback of Fig. 21 and the shunt feedback of Fig. 22, refer 
to Fig. 23. Assume that part of the cycle when the incoming signal 
voltage has the polarity shown. The feedback voltage shown in (a) is 
that developed across the emitter resistor, and it has the bucking 
polarity shown. (Since the feedback voltage is in series with base and 
emitter, it makes no difference whether we show it as base circuit or 
emitter circuit.) It is in series with the signal voltage and, because of 
its opposing action, cuts down the signal current into the base to less 
than would be the case if the resistor were not there. The feedback 
circuit of (b) has the opposite effect. It forms an additional path, 
shunting the base, for the incoming signal current to follow. As a re¬ 
sult the current flow from the signal source increases if the signal 
voltage stays constant. The effect, therefore, is to reduce the input 
impedance to the transistor. If the signal voltage source is of high 
impedance, such as the output from a common-emitter stage, the signal 
current will stay nearly constant. When this constant current divides 
as in Fig. 23(b), the signal current actually reaching the base to be 
amplified is less than it would be if the feedback path did not exist. 
Hence shunt feedback, like series feedback, reduces the amplifier gain. 

For shunt feedback to be effective, the impedance of the signal source 
must be high, so that the signal current is nearly constant. With a 
low-impedance source the signal voltage in (b) will stay nearly con¬ 
stant. Then the current actually entering the base will be reduced only 
slightly by the shunt feedback voltage. The low-impedance source will 



nerely furnish additional current for the feedback path, the current 
o the base staying nearly the same as if the feedback voltage were 
rot present. Then the inverse feedback will have little effect on the 
>peration of the transistor. 

Vhen inverse feedback works between input and output of individual 
itages, as in Figs. 21 and 22, it is called local feedback. Loop feedback 
s also used; then the signal is fed back to some preceding stage. In 
Fig. 24 signal from the collector of Q2 is shown fed back to the emitter 
:ircuit of Q, through R^ and C2. 

:ig. 24 A two-stage amplifier with loop feedback. 

WHAT HAVE YOU LEARNED? 

1. Oscillators are amplifiers that use (positive) (negative) feedback. 

2. If you wanted to add negative feedback to the second stage of Fig. 
12, you would use (o> (series) (shunt) feedback. For the second stage of 
Fig. 13, you would use (bj (shunt) (series) feedback. 

3. The purpose of C3 in Fig. 24 (is) (is not) to shift the phase of the 
signal fed back 180°, so that it provides negative feedback to Q,. 

4. Inverse feedback (is) (is not) sometimes used with oscillators to give 
better frequency stability. 

ANSWERS 

1. Positive 2. (a) Shunt... The signal source to Q, is the output of 
which is a grounded-emitter stage with a high impedance. Shunt feed is more 
effective when the signal source is of high impedance. 



36 (b) Series ... The transformer coupling reduces the high-impedance output 
from Q, to a low impedance, which is best with series inverse feedback. 
3. Is not... The most a capacitor could possibly shift the phase in any case 
whatsoever is 90°. The main purpose of C3 is to block the d-c voltage on the col¬ 
lector of Q2 to keep it off the emitter of Q,. If the reactance of C, is small com¬ 
pared to the resistance of R3, any phase shift caused by C3 is small. 
4. Is not... Inverse feedback would prevent the circuit from oscillating. 

1 K POWER AMPLIFIER STAGES ... Transistors can be operated class 
A or class B. Class A is used where the primary objective is to obtain 
undistorted amplification of the signal and only a small power output 
is required. The circuits discussed so far in this lesson are operated 
class A. In class A operation the base bias current is set to a high 
enough value that base current flows throughout the signal cycle. 
That is, the peak value of the a-c signal current is less than the d-c 
bias current, so that the signal is never strong enough to reverse-bias 
the base-emitter junction and so cut off base current flow. 

In class B operation the base bias current is set to either a small value 
or to zero. The incoming signal reverse-biases the base-emitter junc¬ 
tion approximately one-half of each cycle, so that the base current is 
cut off (and therefore the collector current, except for leakage current) 
for approximately half of each cycle. As with tubes, class B transistor 
audio amplifier stages must be operated push-pull in order to prevent 
intolerable distortion. 

Class A amplifiers draw current from the power source whether a 
signal is being amplified or not. Since a transistor power stage may 
draw several amperes of collector current, which is typically supplied 
from a battery, class B operation—in which the collector current is 
small if there is no signal—is much more conservative of battery power. 
Class B operation is therefore favored over class A operation in tran¬ 
sistor power amplifiers. Another reason for using class B is that, as 
with tubes, greater power output can be obtained than with class A 
operation. 

Figure 25 shows a power amplifier stage. The value of Vbb, of course, 
determines the class of operation. For class B operation Vbb may be 
zero, in which case there is no base bias. However, the use of a small 
bias current will help keep distortion low. 

The use of the unbypassed resistors Re in Fig. 25 reduces the current 
gain and the power output of the amplifier. However, they are needed 
with class B operation. One reason for their need is to prevent what is 
called thermal runaway. Because of the high power handled, power 



F'9 25 A Püïh-P«H amplifier stoge. 

transistors ^Gnpra/ 

due te 

aetion continues until^h" leaka ê ™rrent is further ‘empera'ure 
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WHAT HAVE YOU LEARNED? 

1. If the audio signal to the base of a transistor never exceeds 10 ma 
effective value, what is the minimum value of base bias current that 
can be used for class A operation?-

2. The resistors Re of Fig. 25 (do) (do not) produce inverse feedback. 

3. The circuit of Fig. 26 uses phase-inverter stage, Q,, in place of a 
transformer to feed a power amplifier stage. The purpose of the phase 
inverter is (a) (to feed the signal to Q2 180° out of phase from the signal 
to QJ (to reverse the phase so that inverse feedback is obtained). The 
principal signal current path between the output of the inverter and the 
input of the push-pull stage is shown by arrows. The arrows point in 
the direction of signal current flow during one-half of each cycle. The 
direction is, of course, opposite during the other half cycle. The signal 
current at point A (b| (is) (is not) in phase with the signal current at 
point B. The signal current at the base of Q2 is out of phase from the 
base current of Q3 because (c)--
The push-pull stage of Fig. 26 is evidently operating <d> (class A) (class 
B). 

4. Study the circuit of Fig. 26 and see if you can determine why resist¬ 
or ñ3 is necessary. 

ANSWERS 

1. 14.1 ma... So that the base will not be reversed-biased at any part of the 
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Fig. 27 A simple d-c amplifier circuit. 
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cycle, the d-c base bias current must be at least equal to the peak value of the sig¬ 
nal current. 10 x 1.41 = 14.1 ma, the peak signal current. With a d-c bias current 
of 14.1 ma, the base current will then vary during the cycle from a minimum of 
14.1 — 14.1 = 0 up to a maximum of 14.1 + 14.1 = 28.2 ma. 
2. Do ... Re is equivalent to Ä«, of Fig. 21, which was shown to produce inverse 
feedback. Because of the inverse feedback, stage gain is reduced. The inverse 
feedback also reduces distortion, but that is not the primary reason for using Re. 
3. (a) To feed the bases out of phase. (b) Is . . . Points A and B are in series 
with respect to the signal path. The current in any part of a series circuit is al¬ 
ways in phase with the current in any other part. 

(c) When the signal current is flowing into the base of Q„ it is flowing out of 
the base of Q,. With respect to the bases of Q; and Q„ the direction of current 
flow is therefore always opposite. Two currents always flowing in opposite direc¬ 
tions are 180° out of phase. 

(d) Class A . .. Otherwise base-emitter of Q, would be reverse biased by signal 
shown, and not conduct. (Base biasing circuit not shown.) 
4. If resistor R3 were not in the circuit to block the signal, most of the signal, 
rather than following the path shown through Q„ would flow from C to D to E 
and then back to the emitter of Q,. 

D-C AMPLIFIERS . . . Transistors are widely used as variable resist¬ 
ors or switches. A simple example is shown in Fig. 27. The resistance 
of the photoconductive cell is very high, but it greatly reduces when 
light strikes the cell. When no light strikes the cell, the base emitter 
junctions of Q, and Q2 have zero bias, so there is no base current. The 
collector current flow is then limited to the leakage current, which is 
not sufficient in Q2 to close the relay contacts. When light strikes the 
cell, the effect caused by the change in cell resistance is amplified by 
Q and Q2 to give a Q2 collector current adequate to close the relay con¬ 
tacts. That is, the circuit acts as a switch; the collector current through 
Q2 switches from essentially zero when the photocell is dark to full 
value when light strikes the cell. 

If the light striking the cell varies in intensity, the circuit will then 
function as a variable resistance, the collector current of Q2 varying in 



40 accordance with the intensity of the light. However, we will treat it as 
a switch, where the light is either on or off, without variations in inten¬ 
sity. The amplifier circuitry is needed because the output from the 
photocell is inadequate to operate the relay direct. 

Transistor Q, is operated in the grounded-collector configuration be¬ 
cause the high input impedance of this configuration best matches the 
high resistance of the photoconductive cell. The capacitor coupling 
between the output of Q, and the input of Q2 must be omitted, since 
the circuit is amplifying a d-c signal, which cannot pass through a 
capacitor. In other words, the circuit of Fig. 27 is that of a d-c amplifier. 

To analyze the circuit of Fig. 27, we shall first assume that the light to 
the photocell is off. The resistance of the cell is then very high, and for 
the purpose of understanding Fig. 27, the cell can be considered as an 
open circuit. For base current flow in Q,, the base-emitter junction 
must be forward-biased. That is, the potential Vb, on the base must be 
lower than the potential Ve, on the emitter. Assuming there is no base 
current, there is no current flow through Ä,, and therefore no voltage 
drop across R,. Then Vb, is 4-6 volts. With no base current, Ie, is the 
leakage current, which causes a negligible voltage drop across R2. 
Hence, Ve, is also 4-6 volts. Since the base is at the same potential as 
the emitter, the assumption of no base current was justified. 

The voltage applied to the base-emitter junction of Q2 is the voltage 
drop across R2. Since this is negligible when the light to the photocell 
is off, there is no base-emitter bias current in Q2, and the collector cur¬ 
rent is limited to the leakage current. 

When light to the photocell is on, the cell has a far lower resistance, 
and it can no longer be considered as an open circuit. The cell resistance 
is in series with R, across the 6-volt supply, and the resulting current 
flow can be determined by Ohm’s law. This current causes a voltage 
drop across R,, so that Vb, is now at a potential of less than 4-6 volts. 
Now the base is at a lower potential than the emitter, so that base cur¬ 
rent flows. As a result emitter current flows through R2. 

WHAT HAVE YOU LEARNED? 

1. If the current through R2 in Fig. 27 is 0.2 ma, the voltage drop 
across R2 is (□) - volt. The base-emitter junction of Q2, which 
is directly across this voltage drop, is <b) (forward-) (reverse-) biased. If 
the forward base-emitter resistance is 500 ohms, then the base current 
Ib2 is (c) - ma and the emitter current of Q, is (d) _ ma. If the 
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E 
Fig. 28 Compound connection. 

current gain of Q, is 40, what is the relay-winding current? ..._ 

2 Should the relay winding in Fig. 27 best be one with many turns or 
one with relatively few turns? —-

ANSWERS 

* high output — or Q, ror 

maximum power transfer to relay coil. 

17 COMPOUND-CONNECTED "^t 
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Fio- 29 Compound connection in the common-emitter configuration used as a d-c 
amplifier to amplify the output from a photoconductive cell. 

power transistor intended for relatively heavy current, so that its nor¬ 
mal base bias current is equal to the normal emitter current of Q,. 

TRANSISTOR CIRCUIT LIMITATIONS 

TRANSISTOR NOISE . . . Although they have been much improved 
in recent years, transistors still tend to develop more internal noise 
than tubes do. In low-signal circuits, such as a preamplifier or the 
front end of a receiver, consideration should be given to methods of 
keeping the noise level down. 

The internal noise generated can be substantially reduced by operating 
the transistor so that the collector voltage and collector current (par¬ 
ticularly the voltage) are low. The collector current should best be 
kept below 1 ma and the collector voltage below 2 volts in low-signal 
circuits. 

Signal frequency affects noise. Frequency-wise the noise level reduces 
steadily as frequency is increased up to a point above which the noise 
level starts to increase slowly again. Overall noise level in an audio 
amplifier can be improved by keeping the low-frequency cutoff as high 
as permissible; low-noise d-c amplifiers are difficult to design. 

Feeding a transistor from a high-impedance source increases the noise 
level. The ideal impedance for the signal source is between 100 and 
3000 ohms for most transistors. 

DRIFT IN D-C AMPLIFIERS . . . Since d-c amplifiers cannot use 
coupling capacitors to separate the signal from the d-c operating cur¬ 
rents, any variation in collector current of one stage due to temperature 



change is passed on to the base of the following stage, where it is ampli¬ 
fied to become a big change in the collector current of that stage. This 
current drift is a serious problem with d-c amplifiers, so that more 
extensive bias stabilizing circuits and compensation schemes must be 
used than are necessary with RC- or transformer-coupled amplifiers. 
This is particularly true if more than two stages of d-c amplification 
are required. 

HIGH-FREQUENCY PERFORMANCE OF TRANSISTORS . . . 
The gain from a transistor decreases as the operating frequency in¬ 
creases. If the frequency increases enough, a point is reached where the 
current gain ß of the grounded-emitter configuration has decreased to 
a value of 1. The point is called the unity-gain cutoff frequency. The 
transistor is now useless in the circuit, since it no longer amplifies. 

A more practical upper limit for transistor operation is the frequency 
at which the gain ß of the grounded-emitter configuration falls to 70.7 
per cent of its low-frequency value. This point is called the beta cutoff 
frequency. If the grounded-base configuration is used, it may be practi¬ 
cal to operate the transistor at a higher frequency. The frequency at 
which the current gain for the grounded-base configuration falls to 70.7 
per cent of its low-frequency value is called the alpha cutoff frequency. 
Values for alpha cutoff vary from a fraction of a megacycle up to sev¬ 
eral thousand megacycles. 

There are two basic reasons for the decrease in gain at high frequen¬ 
cies: transit time and interelectrode capacitance. Transit time refers 
to the time required for the charge carriers to travel between emitter 
and collector through the base region. At low frequencies this time is 
only a small part of the time of a cycle, and thus it is insignificant. At 
high frequencies it becomes a substantial part of a cycle. 

To see how transit time affects operation, consider the extreme case 
in which the time required for charge carriers to cross the base region 
is more than one-half cycle. Then the signal component of the base 
current is reversed in polarity while charge carriers that started across 
the base region in response to the opposite polarity are still in transit. 
The base signal polarity reversal charges up the base region so as to 
repel these charge carriers back toward the emitter. As a result, there 
is no signal output from the transistor. 

Interelectrode capacitance offers an alternate path through which the 
signal can bypass and thus not be amplified. 
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Fig. 30 



WHAT HAVE YOU LEARNED? 

All of the following questions refer to Fig. 30, which is the circuit of a 
practical audio amplifier. To answer some of these questions, you will 
need to make use of your general knowledge of electronics acquired 
thus far in your training program, as well as your knowledge of tran¬ 
sistors acquired in studying this and previous lessons. 

1. TR4 and TR5 are connected (parallel) (push-pull) (push-push). 

2. Transistors TRI and TR2 are connected in the_ 
configuration. 

3. Transistor TR3 is connected in the _ configur¬ 
ation. 

4. Transistors TR4 and TR5 are connected in the__ 
configuration. 

5. This amplifier (o) (does) (does not) use inverse feedback. If it does, is 
the feedback local or loop? (b>_ 

6. What is the purpose of Ä,? 

7. What is the purpose of C5? 

3. What is the purpose of Ä,? 

J. What is the purpose of C6? 

10. (oi What are the purposes of R,2 and Äl3? (b> Why do these two re¬ 
sistors not have bypass capacitors across them? 

11. What is the purpose of 

12. What is the purpose of Äl0? 

13. If you removed resistor R2, you could properly bias TRI by («) 
'increasing, decreasing, removing) R,. (b) Why would this not be a 
good way to bias TRI? 
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14. What is the purpose of C3? 

15. If the amplifier oscillates, it could be caused by (C2) (Cs) being 
jpen. 



46 16. Name another capacitor that, if open, might cause the circuit to 
oscillate_ 

17. Low gain from the amplifier (could) (could not) be caused by capa¬ 
citor Ct being open. 

18. By what type of coupling is the output of TRI coupled to the 
input of TR2?_ 

19. The push-pull stage uses (class A) (class B) operation. 

ANSWERS 
1. Push-pull 2. Common-emitter 
3. Common-emitter... Notice that the coupling to the following stage (by 
means of T,) is taken from the collector stage and that the input is to the base. 
This is the operational pattern of a common-emitter stage. The common-collector 
configuration also has its input to the base, but the coupling to the next stage 
(that is, the load) is taken from the emitter circuit. 
4. Common-emitter 
5. (a) Does (b) Loop . .. The feedback is from TR3 back to TRI by means 
of R, and C5. 
6. It prevents an excessive amount of feedback. 
7. To block the 30-volt d-c supply, so that there will not be a d-c power loss 
through R, and Ä5 to ground. 
8. It provides temperature stabilization for TR2. 
9. It bypasses the signal, so that it will not be attenuated by Rt. 
10. (a) The most important purposes are to prevent thermal runaway and to re¬ 
duce distortion. 

(b) So that the signal current to the base will be reduced by an increase in 
leakage current. 
11. It is part of the loop feedback system. The signal developed across R^ by 
feedback through R, and C5 is out of phase with the emitter of TRI, thus giving 
inverse feedback. 
12. The emitter signal of TR3 flows through Ä10 and thereby causes a signal volt¬ 
age across Ä,o, since it is not bypassed. This voltage provides the loop feedback 
current through R, and C5. 
13. (a) Increasing... Since none of the current through R is being shunted by 
R„ the value of R, would have to be increased to limit the bias current to the 
normal value. 

(b) This would not be a good way to bias TRI because without the stabiliz¬ 
ing effect of R2 a slight change in temperature would cause the collector current 
to change drastically. 
14. C, in conjunction with Ä6 forms a decoupling filter to prevent positive feed¬ 
back to the first stage by way of the common power supply. 
15. C5. .. This would remove the loop feedback. The resulting increase in ampli¬ 
fier gain might cause oscillations to occur. C2 is not correct because, if it were 
open, degenerative feedback, which prevents oscillations, would occur. 
16. Cj... See Problem 14. 
17. Could .. . This would give additional negative feedback, and thus lower gain. 
18. Direct 
19. Class B ... Notice that there is no base bias voltage. 



LESSON 2412-4 
HOW TO WORK WITH TRANSISTORS 

EXAMINATION 

Circle the number of the correct answer for each question that follows. When you are 
Finished, transfer the answers to the answer sheet by putting X's in the proper squares. 
When the graded answer sheet is returned to you, correct in this book any questions 
you may have missed. By doing so, you will have a record of the correct answers to all 
questions for review purposes. 

1. A transformer used to match the output from one common-emitter 
stage to the input of another should 
(1) have high input and output impedances. 
(2) have low input and output impedances. 
(3) have a low input impedance and a high output impedance. 
(4) be a voltage step-down transformer. 

2. In place of a transformer to match the output from one common¬ 
emitter stage to the input of another, you could substitute 
(1) a grounded-collector stage. 
(2) a grounded -emitter stage. 
(3) RC coupling. 
(4) a low value of collector for the first stage and a high value for 

the second. 

3. Regardless of whether a transistor is operated common-emitter, 
common-collector, or common-base, the relationship between the 
currents in the transistor are as follows: 
(1) Collector current is slightly less than emitter current, and base 

current is far less. 
(2) Collector current is slightly more than emitter current, and 

base current is far less. 
(3) Collector current is far more than base current, and emitter 

current may be either more or less than collector current, but 
never the same. 

(4) Emitter current is equal to the collector current minus the base 
current. 

4. The amplifier stage of Fig. 31 uses 
(1) temperature stabilization circuitry and shunt inverse feedback. 
(2) temperature stabilization circuitry and series inverse feedback. 
(3) temperature stabilization circuitry without signal feedback. 
(4) temperature stabilization and low-frequency compensation 

circuitry. 
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Fig. 31 

5. If oscillations occur in Fig. 31, it might be because 
(1) C2 is open. 
(2) Rs is shorted. 
(3) Ä3 is open. 
(4) R3 is shorted. 
(5) R, is open. 
(6) Ra is shorted. 

6. In Fig. 22 inverse feedback could be eliminated without in any way 
interfering with d-c base biasing and temperature compensation by 
(1) adding a capacitor in series with R3. 
(2) removing Ct. 
(3) shunting a capacitor across R,. 
(4) shunting a capacitor across R}. 
(5) connecting a capacitor between center point of R3 and ground. 
(6) connecting a capacitor between collector and ground. 

7. Diodes are sometimes used in transistor amplifier circuits to 
(1) protect the transistor against heavy surge currents. 
(2) improve temperature stabilization. 
(3) protect the base-emitter junction from reverse bias. 
(4) reduce distortion. 

8. If varying the load impedance makes little change in the value of 
load current, then the load current source 
(1) is probably a step-up transformer. 
(2) is probably a step-down transformer. 
(3) has a high impedance. 
(4) has a low impedance. 
(5) is probably overloaded. 



). The increase in collector current that occurs as a transistor warms 
up is primarily due to 
(1) ß increasing when temperature increases. 
(2) lowering of output impedance with temperature increases. 
(3) an increase in leakage current. 
(4) an increase in base current. 

0. The symbol Iceo means 
(1) current flow between collector and emitter when collector¬ 

base junction is reverse-biased and base lead is open. 
(2) collector current flow when reverse-biased and emitter junction 

is open. 
(3) collector-emitter leakage current with emitter open. 
(4) collector-emitter current with no input signal. 

11. Why are transistors amplifying low signal levels frequently oper¬ 
ated with low collector current and low collector voltage? 
(1) To reduce noise. 
(2) To prevent oscillations. 
(3) To reduce distortion. 
(4) To improve temperature stabilization. 
(5) To prevent overheating. 

12. What is meant by the beta cutoff frequency? 
(1) The frequency at which a transistor no longer amplifies. 
(2) The frequency at which a transistor in the grounded-emitter 

configuration no longer amplifies. 
(3) The frequency at which the gain in a grounded-emitter con¬ 

figuration drops to 70.7 per cent of its low-frequency value. 
(4) The frequency at which the gain of a grounded-base stage be¬ 

comes greater than the gain from a grounded-emitter stage. 

13. If you were to add negative feedback to the second stage of Fig. 13, 
you could best use 
(1) series feedback. 
(2) shunt feedback. 
(3) a combination of series and shunt feedback. 

14. To obtain better gain in high-frequency operation, it is common to 
(1) use d-c coupling. 
(2) use the common-base configuration. 
(3) use inverse feedback. 
(4) have a substantial impedance mismatch between stages. 
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15. Figure 32 is the circuit of a phono amplifier. Transistors TR3 and 
TR4 are operated 
(1) grounded-emitter. 
(2) grounded-collector. 
(3) grounded-base. 

16. In Fig. 32 TRI and TR2 are operated 
(1) grounded-emitter. 
(2) grounded-collector. 
(3) grounded-base. 

17. In Fig. 32 capacitor C4 is 15 /if, while the value of a corresponding 
coupling capacitor in a tube circuit would perhaps be 0.02 /if. Why 
is CA so large? 
(1) To avoid excessive signal loss, its reactance must be much 

lower than the low input impedance of TR2. 
(2) A large value is needed for adequate decoupling, so that posi¬ 

tive feedback from TR2 to TRI will not cause oscillations. 
(3) The high value nearly resonates the input circuit of TR2 to 

give better impedance match, better gain, and better low-
frequency response. 

(4) To avoid phase shift, and thus distortion, of the signal. 

18. Assuming that C4 in Fig. 32 is an electrolytic capacitor, should its 
positive or its negative lead be connected to the collector of TRI? 
(1) Positive lead. 
(2) Negative lead. 
(3) It would make little or no difference. 

19. Should the positive or negative lead of electrolytic capacitor C2 in 
Fig. 32 be connected to ground? 
(1) Positive lead. 
(2) Negative lead. 
(3) It would make little or no difference. 

20. With reference to the push-pull final stage of Fig. 32 
(1) the base-emitter junctions of TR3 and TR4 are not biased, so 

that the stage must be operating class B. 
(2) the voltage across Äl3 supplies base-emitter bias, so the stage 

must be operating class A. 
(3) the stage may be operating either class A or class B, but the 

unbypassed emitter resistors Rlt and Äl5 indicate that opera¬ 
tion is probably class B. 

(4) Same as selection 3, except that operation is probably class A. 

51 



52 21. What is the purpose of C3 in Fig. 32? 
(1) To provide a path to ground for the signal component of the 

emitter current. 
(2) To help absorb voltage surges so they will not damage the 

transistor. 
(3) It is part of the inverse feedback path, and it is used to block 

the d-c component. 
(4) In conjunction with R, it forms a decoupling filter to prevent 

positive feedback to TRI from a later stage. 

22. What is the purpose of R„ Fig. 32? 
(1) It prevents the base from blocking by providing a base-to-

emitter discharge path. 
(2) Signal coming through C4 is developed across it and then ap¬ 

plied to the base. 
(3) It enables the circuit to respond to lower frequencies. 
(4) It is part of the temperature stabilization network. 

23. Why is it that signal-bypass capacitors are not used across ñl4 

and Rlb, Fig. 32? 
(1) To reduce intermodulation distortion. 
(2) To prevent the generation of harmonics. 
(3) To prevent thermal runaway by applying a temperature cor¬ 

rection to the incoming signal through inverse feedback. 
(4) The capacitors are needed only in class A amplifiers. 

24. Transformer T„ Fig. 32, should have 
(1) more turns on secondary than on primary. 
(2) more turns on primary than on secondary. 
(3) primary turns equal to the number of secondary turns between 

center tap and one side. 

25. Reduced gain without distortion in the amplifier in Fig. 32 could 
be caused by 
(1) open C2. 
(2) open C3. 
(3) openÄ2. 
(4) shorted ñl4 . 

26. Reduced gain accompanied by distortion in the amplifier of Fig. 32 
could be caused by 
(1) shorted C3. 
(2) open Ct. 
(3) open Cb. 
(4) shorted Rb. 



s; >7. Two transistors connected to perform as a single transistor would be 
(1) ñC-coupled. 
(2) compound-connected. 
(3) cascaded. 
(4) transformer-coupled. 

28. If a transistor stage has a good power gain with input and output 
signal currents approximately equal, then 
(1) the transistor is probably faulty, since a transistor should have 

a good current gain. 
(2) the stage is probably connected in the common-collector con¬ 

figuration. 
(3) the transistor is probably connected in the common-base con¬ 

figuration. 
(4) the transistor is probably operating with excessive base bias 

current. 

29. The base region of a transistor is 
(1) very thin and lightly doped. 
(2) very thin and heavily doped. 
(3) specially treated to be a good conductor of opposite-type charge 

carriers; usually very thin. 
(4) usually thin and lightly doped with both donor- and acceptor¬ 

type impurities. 

30. If the collector-base leakage current in a transistor with a current 
gain of 30 decreases by 6 ¡na, then the collector current of the 
transistor will (if no temperature stabilization is used) 
(1) increase by 6 ga. 
(2) decrease by 6 jua. 
(3) increase by 186 /ia. 
(4) decrease by 186 ga. 

31. Generally speaking, the most effective temperature-stabilizing 
circuitry is required with 
(1) single-stage amplifiers. 
(2) direct-coupled amplifiers. 
(3) high-frequency amplifiers. 
(4) transformer-coupled amplifiers. 
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A chat with your instructor 

2401-3 

A diode is a device that will pass current readily in one direction, but 
not in the other. A vacuum tube rectifier is an example. Current can 
pass through it from cathode to plate, but not from plate to cathode. 
A diode is a one-way street for current. A diode acts as a conductor 
in one direction, and as an insulator in the other. Diodes are also 
called rectifiers, particularly when they are used for changing alter¬ 
nating current to direct current, as in a power supply. 

A semiconductor diode is one in which the rectifying action takes 
place in a solid material, in contrast to vacuum tube diodes where 
rectification is brought about by a vacuum. Semiconductor diodes get 
their name from the raw material used in their construction, which 
is neither a good conductor nor a good insulator. Being half way 
between conductor and insulator the material is called a semicon¬ 
ductor. Semiconductor diodes are also called solid-state diodes. Sili¬ 
con, germanium and selenium are the most important semiconductor 
materials at the present time. 

Semiconductor diodes were first used in radio as detectors in the simple 
“crystal” sets of the early 1920’s. Soon replaced by the then 
more satisfactory vacuum tube detector, solid-state diodes were for 
many years considered obsolete. Parallel with the development of the 
transistor (a closely related device), the semiconductor diode was 
developed into a highly reliable and practical rectifier, capable of 
mass production at low cost. At the same time the rapid development 
of new fields of use for electronics vastly increased the number of uses 
For diodes. Today semiconductor diodes are used in vast numbers for 
a wide variety of purposes. Compared to vacuum tube diodes, they 
are much smaller, require less power, need no filament voltage supply, 
are more rugged, have a longer life, and have a lower voltage loss. 
Some pieces of electronic equipment, such as computers, use hundreds 
af these little diodes. Many examples of how diodes are used are given 
in this lesson. You will find many other uses in later lessons. 



2 To provide semiconductor diodes to meet every need, over 12,000 
different types are manufactured by well over 100 companies. The 
current carrying capacity of various types varies from a few milli¬ 
amperes up to 1000 amperes or more. The maximum voltages that 
can be used with the different types varies from a few volts up to 
10,000 volts and over. 

Today the semiconductor diode is as important as its closely related, 
but more complex cousin, the transistor. In fact, you will frequently 
find diodes used in transistor circuits. For example, a flip-flop circuit 
(square wave oscillator) usually uses only two transistors, but may 
use a half dozen or more diodes. 

As you study the lesson you will come across blanks in which you 
are to write in the missing word. As soon as you fill in each blank, check 
with our answer at the bottom of the page. By using these blanks as 
directed, you will learn the subject better and faster. 

Using Semiconductor 
Diodes 

THE BIASING OF DIODES 
TWO TYPES OF SEMICONDUCTOR DIODES . . . There are 
two basic types of semiconductor diodes. One type, usually referred 
to as the “junction” diode, consists of two wafers of semiconductor 
materials joined together. Both wafers are of the same semiconductor 
material, such-as silicon or germanium, but differ from each other in 
that they contain different kinds of impurities. The wafers are thinner 
than a calling card, with a diameter depending upon their current 
carrying capacity, perhaps one-eighth inch for a unit able to carry one 
ampere. The semiconductor elements are sealed up in metal, glass, or 
plastic to keep out moisture and protect them from damage. Junction 
diodes are usually made of silicon or germanium. 



A small amount of impurities is deliberately introduced into the 3 
melted semiconductor material during the manufacturing process. 
This doping is done to improve the conductivity of the material and 
also to give it certain electrical qualities needed for making diodes 
and transistors. Depending upon the kind of impurity used, the doped 
semiconductor materials are classified as N-type materials and P-type 
materials. 

One of the wafers in a junction diode is N-type material and the other 
is P-type. The two wafers are not joined in the sense of being butted 
together, but rather they are melted together to form a single crys¬ 
talline structure. 

The metallic rectifier is the other type. It consists of a semiconductor 
material butted against a metal plate. The semiconductor material 
used in this type is usually cuprous oxide or selenium. Of the two, 
selenium is now the most popular. 

Junction diodes can be used for any purpose for which diodes are suit¬ 
able. Metallic rectifiers are primarily used as power rectifiers for chang¬ 
ing alternating to direct current, as in power supplies. Metallic rectifiers 
are many times the size of junction diodes of the same current and 
voltage handling capacity. Typical junction diodes are shown on the 
frontispiece to this lesson. You can visualize their size by comparing 
with the paper clip also shown. Typical metallic rectifiers are shown 
in Fig. 13. Generally, you can distinguish between two types of recti¬ 
fiers by the series of separated plates of which the metallic rectifiers 
are always constructed. 

WHAT HAVE YOU LEARNED? 

As soon as you answer each question, check with the answer we give 
at the end of the exercise. 

1. In electronic equipment where space is limited you would use a 
_ type diode as the rectifier in the power supply. 

2. As a detector in a radio receiver you would use a_ 
type semiconductor diode. 

3. A silicon diode is a (a)_type diode, and is there¬ 
fore (b)_in physical size. Another diode of the same type is 



4 the w-diode. A copper-oxide diode is a (dj_ 
type diode, and therefore («> _ in physical size. Most diodes 
of this type made today are m_diodes. 

ANSWERS 

1. junction 
2. junction 
3. (a) junction; (b) small; (c) germanium; (d) metallic; (e) large; (f) selenium 

O CURRENT FLOWS WHEN DIODE IS FORWARD BIASED 
. . . Connect the Positive terminal of the voltage source to the P-type 
material and the Negative terminal to theN-type material and the 
diode will act as a low resistance, conducting current freely, as shown 
in Fig. 1(a). The diode is then said to be forward biased. 

(a) Semiconductor Diode For¬ 
ward Biased — Current 
Flows Freely 

( b ) Semiconductor Reverse 
Biased-Only Slight 
Current Flows 

(c) Tube Diode Forward 
Biased — Current Flows 
Freely 

(d) Tube Diode Reverse 
Biased-No Current 
Flows 

Fig. 1 Forward and reverse biasing of semiconductor and tube diodes. 

If the voltage source is connected to the diode just the reverse of 
above, so that the negative terminal connects to the P-type and the 
positive terminal to the N-type material, the diode acts as a high 
resistance and very little current will flow. The diode is then said to 
be reverse biased. The diode of Fig. 1(b) is (ij_biased. 

(1) reverse; 



If the polarity across a diode is such that it conducts Ireely, it is (2) 
_ biased. If the polarity is such that it conducts very 

little it is oi _ biased. When a diode is forward based, 
its resistance is (4)_—• When a diode is reverse biased, its resist 
anee is (sj- -

Figure 1(c) and (d) show a tube diode forward and reverse biased. To 
forward bias a tube diode, the positive side of the voltage source is con¬ 
nected to the (6) _ of the tube, and the negative 
side to the (zj_ The P-type material in a semiconductor 
therefore corresponds to the (8)---°f a diode tube, 
and the N-type material to the p;--— 

When a diode tube is forward biased, the direction of electron flow 
within the tube is from (ioi - to - ■ When 
a semiconductor diode is forward biased, the direction of electron flow 
within the diode is from (m- -type material to 02)- -type 
material. 

An important difference between a tube diode and a semiconductor 
diode is that when a tube diode is reverse biased no current flows, 
while when a semiconductor diode is reverse biased, a small current 
flows. The current that flows with reverse bias is variously called 
reverse current, backward current or leakage current. The current 
through the diode when it is forward biased is called the forward 
current. The current that flows through a diode from N-type to 
P-type material is the <i3)---current. 

3 ARROW POINTS IN OPPOSITE DIRECTION TO ELECTRON FLOW . . . The schematic symbol for a semiconductor diode is shown 
in Fig. 2(a). The arrow points opposite the direction of electron flow, 
when the diode is forward conducting. The diode in Fig. 2 (b) conducts 
freely because the direction of electron flow through it is opposite the 
direction the arrow points on the diode. 

The arrow was adopted to point in the conventional direction of cur¬ 
rent flow (which is opposite to the direction of electron flow). In this 
course we will consider current direction as being the direction of 
electron flow. Consequently, the forward current direction through 
a diode symbol is opposite the arrow direction. 

(2) forward; (3) reverse; (4) low; (5) high; (6) anode (plate); (7) cathode; 
(8) anode (plate); (9) cathode; (10) cathode (to) anode; (11) N; (12) r, 
(131 forward: 
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— H— 
(a) 
Symbol For Semi-
Conductor Diode 
(Arrow Points Op¬ 
posite The Direction 
Of Electron Flow 
For Forward Con¬ 
duction ) 

Diode Conducts For¬ 
ward When Direction 
Of Electron Flow Is 
Opposite The Di¬ 
rection The Symbol 
Arrow Points 

Diode Composition 

T 
B 

(c) 

How Diode Is Marked 

Fig. 2 The diode symbol and its use. 

In the symbol for a semiconductor diode, the connection to the arrow 
would be in the actual diode connected to the (uj_-type material, 
and the connection to the bar would be to the (is)_-type material 
in an actual diode. 

To identify the forward conduction direction for the user, it is com¬ 
mon practice to print the semiconductor diode symbol on the diode, 
as shown in the bottom half of Fig. 2(c). When this diode is conduct¬ 
ing freely, the direction of electron flow is from point (16)_ to 
point (17)_ 

In a vacuum tube diode, the element at which the current enters is 
called the (is)_and the element at which the current 
leaves the diode is called the anode (or plate). The same terminology 
is used with semiconductor diodes, except that the term “plate” is 
never used in place of “anode”. The N-type material is the (i»0|_ 
and the P-type material is the anode. 

WHAT HAVE YOU LEARNED? 

1. Below is a diagram of a simple pocket polarity checker. When the 
positive test lead is connected to the positive side of a voltage source 
and the negative lead to the negative side, the bulb lights. If the polar¬ 
ity is reversed, the lamp does not light. Draw the diode schematic 
symbol on the diode, pointing in the correct direction. Also indicate 
the cathode and the anode. 

(14) P; (15) N; (16) B; (17) A; (18) cathode; (19a) cathode; 
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. Because junction diodes are small and now inexpensive, it is often 
practical to use them as a simple way to modify circuit wiring, or to 
nake it possible to use simpler circuitry in new wiring. In the circuit 
'elow, light L2 is on when the single-pole, three-throw switch is in the 
pper position; light L, is on when the switch is in the lower position; 
nd neither light is on when the switch is in the center position. You 
/ant to modify the circuit so that L, and L2 are both on when the 
witch is in the down position, and light L2 is on only when the switch 
> in the upper position. Without making changes in the present wiring, 
dd a diode and any additional wiring to get the desired results. Be 
are to draw in the diode with the arrow pointing correctly. 

^hat changes would have to be made in order to accomplish the 
>me result without using a diode? Can the present switch be used? 
' not, what type of switch would be needed? 

. In the circuit below a transistor is used as a switch to operate a 
elay. When there is no input signal, collector current flows so that 
he relay is energized. When a positive input d-c signal comes along, 
he collector current is cut off, and the relay is de-energized. While 
ollector current is flowing, point A is (a) (positive) (negative) with 
espect to point B. When the collector current cuts off, the relay coil 
urrent drops suddenly to zero. This induces a voltage of opposite 
olarity across the coil. Point A is (b) (positive) (negative) with respect 
o point B during the moment when the induced coil voltage exists, 
'his induced voltage is likely to be high enough to damage the sensi-
ive transistor. Show how you would connect a diode into the circuit 
a that the back induced voltage of the coil will be shorted out. Be 
are the diode symbol shows the correct current direction. 



Relay 

4. On the schematic symbol below, identify the cathode and the anode. 

ANSWERS 

2. To the left below is the circuit using a diode. To the right is the simplest cir¬ 
cuit if a diode is not used. In the latter case the present switch must be replaced 
with a double-pole, three-position switch. 

3. (a) positive ... The coil has resistance, and the end of a resistor where steady 
direct current enters is always negative with respect to the other end. 

(b) negative 



During normal conduction, point A is positive to B, and consequently the diode 9 
is inactive. During the moment when the relay is de-energized, point B is posi¬ 
tive with respect to A, so that the diode acts as a short between A and B, pre¬ 
venting a high voltage build-up. 

4. 

A FEW USES FOR DIODES 
So that you can get the “feel” for working with diodes, we present 
here two examples of modern applications. The first example shows 
how diodes are used, like highway signs, to direct or “steer” signals 
to the proper destination. Diode circuits for this purpose are called 
“steering” circuits. 

Count Pulse 

V 

Complementary 

0 

Delay Line 
d2

Complementary 
Amplifier 

Flip-Flop 

♦ 

Gated 
Pulse 

Amplifier 

Fig. 3 Block diagram of a section of a computer, showing the use of diodes as 
steering circuits. 

A STEERING CIRCUIT . . . Figure 3 is the block diagram of part 
of a pulse counting circuit. You need not understand the purpose of 
the various blocks. By means of the diodes, certain of the pulses are 



10 prevented from entering certain blocks. The arrows indicate the direc¬ 
tion of electron flow when a pulse is present. The count pulse and the 
delay line output pulse pass through D, and D2 respectively and thus 
go to the gated pulse amplifier. The count pulse is kept from enter¬ 
ing the delay line by diode D2, which will not conduct from right to 
left. Similarly, the delay line output is kept from entering the source 
of the count pulse by diode Dt. The output from the complementary 
amplifier passes through diode D4 and through diode (i»b)-to the 
block on the diagram labeled (20)__ The out¬ 
put from the complementary amplifier is prevented from entering 
the flip-flop block by diode <21 »_ 

The output signal from the flip-flop block is fed to the block labeled 
(22)_, and is kept from entering the (23)_ 
_block by diode (24)_The diodes in Fig. 3 
are obviously steering diodes, directing the various pulses to the 
desired destination. 

AN AND LOGIC CIRCUIT . . . For our second example, we will 
show how diodes are used to make AND logic circuits. AND circuits 
are widely used in computers, business tabulating equipment, tele¬ 
metry and automatic control circuitry. 

A simplified AND circuit is shown in Fig. 4(a). In an actual AND cir¬ 
cuit such as that found in a computer, the 24-V battery and switches 
would be replaced with incoming voltage pulses. The lamp lights when 
switch Si and S2 are both in the up position. Note the italicized word 
which explains why it is called an AND circuit. If only one or neither 
of the switches are in the up position, the lamp will not light. 

In Fig. 4(a), since both switches are in the down position, both diode D, 
and D2are forward biased. The current supplied from the 120-V source 
flows through both diodes and is limited by the resistance R. Since 
there is only a very small voltage drop across a forward conducting 
diode, the diodes effectively short out the lamp. For purposes of analy¬ 
sis, the circuit may be redrawn as in Fig. 4(b) where the diodes are 
replaced by direct shorts. Since both diodes and the lamp are all con¬ 
nected in parallel, the current will take the path of least resistance and 
flow through both diodes and not through the lamp. The 24-V battery 
plays no part in the circuit since its positive terminal is disconnected 
from the circuit when both switches are in the down position. There-

(19b) D,; (20) gated pulse amplifier; (21) D,; (22) gated pulse amplifier; 
(23) complementary amplifier; (24) D,; 
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(a) AND circuit —S| down, S2 down (b)Equivalent AND circuit —St down, 
S2 down 

(c) Equivalent AND circuit — S| up, 
S2 down 

(d) Equivalent AND circuit — S| up, 
S2 up 

Fig. 4 Operation of an AND logic circuit. 

fore, the 24-V battery has been left out of Fig. 4(b) which is the equiva¬ 
lent circuit when both switches are in the down position. 

Now if we consider what happens when S, is in the up position and S 2 

is in the down position, we can draw an equivalent circuit as shown in 
Fig. 4(c). Diode D2is still forward biased and shunts the lamp terminals 
so that essentially no voltage is applied across the lamp. All of the cur¬ 
rent provided by the 120-V battery flows through D2 instead of both 
diodes as in the case where Si and S2 were in the down position. When 
S, is in the down position and S2 is in the up position, all current pro¬ 
vided by the 120-V battery flows through D, instead of both diodes as 
in the case where S, and S2 were in the down position. When only one 
of the switches is in the up position, the diode connected to that switch 
is reverse biased by the 24-V battery since points A and G are than at 
the same potential. 



12 When both switches S, and S2 are in the up position, diodes D, and D2
are connected to the positive terminal of the 24-V battery as shown in 
the equivalent circuit of Fig. 4(d). The diodes are forward biased due to 
the voltage difference and polarity of the two batteries. For purposes 
of analysis the diodes, are shown as shorted connections in the equiva¬ 
lent circuit of Fig. 4(d). 

Point A is now 24-V positive with respect to G so that the lamp has 
voltage applied to it and will light. 

Note that the 24-V battery never delivers any current to the circuit. 
That is, no current flows out of its negative terminal. You can see from 
Fig. 4(d) that current flows into its negative terminal supplied by the 
120-V battery. The 24-V battery thus looks like a resistor with 24 V 
across it. Hence, the battery establishes the voltage at point A when 
both switches are in the up position. 

PRACTICAL USE OF AN AND CIRCUIT ... As an example of 
a practical use of an AND circuit, suppose a manufacturer wants to 
find out how many of its model D machines have been returned for 
repair. The manufacturer makes up a punched card for each machine 
sold, listing by means of punched holes all information that may be 
needed later. For example, the hole marked 34 punched may mean 
that the sale was model D, and a hole at 16 may mean that the ma¬ 
chine has been returned for repair. All the cards are mechanically fed 
through a tabulating machine. A series of conducting brushes pass 
over the cards and when one of them comes to a hole in a card 
it makes electrical contact with a conducting surface beneath. This is 
equivalent to a switch moving to the down position in Fig. 4. To find 
out how many model D’s have come back for repair all cards must 
be monitored. Only those cards are counted which have a 34 hole 
punched AND a 16 hole punched. The operator therefore sets up the 
machine as an AND circuit similar to Fig. 4(a), in which hole 34 cor¬ 
responds to S, in Fig. 4(a), and hole 16 corresponds to S2. In place of 
the lamp bulb there is a counting circuit. On any card in which holes 
34 and 16 are both punched, a pulse will be counted. If only one or 
neither of the holes are punched, there will be no pulse going to the 
counting circuit. 



IDENTIFICATION OF DIODES i: 

7 IDENTIFYING CONDUCTION DIRECTION ... The most com¬ 
mon method of indicating conduction direction is by printing the 
schematic symbol on the diode as already mentioned. Unfortunately, 
manufacturers have different ideas as to the proper way to indicate 
conduction direction. One common method is to print a plus ( 4- ) sign 
at the cathode end of the diode. This is likely to be confusing at first, 
because the cathode of a tube or diode is always negative with respect 
to the plate when conducting. So why mark it positive? The reason 
is that when a diode is used in a power supply to convert alternating 
current to direct current, you always connect the cathode of the diode 
to the positive side of the rectified output. You can see this in Fig. 5. 
The arrows show the direction that the diode allows current to flow 
through the load. Current flowing in this direction makes the top of 
the load positive and the bottom negative. Since the top of the load 
connects to the cathode of the diode, it follows that the cathode of 
the diode is connected to the positive side of the load. 

Fig. 5 When a diode is used in a power supply, its cathode is connected to the 
positive side of the load. 

Some manufacturers use a dot or a band at the cathode end rather 
than a plus sign. Other manufacturers print the letter K at the 
cathode end. Glass encased diodes sometimes have a color spot in the 
glass at the cathode end. When a diode is enlarged at one end (called 
a “top-hat” diode), as in Fig. 6(b), the enlarged end is usually the 
cathode when not otherwise marked. Still another method is to use 
color bands, like on a resistor, at the cathode end, as shown in Fig. 
6(a). When color bands are used, a letter to indicate the manufac¬ 
turer is often printed at the other end. The diode of Fig. 6(a) was 
manufactured by Hughes Aircraft. 

The color bands also indicate the identification number of the 
diode, as will be explained shortly. 
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Cathode 

(b) 

Fig. 6 When color bands are used, they are at the cathode end, as in (a). In the 
top hat diode, as in (b), the cathode is at the enlarged end. (Courtesy: 
(a) Hughes Aircraft Co.; (b) General Electric Co.) 

WHAT HAVE YOU LEARNED? 

1. Write “right” or “left” in the following blanks to indicate whether 
the right or left end is the cathode for the corresponding diodes pic¬ 
tured below. 
A_ B_ C_ 
D_ E_ 



2 Assume that diode C above is used as a power supply 
Should the right or left hand lead of this d.ode be connected to the 
positive side of the rectified output? _ 

ANSWERS 

1 A - right; B - left; C - left; D - right; and E - right. 
2 Left .. The cathode always connects to the posi iv 

side of the rectified 

output. 

mFNTIFICATION OF DIODES . . . Semiconductor diodes are 

SSSEr» 
to identify this particular type. 

Diodes are sometimes 
Remember that green is 5, orange , reads «6. 
Now read from each diode 

and not indicated by the color code. Afu-ays 

read the color code from the cathode end. 

WHAT HAVE YOU LEARNED? 

1 Is the cathode end of the diode below on the right or left? 
To read the color code of a diode we read from the (b>_ 
end. The diode shown is type number to-

ANSWERS 

15 

1. (a) right; (b) cathode; (c) 1N563. 
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Fig. 7 Volt-ampere characteristic curve for the IN63 diode. 

CHARACTERISTICS OF DIODES 
FORWARD CHARACTERISTICS OF A PRACTICAL DIODE 
. . . The ideal diode would have zero resistance to forward current 
and infinite resistance to reverse current flow. Unfortunately, actual 
diodes available today have noticeable resistance (called forward re¬ 
sistance) to forward current flow. While vacuum diodes nearly meet 
the ideal case of infinite back resistance (resistance to reverse current 
flow), semiconductor diodes fall noticeably short of the mark. 

Because of the forward resistance of the diode, there is a power loss 
in the diode with forward current flow and a voltage drop across the 
diode. Hence, the use of diodes always results in a voltage and power 
loss. The voltage loss can be determined by a volt-ampere character¬ 
istic curve for the type diode being used. Such a curve for the 1N63, 
which is a germanium diode, is shown in Fig. 7. Reading from the 
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WHAT HAVE YOU LEARNED? 
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3. Assume the diodes used in Fig. 3 are lN63’s. If the output from 
the complementary amplifier is 10 volts, and it delivers 10 ma to the 
gated pulse amplifier, what is the voltage at the input to the gated 
pulse amplifier?_ 

4. When a 1N63 diode carries a current of 50 ma, the power loss in 
the diode is _ watts. 

1. 2.9 (volts). 

ANSWERS 

2. (a) 12 (volts); (b) opposite; (c) discharging; (d) 15.1 volts... The voltage 
drop across the internal resistance of the battery is E = IR = 0.05 X 20 = 1 
volt. The voltage required for charging at 20 amperes is 12 + 1 + 2.1 = 15.1 
volts. 

3. 7.4 volts ... Fig. 7 shows the voltage drop across the 1N63 at 10 ma to be 
1.3 volts. Since the current passes through two lN63’s in series, the total volt¬ 
age lost is 2 X 1.3 = 2.6 volts. The voltage to the gated pulse amplifier is 10 
— 2.6 = 7.4 volts. 

4. 0.15 (watts)... From Fig. 7 the voltage at 50 ma is 2.9 volts. P = EI = 2.9 X 
0.050 = 0.145 watts. 

IQ BACKWARD CHARACTERISTICS OF A PRACTICAL DIODE 
. . . Figure 7 shows that for 40 volts reverse bias, the reverse current 



20 juamp, for a reverse voltage of 80 volts the reverse current is 
)_/ramp, and for a reverse voltage of 100 volts (the maxi-
um d-c reverse voltage that should be used with this diode) the 
verse current is (43)_ jiamp. These currents are sufficiently 
iah that they can be ignored for many applications, but not for all. 

he backward resistance at 40 volts reverse bias is 

-—- = 2 megohms 
20 X 10‘ 

he backward resistance at 80 volts is (44) - megohm, and the 
ickward resistance at 100 volts is (45) - megohm. Thes figures 
low that the back resistance (46) - as the reverse bias voltage 
increased. The back resistance is very high compared to the for-
ard resistance. We previously found the forward resistance at 50 ma 
, be 58 ohms. The backward resistance at 100 volts is 500,000 ohms, 
he ratio of back to forward resistance is 500,000/58 or 8,620 to 1. 
hat is, the back resistance of the 1N63 at maximum reverse voltage 
(47)_ times the forward resistance at maxi-
lum forward current. 

WHAT HAVE YOU LEARNED? 

. Some diode types are specifically designed to have a high back 
distance. The purpose of this problem is to show you why a diode 
f this type must sometimes be used. In the figure below when switch 
i is closed, light (a) - is on, while light (b) - is not 
n. Lights L, and L2 are both on when switch <c)- is closed, 
'he plate current of tube V, is cut off by —24 volts with respect to 
round applied to the tube grid when switch id) - is closed. 

(Then switch S, is closed, diode (•> - keeps the —24 volts 
■om being applied to the grid of V,, assuming the back resistance of 
his diode is very high. 

f the back resistance of diode D2 is low, closing switch S, will have 
he unwanted effect of applying a voltage to the grid of V,. Assume 
he back resistance of D2 to be 250,000 ohms. Then you can calculate 
he grid voltage on V, to be (fj - volts. This is probably 
ufficient to cut off the plate current, which you don’t want to occur 
xcept when S2 is closed. If diode D2 is replaced with one with a back 

12) 100; (43) 200; (44) 0.8; (45) 0.5; (46) decreases; (47) 8620; 
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resistance of 5 megohms, the voltage on the grid of V, is (9)-
volts. This would not affect the operation of V,. 

The resistance of lamp L, is 100 ohms. If diode D, has a back resist¬ 
ance of 250,000 ohms and S2 is closed, the voltage across L, is (h) 
_volts. This shows that a diode with low back resist¬ 
ance is (i) (satisfactory) (not satisfactory) for D,. 

If the back resistance is in series with a high-resistance load, a 
y) _back resistance type diode is needed. If the back resis-
ance is in series with a low-resistance load, a <k)-resist¬ 
ance type diode is satisfactory. 

ANSWERS 

1. (a) L,; (b) L,; (c) S,; (d) S2; (e) D2; (f ) —16 (volts)... The back resistance is 
in series with R,, giving the equivalent circuit shown below. The circuit resist¬ 
ance is 250,000 + 500,000 = 750,000 ohms. The current is 24/750,000 = 32 
¿tamp. The grid voltage, which is the voltage across R, is 0.000032 X 500,000 
= 16 volts. 

Grid 
Voltage 

t 



(g) -2.18 (volts); (h) 0.0096 (volts); (i) satisfactory; (j) high; (k) low. 21 

FORWARD BIAS LIMITS . . . Because of its forward resistance, 
heat is produced with forward current flow through a diode. The 
more the forward current, the greater the heating rate, and conse¬ 
quently the hotter the diode becomes. When the diode becomes suffi¬ 
ciently hot its crystalline structure is permanently changed, impairing 
or destroying its usefulness as a rectifier. Consequently, diode manu¬ 
facturers’ specification sheets always show a maximum d-c (average) 
forward current recommended for use with each diode type. For the 
1N63 this is 50 ma. This means that this diode can carry continuously 
a 50 ma current as measured with a d-c ammeter. For not more than 
a few seconds, most semiconductor diodes can safely handle a much 
higher current than the average maximum value. For example, the 
1N63 can carry a surge or peak current of 500 ma for a maximum of 
one second. Within this short a time, a large current does not develop 
enough heat to injure the diode. As a rule of thumb, a semiconductor 
diode can carry 10 times its rated maximum d-c value for one second. 

REVERSE BIAS LIMITS ... In Fig. 7 we see that as the reverse 
bias voltage increases beyond the maximum recommended average 
value, the reverse current increases rapidly and the back resistance 
decreases rapidly. For example at 120 volts the reverse current is (xai 
_ fiamp. An increase of only 20 volts to 140 volts, doubles 
the reverse current to <4») - |iamp. The back resistance at 
120 volts is (so;__ohms, and at 140 volts it is (5i) 
_ ohms. With a further increase in back voltage, 
the resistance drops and the current increases even more rapidly. As 
the back voltage continues to increase, a point is soon reached where 
the back resistance drops to near zero, and the back current becomes 
very high. 

The greatly increased back current after the reverse bias voltage 
passes the maximum recommended operating value is called the 
avalanche current. The rapid drop in back resistance is caused by 
the breakdown of what is known as the “barrier potential”. The bar¬ 
rier potential is what normally keeps the reverse current to a very 
low amount. Consequently, when the barrier potential breaks down 
the back resistance drops and avalanche current flows. The entire 
process is referred to as avalanche breakdown. 

(48)400; (49) 800; (50)300,000; (51) 175,000; 



22 The avalanche breakdown does not in itself injure the diode. If the 
diode is not damaged by overheating, it will perform quite normally 
again when the excess reverse bias is removed. You will see later how 
the avalanche breakdown is used to advantage in the important 
zener diode. 

In ordinary semiconductor diodes the recommended maximum 
reverse operating voltages should not be exceeded. To do so may 
injure the diode from overheating caused by the avalanche current. 
Furthermore, the increased back current reduces its efficiency as a 
diode or rectifying device, since one criterion of a good diode is that 
the back current be very low. 

WHAT HAVE YOU LEARNED? 

1. In the figure below K,, K„ and K, are relays. When switch S, only is 
closed, relays («)_ and _ are energized. When S, only is closed, 
relays <b> _ and _ are energized. When S3 only is closed, relays 
Id_ and_ are energized. 

2. In the figure above it (is) (is not) important that the diodes have 
a very high back resistance. 

3. Below are the reverse voltage and forward current characteristics 
of several silicon diodes. Pick out the type you would use for the cir¬ 
cuit of Problem 1. Remember that the higher voltage and current 
rating the more expensive the diodes. The proper diode is-
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4. The 1N537 diode can probably pass a one-second current surge of 
_ amperes without damage. 

Diode type Maximum d-c Maximum d-c inverse 
forward current operating voltage 

1N537 750 ma 100 V 
1N600 400 ma 100 V 
1N1217 500 ma 50 V 
1N1218 500 ma 100 V 
1N1219 500 ma 150 V 
1N1228 1.6 amp 100 V 

ANSWERS 

1. (a) K, (and) Kj 
(b) K, (and) K> 
(c) K, (and) K, 

2 is not The back resistance should be high compared to the resistance of 
the relays. The latter is only 200 ohms. Any good diode will have a back resist¬ 
ance a great many times this value. 

3 1N600 .. The current through a relay and therefore any diode when con¬ 
ducting is 80/200 = 400 ma. The 1N600 will carry this current, and has a maxi¬ 
mum d-c inverse operating voltage higher than 80 volts. 

4. 7.5 (amperes) 

PRACTICAL DIODE OPERATION 
i Q DIODES IN PARALLEL ... If proper precautions are taken, 
Lo ¿jodes can be connected in parallel to increase the current carrying 

capacity. In Fig. 8(a) the load current is the (52) - of diode 
D, current and diode D2 current. If the load requires 800 ma, and if 
both diodes conduct equal amounts of current, then the maximum 
d-c forward current rating of each diode must be (53)----— 
ma or more. If the load requirement were 1600 ma, it could be met 
by using (s*)_ 400 ma diodes in parallel, assuming that all the 
diodes drew equal currents. 

(521 sum: (53) 400; (54) four; 



Fig. 8 (a) Diodes in parallel, (b) The equivalent circuit of (a). 

Resistors in parallel draw equal currents if their resistances are (ssi 
_ Diodes connected in parallel draw equal currents if their 
forward <56> _ are equal. The forward resistances of 
diodes of different type numbers will, of course, vary greatly. Even 
within the same type number, characteristics (including the forward 
resistance) tend to vary considerably from diode to diode, because of 
the impossibility of perfect control during the manufacturing process. 

If two diodes with unequal forward resistances are connected in 
parallel, the diode with the least resistance will draw (57) -
current than the other diode. If diode D, in Fig. 8(a) has a forward 
resistance of 3 ohms and D2 5 ohms, the equivalent circuit will be as 
in Fig. 8(b). The 800 ma to the load will be split with 500 ma going 
through D,, and 300 ma through D,. If both diodes are rated at 400 
ma maximum average forward current, then diode (sbj- will be 
overloaded and damaged. 

Diodes used in parallel should all be of the same type to help equalize 
the current division between them. In addition the diodes should have 
a current rating of at least 25% higher than would be needed if it 
were known that the current distribution was even. Two diodes con¬ 
nected in parallel to supply 400 ma to a load should each have a cur¬ 
rent rating of p»)_ ma or more. This extra margin will help 
take care of unequal current distribution between diodes of the same 
type number. 

The current taken by each diode in parallel should be measured with 
an ammeter, changing diodes until a matched set is obtained in which 
all draw equal shares of the load. Even though this is done, the 25% 
extra margin mentioned above should still be allowed. The forward 
resistance changes with the current, but the rate of change is not 
necessarily the same in two diodes, even though of the same type. 
Consequently, even though the current is equalized between the 
diodes for one value of load current, the current division is not neces-

(55) equal; (56) resistances; (57) more; (58) D,; (59) 250; 
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26 Diodes operated in series to provide a higher back voltage should all 
be of the same type number to minimize variations in back resistance. 
The voltage across each diode should be checked with a vacuum tube 
voltmeter (or a 20,000 ohms-per-volt meter) to see that the individual 
back voltages are reasonably equal. The back voltage rating of the 
diodes should be at least 25% greater than would be necessary if even 
voltage distribution could be assured. The maximum d-c inverse 
operating voltage rating of the diodes in Fig. 9(a) should be at least 
(65)_volts. 

The best way to assure satisfactory operation of diodes in series is by 
the use of equalizing resistors as in Fig. 9(b). Values between 100,000 
and 200,000 ohms are usually suitable. The lower the value of the 
equalizing resistors, the better the voltage equalization. The equal¬ 
izing resistors considerably reduce the back resistance of the circuit, 
but a lowered back resistance is not always objectionable. 

Rather than operating diodes in series or parallel, it is always prefer¬ 
able to use a factory unit with the proper back voltage and forward 
current rating so that series or parallel operation is not needed. How¬ 
ever, the good electronics man must know how to improvise, because 
the ideal component is not always readily available when needed. 

WHAT HAVE YOU LEARNED? 

1. In Fig. 8(b) show that if 5-ohm equalizing resistors are used with 
each diode, the D, current is 444 ma and the D2 current 356 ma. 

2. In Fig. 9(a) assume the back resistance of D, as 1 megohm, the 
back resistance of D2 as 2 megohms, and that of D3 as 3 megohms. 
Then E, =-volts, E2 =_volts, and E3 =_volts. 

3. With back resistances the same as in Problem 2, assume that 
150,000 ohm equalizing resistors are used as in Fig. 9(b). Now com¬ 
pute the voltages across the diodes, E, =_volts, E2 =_ 
volts, and E3 =_volts. 

ANSWERS 

1. The resistance in the D, branch (we will call it R,) is 8Û. The D2 branch (R2) 
is 10R. 

(65) 62.5; 



d . R i R> 8 X 10 . . n
Rm" - rt = 8Tw* = 4-44fi

The voltage drop across the diodes: 
E = IR = 0.800 X 4.44 = 3.55 V 
D, current = 3.55/8 = 444 ma 
D2 current = 3.55/10 = 355 ma 

2. E, = 25 V; E, = 50 V; and E, = 75 V .. . 
R/^/ = 1,000,000 + 2,000,000 + 3,000,000 = 6,000,0009 

'“é»»' 0000'025 »""’ 

E, = 1,000,000 X 0.000,025 = 25 V 
E, = 2,000,000 X 0.000,025 = 50 V 
E, = 3,000,000 X 0.000,025 = 75 V 

3. E, = 47.3 V; Ea = 50.6 V; and E, = 51.9 V... 

Combined resistance, R, in parallel with D,. 

R R, X D, 150,000 X 1,000,000 

R" = 770.000 + 1.000.000 = 130'‘">0!!

Similarly, 
R _ R, X D, _ 150,000 X 2,000,000 „ 

Ra + D, 150,000 + 2,000,000 “ 139’500n

R„ = -150,000 X 3,000,000 _ 
Rj + Dj 150,000 + 3,000,000 ~ 

Rroi^i = 130,400 + 139,500 + 142,900 = 412,8009 

I= 41» = 0 000363 amP 

E, = 0.000363 X 130,400 = 47.3 V 
E2 = 0.000363 X 139,500 = 50.6 V 
Ej = 0.000363 X 142,900 = 51.9 V 

15 DI0DE CHARACTERISTICS VARY WITH TEMPERATURE 
. . . Temperature affects the characteristics of all semiconductor 
diodes. As the operating temperature goes up, the forward resistance 
decreases. In this respect a high operating temperature is an advan¬ 
tage. However, the back resistance also decreases as the temperature 
goes up, which is a disadvantage. 

The most important temperature consideration is the maximum safe 
operating temperature. This is approximately 100° Centigrade for 

27 



28 germanium and selenium, 200° C for silicon diodes. At higher tempera¬ 
tures the crystalline structure of the diode is changed, causing per¬ 
manent damage. The operating temperature is ambient temperature 
(the temperature of the air in the area where the diode is being used) 
plus the build up in temperature caused by the current flow through 
the diode. Obviously, the higher the ambient temperature, the less 
forward current the diode can carry and still keep the diode temper¬ 
ature below the maximum safe value. 

All general diode specifications are given by manufacturers for an 
ambient temperature of 25° C, which is average room temperature. 
For operation at higher ambient temperatures, the manufacturers’ 
forward current maximum values must be derated. This derating is 
frequently necessary, because the air temperature inside a confined 
cabinet full of heat-producing electronic equipment is often much 
higher than the room temperature outside. 

When the ambient temperature is above 85° C, germanium or seleni¬ 
um diodes are not suitable, and silicon diodes are used. Because they 
can operate at higher temperatures, silicon diodes can in general 
carry higher currents than germanium. 

Ambient Temperature 
Degrees Centigrade 

Fig. 10 For temperatures above 25° C diode current capacity must be derated in 
accordance with this graph. 
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30 up to 100,000 volts or more. Both junction and metallic semiconduc¬ 
tor power rectifiers are widely used. 

JUNCTION POWER RECTIFIERS . . . Some typical junction type 
power rectifiers are shown on the frontispiece to this lesson. Because 
of their small size they cannot rapidly radiate heat to the surround¬ 
ing air. Junction diodes carrying more than one ampere require a heat 
sink to carry away rapidly the generated heat. A heat sink is a good 
heat-conducting material in close contact with the diode. Copper 
and aluminum make excellent heat sinks. Occasionally, water or some 
other liquid is used as a heat sink. 

The aluminum alloy heat sink of Fig. 11 is suitable for a diode carry¬ 
ing 50 amperes or more. This heat sink is about 4 inches square. The 
fins provide a large surface area in contact with the air for carrying 
away the heat. In mounting a diode or other semiconductor product 
to its heat sink, follow these steps: 

(1) Make certain that the surface on which the diode is to be 
mounted is smooth and clean. 
(2) Apply a lubricating material between the two surfaces to 
be joined. The lubricant used should have a high ability to 
pass heat. Silicon grease or colloidal graphite are recom¬ 
mended by diode manufacturers. The purpose of the lubri¬ 
cant is to improve the transfer of heat from diode to sink. 
(3) The nut on the diode stud should always be tightened 
with a torque wrench to within the tolerance specified by 
the manufacturer. If the nut is too tight, the excessive pres¬ 
sure can damage the semiconductor material or change its 

Fig. 11 A typical heat sink with transistor mounted. (Courtesy: The Birtcher Corp.) 
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Fig. 12 A heat sink designed to slip over a diode or transistor. (Courtesy: The 
Birtcher Corp.) 

electrical characteristics. If the nut is not sufficiently tight, 
there will not be good heat transfer from the diode to the 
heat sink. The diode will then be damaged through over¬ 
heating. 

Another heat sink is shown in Fig. 12. This one slips over the diode 
making contact around the diode casing to carry away the heat. 

Except for large current handling units an especially designed heat 
sink is not needed. For lower current values the aluminum chassis is 
quite suitable as a heat sink. However, remember to follow the mount¬ 
ing steps listed above. By using mica and teflon washers the diode 
can be insulated from its heat sink, if that is necessary. Since the 
diode stud is usually one electrical terminal of the diode (generally 
the cathode), the stud terminal will be electrically connected to the 
heat sink if this is not done. 

METALLIC RECTIFIERS . . . Only selenium power rectifiers will 
be described here, since other metallic power rectifiers are now of 
little importance to electronics men. Two typical ones are shown in 
Fig. 13. Each plate represents an individual diode. Thus a selenium 
rectifier unit of many plates actually consists of many diodes. Many 
diodes may be needed because the maximum back voltage that can 
be applied to a selenium diode is usually 50 volts or less, in contrast 
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Fig. 13 Some typical metallic rectifiers. (Courtesy: General Electric Co.) 

to silicon diodes which are readily available with inverse voltage rat¬ 
ings as high as 1,000 volts. As a result, selenium diodes must usually 
be connected in series to build up to the required back voltage rat¬ 
ings. Also, it is common to build selenium units to provide full-wave 
or bridge rectification, thus further increasing the number of diodes 
in a unit. 

The composition of a selenium plate is shown in Fig. 14. It consists 
of an aluminum backing plate to which a thin layer of selenium is ap¬ 
plied. The purpose of the backing plate is to furnish mechanical 
strength, to help carry away the heat, and to act as the anode elec¬ 
trical connection to the selenium. The active metal plate or counter 
electrode consists of an alloy of tin, cadmium and bismuth sprayed 
onto the exposed surface of the selenium. A potential barrier (to be 
explained later) forms between the active metal plate and the seleni¬ 
um layer during the manufacturing process, and it is because of this 
barrier that rectification takes place. 

The plate that forms a selenium diode must be relatively large because 
one or two square inches of area is required for each ampere of forward 
current. In contrast, a junction type can carry at least 300 amperes 
per square inch of junction area. The plates of selenium units are kept 

Potential —*■ 
Barrier 

Layer 

Active Metal Plate 
(Counter Electrode) 

Selenium 

Aluminum Backing 
Plate 

Fig. 14 Construction of a selenium rectifier cell. 
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34 A rough diode check, good enough to detect shorted or open units, 
can be made with an ohmmeter. The back resistance should measure 
much higher than the forward resistance. Other than making this 
observation, no interpretation should be made of the measured resist¬ 
ance values, since the resistance values under normal operating con¬ 
ditions will be far different. 

LESSON 2401-3 

USING SEMICONDUCTOR DIODES 

EXAMINATION 

Circle the number of the correct answer for each question that follows. When you are finished, 

transfer the answers to the answer sheet by putting X’s in the proper squares. When the graded 

answer sheet is returned to you, correct in this book any questions you may have missed. By doing 

so, you will have a record of the correct answers to all questions for review purposes. 

1. When the forward current through a certain junction diode is 20 
ma, the voltage drop across the diode is 1.5 volts. If the current 
through the diode is doubled to 40 ma, the voltage drop across the 
diode will be 
(1) less than 1.5 volts. (3) between 1.5 and 3 volts. 
(2) approximately 1.5 volts. (4) approximately 3 volts. 

2. The reverse current through a certain diode is 20 pa when the re¬ 
verse bias is 50 volts. If the reverse bias is doubled to 100 volts 
the reverse current will be 
(1) less than 20 /xa. (3) between 20 and 40 /xa. 
(2) 20 pa. (4) 40 pa. 

(5) over 40 pa. 

3. A junction diode starts to conduct freely in the reverse direction 
when the reverse voltage is raised above a certain value. This 
phenomenon is called 
(1) reverse voltage conduction, and usually damages the diode. 
(2) hole conduction. It is damaging to the diode. 
(3) hole conduction. The breakdown itself does not damage the 

diode. 
(4) avalanche breakdown. It is damaging to the diode. 
(5) avalanche breakdown. It does not in itself damage the diode. 



L When the temperature of a semiconductor diode increases, 
(1) the forward voltage drop increases and the reverse current 

decreases. 
(2) the forward voltage drop increases and the reverse current 

increases. 
(3) the forward voltage drop decreases and the reverse current 

decreases. 
(4) the forward voltage drop decreases and the reverse current 

increases. 

5. How does total hours of operation affect the forward voltage drop 
across semiconductor diodes? 
(1) The forward voltage across all semiconductor diodes increases 

with hours in use. 
(2) The forward voltage across all semiconductor diodes decreases 

with hours in use. 
(3) Hours in use has little effect on the forward voltage. 
(4) The forward voltage increases with hours in the case of selen¬ 

ium but not for junction diodes. 
(5) The forward voltage increases with hours in the case of junc¬ 

tion diodes, but not for selenium. 

5. Which of the following resistance values would you select for 
equalizing resistors to use with four 1N63 diodes connected in ser¬ 
ies in order to get the best voltage equalization? 
(1) 500,000 ohms (2) 350,000 ohms (3) 200,000 ohms 

7. A certain silicon diode has a forward current rating of 400 ma at 
25° C. What is the forward current rating at 75° C? 
(1) Not recommended for use at this high a temperature. 
(2) 120 ma (4) 400 ma 
(3) 280 ma (5) 528 ma 

(6) 680 ma 

8. The most complete way to check the condition of a diode is to 
(1) use an ohmmeter and compare forward with reverse resist¬ 

ance. The back resistance should be at least 100 times the for¬ 
ward resistance. 

(2) measure voltage drop with normal forward current, and 
reverse current with normal back voltage. 

(3) apply rated voltage and measure forward current. 
(4) measure back resistance with 5 volts across diode. 



36 9. A good precaution to follow in soldering a diode into a circuit is to 
(1) use a large enough soldering iron to heat the joint quickly, be¬ 

fore the diode itself overheats. 
(2) use 50-50 solder, which has a lower melting point than ordin¬ 

ary radio solder. 
(3) use solder with separate resin flux, rather than resin-cored 

solder. 
(4) hold diode lead with pliers between soldering point and diode. 

10. To properly mount a diode or transistor to a heat sink you should 
(1) use a lubricant such as silicon grease between surfaces being 

joined and tightened with a torque wrench. 
(2) polish the surfaces to be joined with steel wool and then 

apply a thin film of oil to prevent oxidation between the join¬ 
ing surfaces. 

(3) check for good contact between joining surfaces, and then 
tighten lightly. 

(4) tighten joining surfaces tightly so as to insure good contact 
for best heat transfer. 

11. For operation at high frequency you should choose a diode with 
(1) a low capacitance. 
(2) a high back resistance. 
(3) low lead inductance. 
(4) linear response characteristics. 

12. What is meant by unforming, and how can the condition be cor¬ 
rected? 
(1) A loss of rectifying properties in selenium diodes due to inac¬ 

tivity. Apply voltage slowly to correct. 
(2) Same as (1) above, but can occur in any solid-state diode. 
(3) A separation at the junction between P and N materials, re¬ 

sulting in a high voltage drop and poor rectifying properties. 
Apply twice maximum rated current for 10 seconds to fuse 
the two sections together. 

13. Why are diodes sometimes connected in series? 
(1) To increase the back resistance. 
(2) To reduce the voltage drop. 
(3) To increase the current carrying capacity. 
(4) To increase the reverse voltage rating. 



14. Referring to Fig. 15, when switch S, only is closed, what lights 
are on? 
(1) L, only 
(2) L, and L2
(3) L\f L2, and L2
(4) All of the lights are on 

(5) L2 only 
(6) L2 and L2
(7) L2, Li, and Ls
(8) L2 and L< 

15. Referring to Fig. 15, when switch S2 only is closed, what lights are 
on? (Select answer from choices for Question 14) -

16. When switch S3 only is closed, what lights are on? (Select answer 
from choices for Question 14) -

17. Assuming that each lamp draws 15 ma, then diode Dt and diode 
D2 should have average forward current ratings of not less than 
(Hint: First determine which switches could possibly cause D, 
and D2 to conduct. Then find the total current through each for 
all possible conditions.) 
(1) 15 ma for D, and 30 ma for D2. (3) 15 ma for each. 
(2) 30 ma for Dt and 15 ma for D2. (4) 30 ma for each. 

(5) 45 ma for D¡ and 30 ma for D2. 
(6) 30 ma for D, and 45 ma for D2. 

18. Assume in Fig. 15 that all the diodes are lN63’s, whose character¬ 
istic curves are shown in the lesson. While all the lamps are in¬ 
tended for 12-volt operation, the voltage across some may be less 
than 12 volts because of the voltage lost across any diodes in ser¬ 
ies. The voltage across a lamp may be less when one switch is 
closed than with another closed. When lamp L, is lit, what is the 
minimum voltage that would be across it? (Assume each lamp 
draws 15 ma.) 
(1) 1.6 volts (4) 8.8 volts (7) 12 volts 
(2) 2.3 volts (5) 9.7 volts (8) None of the above 
(3) 3.2 volts (6) 10.4 volts 
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19. When lamp L2 is lit, what is the minimum voltage that would be 
across it? (Hint: First determine which switches could possibly 
cause L2 to light and what other lamps are lit at the same time. 
Then find the total current through any series diode before find¬ 
ing the voltage drop across the series diode.) (Select answer from 
choices for Question 18.)_ 

20. When lamp L3 is lit, what is the minimum voltage that would be 
across it? (Select answer from choices for Question 18.)_ 

21. When lamp Lt is lit, what is the minimum voltage that would be 
across it? (Select answer from choices for Question 18.)_ 

22. In which circuit of Fig. 16 is the lamp burning? 
(1) (a) (5) (e) 
(2) (b) (6) (f) 
(3) (c) (7) (g) 
(4) (d) (8) (h) 

END OF EXAM 
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How to Start TODAY toward advancement 

Here’s how to complete your first lesson. It will take but a few hours. 
You will then be on your way to more interesting work, security and 
better pay. Follow the steps below in order, checking off each one as 
completed. Start TODAY. 

□ 1. Take two minutes to read Tips on How to Study on the next 
page. All finished? Then check box to left. 

□ 2. Read Chat with Your Instructor on page 1 to get a bird’s-eye 
view of what you will learn in this lesson. Then the lesson will go 
faster and easier. Check box when finished. 

□ 3. Read Topic 1 on page 2, which tells you about two different 
kinds of electric charge, and how they react with each other. 

D 4. Answer the What Have You Learned questions on pages 2 and 
3. By doing so you will be sure that you have the laws of charges 
straight. You will also gain a broader understanding of charges and 
some practical uses made of them. As soon as you answer a question, 
check with our answer. 

□ 5. Continue on in the same way to the end of the lesson, first care¬ 
fully reading each Topic and then answering the What Have You 
Learned? questions. Don’t skip any questions. Reading alone is not 
enough. It is the questions that put your mind to work, so that you 
learn more for the time spent, and know how to put what you have 
learned to work on the job. Remember that if you want a better job 
than the other fellow, you must know more about electronics than he 
does. The What Have You Learned? questions will give you that extra 
help, putting you above the rank and file technicians. 

□ 6. Any questions? Your instructor is standing by to help you. 
Write your questions on one of the Request for Assistance forms sup¬ 
plied. Page 19 tells you how to get the best results when asking for 
help. 

□ 7. Read the inside back cover for further information you should 
know about your training program. 



□ 8. Now answer the examination questions. You will find instruc¬ 
tions at the top of the questions. Double check all your answers, 
referring back to the text when in doubt. As soon as finished — don’t 
wait another day—mail in to us for your instructor to check over. He 
wants to make sure you understand this first lesson, and give you any 
suggestions and help that he thinks will be useful for your rapid 
advancement. He will require you to restudy the lesson if your grade 
is less than 75 percent. 

□ 9. Now start studying the next lesson; never wait for the return 
of the examination on the lesson just finished before starting the next 
one. 

How to Study 

Some tips for fast progress 

1. Don’t try to study too long at a time—an hour or two is plenty. 
Work hard while you work, but take a five minute break every half 
hour. 

2. Keep all your training materials together and handy—ready to go-
including pencils, paper, envelopes and stamps—get organized so as to 
get full benefit from your study time. 

3. Plan now the best time and place to study, the days you will study, 
and how long. A plan that calls for one or two hours of study a day, 
five or six days a week, will give good results. 

4. Don’t hurry over the first few lessons because they appear similar 
to material you have studied before. If you do, you will miss a lot, so 
that the following lessons will be harder. Hurrying will lose you time 
in the long run. 



A chat with your instructor 

Electricity can either be in motion, (like cars on the highway), or at 
rest, (like parked cars). 

In this lesson you will learn about the uses you can make of electricity 
at rest. Parked cars are of use to us only in that they are available to 
put into motion when needed. Similarly electricity can’t do much for 
us as long as it is at rest. But it is of great value in electronics as a 
standby, ready to go into motion when needed. A device specifically 
designed to store electricity in a static condition until needed is called 
a capacitor. All electronic equipment uses many capacitors for this 
purpose. A capacitor is like a parking lot, filled with cars ready to go 
into action when wanted. 

Almost any device, a glass rod for example, will store a little electricity 
at rest, like a few cars can find a place to park along the highway. 
Electricity at rest often accumulates on objects by friction. It is 
then called static electricity. The electricity in a capacitor is exactly 
the same kind of electricity, but people don’t usually call it static 
electricity, even though it really is. 

After you understand the characteristics of static electricity, you will 
learn in this lesson how it is put into motion to form current electricity. 
Unless you know how to put it into motion and steer it to where you 
want it to go, electricity at rest is as useless to you as a car you don’t 
know how to drive. 
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Electrons in Action 
Part I 

ELECTRIC CHARGES 
One of the oldest and simplest methods of producing electricity is by 
friction. You may already have found that a comb, after you rub it 
through your hair, will attract tiny pieces of paper. This is because 
the rubbing has charged the comb with electricity. Electricity pro¬ 
duced by friction is usually called static electricity. A body holding 
electricity is said to be charged, and the electricity on the body is 
called the charge. 

LIKE CHARGES REPEL; UNLIKE CHARGES ATTRACT... 
Experience shows that there are two distinct types of electric charge, 
and they are called positive and negative. When two bodies charged 
with the same type of electricity are brought close together, they will 
repel each other. If one body is positively charged and the other is 
negatively charged, the two bodies will attract each other. In short, 
like charges repel and unlike charges attract. 

WHAT HAVE YOU LEARNED? 

1. When a glass rod is rubbed with silk, the rod becomes positively 
charged. When two glass rods rubbed with silk are, brought close to¬ 
gether as shown in Fig. 1(a ), attract) (fepgfy each other. This 
is because both rods are w^positively))(negatively) charged and there¬ 
fore have {c^like^ (unlike) charges. Like charges (d) /_ each 
other. 

2. When an ebonite rod is rubbed with fur, it becomes negatively 
charged. When two ebonite rods rubbed with fur are brought close 
together, as shown in Fig. 1(b), they <o) Ki ft I . each other. This is 
because <b) _ charges repel each other. 

3. When a charged ebonite rod and a charged glass rod are brought 
close together, as shown in Fig. 1(c), they <□) ¿TmeT" each other. 
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Fig. 1 

This is because the rods have (b> (like) 
charges <c) each other. 

charges and these 

4. Take a rubber comb and rub it on a sheet of paper. You will find 
that the comb now attracts the paper. This shows that the comb and 
paper have assumed electric charges. We know that these charges are 
Lt _ because they attract each other. 

5. The hair of some people often stands on end after being combed 
on a very dry day. Why? 

6. A capacitor is a device specifically designed to store relatively large 
electric charges. When a capacitor is charged, one plate has a nega. 
tive^charge and the other plate has a positive charge. The plates (at 
fracu (repel) each other. 

7. One type of air cleaner passes the dust-laden air between two 
plates, one of which is charged negatively and the other positively. 
Particles of dust in the air that are positively charged will be pulled 
over onto the plate, and oppositely charged particles 
of dust will be pulled to tne other plate. 

ANSWERS 

1. (a) Repel; (b) positively; (c) like; (d) repel 2. (a) Repel; (b) like 
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Fig. 2 The unrubbed glass or ebonite rods neither repel nor attract each other. 

3. (a) Attract; (b) unlike; (c) attract 4. Unlike 
5. The combing puts a like charge on every strand of hair. The strands of hair 
thus repel each other and separate from each other as far as possible. 
6. Attract 7. Negative 

WHAT ELECTRIC CHARGES ARE ... Suppose we take two glass 
or two ebonite rods, such as those used to demonstrate the presence 
of electric charges in Fig. 1, and we do not rub them with silk or fur, 
respectively. When these unrubbed rods are placed near each other 
they neither attract nor repel each other (see Fig. 2). Why is this so, 
and how did the act of rubbing produce the electric charges? To answer 
these questions, we must leave the rods momentarily and take a quick 
look at the structure of matter. 

As you probably know, everything in the world is made up of minute 
particles that are so small they cannot be seen, even when using the 
most powerful optical microscope. These particles are called molecules. 
Each molecule is usually made up of several still smaller particles 
called atoms. From the electronic point of view, it is not the molecules 
or atoms as a whole that are interesting; rather, it is certain parts and 
combinations. In particular, our interest is aroused by three particles 
called electrons, protons, and ions. Each of these three particles con¬ 
tains an electric charge! 

An electron is the smallest common particle of matter and has little 
mass (weight). A proton has a mass about 1800 times that of the elec¬ 
tron. An ion is made up of electrons and protons in unequal numbers, 
and it therefore has greater mass than either an electron or a proton. 



Fig. 3 A proton has much greater mass than an electron, but the charges carried 
by the two bodies are of equal intensity. 

The kind of charge carried by an electron is called a negative charge; 
it is indicated by the minus sign, —. A proton will be attracted to an 
electron, which shows that the two particles have unlike charges. The 
charge on the proton is therefore called a positive charge to distin¬ 
guish it from charges of the type found on electrons. An ion may 
have either a positive or a negative charge. 

. ... and I say to you friends-
if elected I will retain an equal 
number of electrons and protons ! 
( They don't call me neutral for nothin' ! ) 

Fig. 4 An atom is normally electrically neutral. 
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Fig. 5 A negative ion is an atom or a group of atoms having an excess of elec¬ 
trons, while a positive ion has a deficiency of electrons. 

The charge carried by a proton is exactly equal in intensity to the 
charge carried by an electron. That is, two electrons will repel each 
other with a force equal to the force of repulsion between two pro¬ 
tons. Also, the force of attraction between an electron and a proton 
is exactly equal to the force of repulsion between two electrons or be¬ 
tween two protons (see Fig. 3). 

Normally, an atom contains an equal number of electrons and pro¬ 
tons. The unlike charges of these two bodies, being of equal intensity, 
act to cancel each other. Thus, a normal atom is electrically neutral; 
that is, it contains no net charge. This is illustrated in Fig. 4. 

Sometimes, however, electrons break away from their “parent” atom 
and move to a neighboring atom. An atom that has an excess of elec¬ 
trons is called a negative ion, while an atom or group of atoms that 
has a deficiency of electrons is called a positive ion. The formation of 
ions may be thought of as shown in Fig. 5. 

It should be noted at this point that when any object contains a sur¬ 
plus of electrons, it is said to be negatively charged, and that when 
any object has a deficiency of electrons, it is said to be positively 
charged. 



Fig. 6 Like charges repel; unlike charges attract. 

An electric charge is an invisible force that is created by either an 
excess or a deficiency of electrons. When there is a deficiency of elec¬ 
trons, the charge is positive; when there is an excess of electrons, the 
charge is negative. Charges behave according to the laws of attrac¬ 
tion and repulsion: like charges repel; unlike charges attract. 

To help you remember the action taking place between like and un¬ 
like charges, we have prepared the animated sketch of Fig. 6. 

WHAT HAVE YOU LEARNED? 

1. The smallest common particle of matter is the (o) £/tc 0 _ 
and it carries a (b) __ charge. 

2. A particle that always carries a positive charge equal in intensity 
to the negative charge of an electron is known as a loP-

3. An ion is an atom or group of atoms that has either an excess or 
a deficiency of electrons. If the atom has an excess of electrons, it is 
known as a (□; /tT ¡ — ion, and if it has a deficiency of elec¬ 
trons it is known as a ib) £_ ion. 

4. The law of attraction tells us that (a) UPhKf charges attract. 
Thus, an electron and a <b| _ will attract each other. 



8 5. The law of repulsion tells us that w charges repel. 
Thus, two electrons (b> each other. 

6. A substance with a deficiency of electrons will show a PoitTi Ji 
charge. 

7. Any substance containing an equal number of electrons and pro¬ 
tons is electrically Mt* TP fit . 

8. Since the plate of an electron tube attracts electrons emitted from 
the tube’s cathode, the plate evidently possesses a fcStT* ^¿charge 
with respect to the cathode. 

9. Chemical action within a battery places a negative charge on its 
negative terminal and a positive charge on the other terminal. A cop¬ 
per wire has many electrons that are free to move along the wire. If 
a length of copper wire is connected between the terminals of a bat¬ 
tery, the positively charged terminal will (0 | PTTPftc T the electrons 
within the wire, while at the same time the negative charge at the 
other terminal will (b) KiPi / -these electrons. As a result the 
mobile electrons within the wire move along the wire from the w 

terminal at the battery to the other terminal. 

10. In a cathode-ray tube a stream of electrons is shot from an elec¬ 
tron gun as shown by the dashed lines in Fig. 7. Plates A and B are 
oppositely charged, so that one attracts and the other repels the elec¬ 
tron beam, thereby bending it toward plate A as shown. Plate A is 
(o) y—-charged, and plate B is (b) 
charged. f 

Fig. 7 



ANSWERS 9 

1. (a) Electron; (b) negative 2. Proton 3. (a) Negative; (b) positive 
4. (a) Unlike; (b) proton 5. (a) Like; (b) repel 6. Positive 
7. Neutral 8. Positive 9. (a) Attract; (b) repel; (c) negative 
10. (a) Positively; (b) negatively 

PRACTICAL ASPECTS OF STATIC ELECTRICITY ... Now that 
you have seen how static electricity may be produced, let’s take a 
look at some of the ways in which it can be both a help and hin¬ 
drance to us. 

Perhaps the biggest display of static electricity is the common thun¬ 
derstorm. During a thunderstorm, small water droplets which make 
up the clouds become electrically charged because of friction caused 
by their violent agitation. As these droplets form into large clouds, 
their total collective charge becomes great enough for an arc—the 
lightning—to occur between oppositely charged clouds or between 
clouds and the earth. 

Static electricity can be quite a problem in industry. A number of ex¬ 
plosions have been caused in vapor-laden atmosphere by sparks that 
resulted from static charges generated by leather or rubber belts rub¬ 
bing against their drive pulleys. That chain you see dangling from 
the rear of a gasoline truck is used to discharge any static charge 
built up in the tank by the friction of gasoline sloshing around in the 
tank. 

Although static electricity causes its share of problems, it also has its 
practical application. Electrostatic paint spraying, which will place 
an even coat of paint on an otherwise difficult to paint surface, relies 
on the principle of attraction between oppositely charged bodies. As 
shown in Fig. 8, the work to be painted is connected to the positive 
terminal of a very high voltage d-c power supply and this places a 
positive charge on the work. The other terminal of the supply is con¬ 
nected to the spray gun, which is grounded for safety. This places a 
negative charge on the gun and on the particles of spray leaving it. 
Since the paint spray leaving the nozzle of the spray gun and the 
object being painted are of opposite charge, the paint spray will be at¬ 
tracted to the object. The result is that nearly all the paint reaches 
the object and very little paint is wasted. This type of spraying is 
especially effective on such objects as spoked wheels or wire fencing 
which would be difficult to paint otherwise. 
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high voltage 
generator 

Fig. 8 Electrostatic paint spraying. 

ELECTRIC CURRENTS 
A CHARGE MOVEMENT THROUGH A CONDUCTOR ... The 

movement or flow of electricity (charge) from one point to another 
is called an electric current. Moving charge from one point to another 
by means of a conducting wire is similar to moving water from one 
point to another by means of a pipe. In Fig. 9(a) water is shown mov¬ 
ing from tank A to tank B by means of the connecting pipe. In Fig. 
9(c) the electricity moves from one charged body to the other by 
means of the connecting wire. Neither the water nor the electricity 
will move, however, unless there is a pushing or pulling action to 
cause the movement. Gravity provides the force in Fig. 9(a). The at¬ 
traction between opposite charges and the repulsion between like 
charges provides the force in Fig. 9(c). 

The negative charge on the left-hand body of Fig. 9(c) is due to there 
being more electrons than protons in that body. Electrons, being ex¬ 
tremely light in weight, tend to be mobile. Some of them, called free 
electrons, readily move around in certain materials, particularly 
metals. When a metal wire is connected between two charged bodies, 
as shown in Fig. 9(c), free electrons, being negatively charged, are re¬ 
pelled into the connecting wire by the negative charge on the left-
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12 3. In order to have a current flow, there must be two oppositely 
charged bodies with a conducting path between them. When a wire is 
connected between the terminals of a battery, a current flows. This 
shows that the battery terminals are OffoS/Tf/j/ charged. 

4. The negative terminal of a battery is negatively charged, and the 
positive terminal is positively charged. If a wire is connected between 
the two terminals, free electrons are repelled through the wire by the 
(a) -terminal and attracted by the (b> Jits ll'i *£ 
terminal. Therefore, the direction of electron movement through the 
wire is from the (c) _terminal to the other terminal. 

ANSWERS 

1. (a) Free; (b) free 
2. True... A current results from the movement of an electric charge. Since 
ions carry charges, their movement forms a current. 
3. Oppositely 4. (a) Negative; (b) positive; (c) negative 

g PRODUCTION OF A CONTINUOUS CURRENT... In the circuit 
of Fig. 9(c) current flow lasts only a fraction of a second or so after 
the wire is connected between the two charged objects. As soon as the 
excess electrons are drained from the negatively charged body and 
gained by the positively charged body, both bodies lose their charge 
and current flow ceases. 

In order to produce a continuous current flow, it is necessary to have 
some way of maintaining opposite charges on the two bodies after a 
wire is connected between them. This can be done by an electron 
pump. 

Figure 10(a) is the same as Fig. 9(c) except that an electron pump 
has been added. As fast as electrons leave charged body A through 
the wire at the bottom, more electrons are pushed back onto the 
plate by the action of the pump. Similarly, electrons are pumped off 
body B as fast as they can arrive. As a result, body A stays negative¬ 
ly charged, body B stays positively charged, and there is a continuous 
current flow through the conducting wire. 

A battery is one example of an electron pump. It consists of two 
plates, one positively and one negatively charged, that are immersed 
in a chemically active liquid or paste, called the electrolyte, as shown 
in Fig. 10(b). The battery plates, A and B, correspond to charged 
bodies A and B in Fig. 10(a). The action of the electrolyte is to keep 



(b) 
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Fig. 10 An electron pump keeps charges on the bodies so that there is a contin¬ 
uous current flow. A battery is an electron pump. 

plate A continuously negative by forcing onto it additional electrons 
to replace those flowing off through the conducting wire that forms 
the battery circuit. Similarly, the electrolyte keeps plate B positively 
charged by removing electrons from it as fast as they arrive through 
the conducting wire. 

WHAT HAVE YOU LEARNED? 

1. Figure 10(a) shows that the action of an electron pump is to move 
free electrons from the (a) foi / il Ut ! y charged plate over to the 
other plate. The pump must exert force in order to do this, because 
the free electrons are (b) 1777//^__ by the plate to which they 
are being pumped and therefore want to move in the opposite direc¬ 
tion. 

ANSWERS 

1. (a) Positively; (b) repelled 

g WHAT AN ELECTRIC CURRENT IS ... The term “electric cur¬ 
rent” refers to the process of transferring electric energy from one 
point to another. Usually this process is carried out by the movement 
of positively or negatively charged particles, such as electrons and 
ions. By far the most common process is the movement of free elec-



14 irons. This is the way in which electric energy is transferred through 
all ordinary metallic conductors. 

Current flow through many liquids is by means of both positive and 
negative ions moving simultaneously in opposite directions. 

Current flow in certain parts of a transistor is by means of positive 
charges called holes. You will see in a later lesson that alternating 
current flows through a capacitor, although in some cases there is no 
movement of charged particles within the space between the plates 
of the capacitor. 

From the preceding discussion you see that an electric current can 
result from a number of different types of action. Many years ago an 
electric current was defined as electron flow, but this is too restricted 
a definition for the modern world of electronics. 

CURRENT DIRECTION ... Current direction does not refer to the 
direction that electric charges move. Instead, current direction is 
nothing more than an agreed upon direction for tracing around a cir¬ 
cuit, and a reference direction for stating electrical laws. 

Consider the circuit of Fig. 11. One way to trace around the circuit is 
to start at the positive terminal of the battery and trace around until 
you come back to the negative terminal, as shown by the solid arrows. 
Engineers that trace in this direction (that is, from positive to nega¬ 
tive) are said to use conventional current direction. 

The alternate way to trace around a circuit is to start at the negative 
battery terminal and trace around to the positive terminal, as shown 
by the dotted arrows in Fig. 11. This tracing direction is called the 
electron current direction. It is named from the fact that this is also 
the direction that the free electrons that carry the charges move in 
the circuit. 

Unfortunately, everybody in electronics can’t agree on which direction 
to use as the current direction. Practically all engineers, engineering 
colleges, and engineering textbooks use the conventional current direc¬ 
tion. But military schools, technical institutes, and technicians gen¬ 
erally use the electron current direction, since beginners are less con¬ 
fused if they trace around a circuit in the same way as the electrons go. 



—o electron current 
direction 

Q-* direction of 
electron flow 

Fig. 11 Electron flow direction and current direction. The conventional current di¬ 
rection, used by engineers, is opposite to the direction of electron flow. 

We always use the electron current direction in this course, since it is 
less confusing for students. However, you must know about the con¬ 
ventional direction because you will frequently have to talk to engi¬ 
neers and read literature where the conventional direction is used. 

HOW TO DETERMINE CURRENT DIRECTION ... There are a 
number of convenient ways to determine current direction when it is 
not known. If the polarity of the battery terminals is marked as in 
Fig. 12, the current direction through the transistor is at once known 
by the fact that electron current flow is always from negative to posi¬ 
tive. A voltmeter may be used as shown to determine the battery 
polarity if it is not marked. With the voltmeter connected to get a 
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Fig. 12 Method for finding current direction. 
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direction 
of current 

Fig. 13 One method of determining direction of d-c current through a conductor. 

reading, the battery terminal connected to the meter terminal mark¬ 
ed — is the negative terminal, and the other battery terminal, con¬ 
nected to the + terminal of the voltmeter, is the positive one. 

The ammeter, Fig. 12, will also indicate current direction. Remem¬ 
bering again that current direction is from negative to positive, the 
current direction is such that the current enters the ammeter at the 
terminal marked — and leaves at the terminal marked +. It is as¬ 
sumed that the ammeter is so connected in the circuit that there will 
be a reading on the scale. 

Figure 13 shows how a compass is used to determine current direc¬ 
tion. The current causes the compass needle to swing at right angles 
to the conductor. When the fingers of the left hand are wrapped 
around the conductor in such a way that they point in the same di¬ 
rection as the north pole of the compass, the left thumb points in the 
direction of electron current flow. For currents less than 0.1 amp 
(ampere) or so, the compass will not respond, so this method cannot 
be used to find the direction of small currents. 

WHAT HAVE YOU LEARNED? 

1. Figure 14 shows a battery furnishing current, to an electrical cir¬ 
cuit. Moving free electrons, or other negatively charged particles, that 
form the current in the electrical circuit will move (□, (from A toward 
B) (from B^tõwÕfã^Ãjf because the_positive charge on the positive 
terminal of the battery will w (^trac^ (repel) the negatively charged 
particles, and the negative charge on the negative terminal « (attracts) 
Repels) the particles. If there are also positively charged particles 
making up part of the electric current, these particles will move from 
(d) fA toward B) (B toward A). However, no matter which way the 



battery 

A . R 
— electrical circuit — 

Fig. 14 

particles move, the current direction as used in this course is con¬ 
sidered to be from (•> (A toward B)^^toward A) 

2. Suppose that the electrical circuit of Fig. 14 consists of two metal 
plates in salt water, as shown in Fig. 15. Since salt water is a good 
conductor, current flows when connected to the battery as shown. 
The charged particles that make up the current in the salt water 
consists of positively and negatively charged ions in equal num be 
The positively charged sodium ions (Na) will move (a) 

Çoward plate The negatively charged chlorine ions (Cl) will 
move (b) õuãrd plate A . The current direction as 
used in this course is ÜF (from plate Adhrough the salt water to B) 
(from plate B~tfíroughfTt^sãlt water to )̂. If you were talking to a 
college-trained engineer, he would probably tell you that the current 
direction is w^from plate A to plate E) (from plate B to plate A), and 
this direction is called the o current direction. 

3. Figure 13 shows you how to use your left hand and a compass to 

17 

Fig. 15 



18 determine electron current direction. A similar drawing in an engi¬ 
neering textbook intended for college use, would (not differ from Fig . 
13 in^pny important respect) {show the right hand used rather th art. 

Ftfieleft)/show the compass on the bottom of the wire rather than on top). 

ANSWERS 

1. (a) From B toward A; (b) attract; (c) repels 
(d) A toward B ... The positive charges are repelled from the positive terminal 
of the battery and attracted toward the negative terminal, and hence move 
through the electrical circuit from A towards B. 
(e) B toward A .. . When you use the electron current direction, as is done in 
this course, you always assume the current direction to be from the negative 
terminal of the battery (or other voltage source) through the circuit to the posi¬ 
tive terminal of the battery. This will be the same as the direction of free elec¬ 
tron movement when the current consists of free electrons, which is usually the 
case. If the current is made up of moving positive charges, the current direction 
is opposite to the direction of charge movement. 

2. (a) Toward plate B.. . The positive charged ion is attracted by the nega¬ 
tively charged negative terminal of the battery, and repelled by the positively 
charged positive terminal. 
(b) Toward plate A. 
(c) From plate B through the salt water to A. 
(d) Plate A to plate B . . . Those who use the conventional direction always 
consider current direction as from the positive terminal of the voltage source 
through the circuit to the negative terminal. 
(e) Conventional 

3. Show the right hand used rather than the left. Engineering texts use the con¬ 
ventional direction, and therefore will show the current as opposite to the 
direction in Fig. 13. It is then necessary to use the right hand so that the thumb 
points in what is considered to be the direction of current flow. 

As soon as you have completed all of the What Hove You Learned? sections, and you 
are satisfied that you thoroughly understand the lesson, you should take the exami¬ 
nation starting on page 20. Mail it in for grading as soon as completed. Never hold 
examinations until several lessons are completed, and then mail them all at once. 
You need to find out promptly what you did wrong in each lesson in order to get 

the most from the lessons that follow. 



Need help? Here is how to get it. 19 

To make it easy for you to request help, Request for Assistance forms 
for this purpose are supplied with your course material. The thing to 
remember is that the more details you give your instructor the better 
he can help you. The following is an example of a well-written query. 

Dear Instructor: 

I can’t get the right answer to Problem 6 on page 8 of Lesson H-6. Notice that 
student states the exact problem he is referring to and where it is located. I 
believe the correct formula is W = lóE’C, found on page 16 of Lesson H-6. 
Notice that student states where he found the formula. My work using this 
formula is shown below. What am I doing wrong? I notice that if I square the 
E, then multiply by the C, finally taking one-half of the product thus obtained, 
I get the correct answer. But it seems to me that, if the formula was intended 
to be used in that manner, it would have been written W = % (E2C). Notice 
that student comments on a method of working the problem by which the correct 
answer could have been obtained, and also notice that he clearly states why he 
does not believe that this method could be correct. Student shows his work in 
full, but it is not reproduced here. 

With all this information the instructor can see exactly where the 
difficulty lies. He is thus able to give the information needed to clear 
up the problem. This will not be possible if you write (as some do), 
“I can’t get the correct answer to problem 6, please explain how to 
work it.” 

By the way, please don’t make requests for technical assistance and 
non technical assistance on the same sheet. Technical requests 
pertain to difficulties encountered in the lesson. Non-technical re¬ 
quests pertain to the shipment of lesson material, payment of ac¬ 
counts, requests for employment service, etc. Your technical requests 
are answered by your instructor, while non-technical questions are 
answered by another department. If they are both on the same sheet 
of paper, service is delayed. A single sheet of paper can go to only one 
department at a time. 

When you submit a non-technical Request For Assistance with your 
examination, please place the form on top, so that when the envelope 
is opened, the form is seen at once. If you want technical help, this is 
not necessary. 



20 LESSON 2311-4 

ELECTRONS IN ACTION 
Part I 

EXAMINATION 

Each question is followed by a number of selections, usually four. One and only one of 
these selections is correct unless the question specifically states otherwise. Circle the num¬ 
ber in front of the correct selection for each question. 

All Cleveland Institute examinations are open book; that is, it is permissible to refer back 
to the lesson while answering the questions. 

After you have answered all of the questions, mark the numbers of the answers on the 
Examination form provided, in the manner in which you are instructed on the form. 

If you have skipped any of the What Have You Learned? sections in the lesson, 
you will not be able to answer some of the examination questions. This is because 
the What Have You Learned? sections in this and all Cleveland Institute lessons 
bring out new principles not discussed elsewhere. 

1. A device specifically designed to store electricity in a static state is 
(1) any battery. 
(2) a storage battery. 
@ a capacitor. 
(4) an amplifying device, such as tube or transistor. 
(5) an inductor. 

2. An electric charge is 
O an excess of one type of charged particles over oppositely 

charged particles, such as more protons than electrons. 
(2) a voltage produced by friction. 
(3) electricity stored in a charged battery. 
(4) an electric current. 

3. Two identical combs are charged by combing your hair. If one is 
suspended in the center by a fine thread, and the other one 
brought close, they 
(1) will be attracted to each other. 
O will repel each other. 
(3) will neither attract nor repel. 
(4) will either attract or repel, but not enough information is 

given to determine which. 



4. Cleveland Institute uses a letter copying machine in which the 
blank paper on which the copy is to be made is given positively 
charged areas that conform with the black areas on the letter 
being copied. Powdered dry ink, which is also charged, is attracted 
to the charged areas and permanently bonded there by heat. 
What type of charge is given to the powdered ink? 
<0 Negative 
(2) Positive 
(3) Either positive or negative is satisfactory 
(4) Can’t be determined from information given 

5. When a conductor is connected between two oppositely charged 
metal plates suspended in air, a current will flow for a moment 
and then stop. However, if the plates are made part of a battery, 
a continuous current will flow through a conductor between the 
two plates. Which of the following best explains why the current 
is continuous in one case and momentary in the other? 

(1) The voltage on the plates of a battery is much higher than 
the voltage on plates suspended in air. 

(2) The voltage of the battery maintains a current; the battery 
plates do not need to be charged. 

0 The charges on the two plates in air is soon conducted off, 
but the chemical action in a battery pumps more charge onto 
the plates as fast as it drains off through the conductor. 

(4) Far more current is stored in a battery than it is possible to 
store on plates suspended in air. 

6. Which of the following best illustrates the difference between an 
electric charge stored in a capacitor and an electric current? 
0 An electric charge is stored electricity, standing by to go to 

work, like cars in a car pool. An electric current is electricity 
in motion, delivering energy from one place to another, like 
cars out on the road doing a job. 

(2) An electric charge is a type of electricity produced by friction, 
and current is electricity produced by a battery or generator. 
An electric charge is a voltage while current is an amperage. 

(3) An electric charge may be either positive or negative, while 
an electric current is always negative. 

(4) Charges or static electricity and current electricity are two 
distinct types of electricity. Although they have much in com¬ 
mon , they result from different processes, and differ from each 
other somewhat like a real diamond differs from an artificial 
diamond. 

21 



22 7. In finding current direction by means of a compass 
use the left hand to find electron current direction and the 
right hand to find conventional current direction. 

(2) always use the right hand. 
(3) use the left hand for a magnetic type compass and the right 

hand for an electrostatic compass. 
(4) it would make no difference whether the right or left hand 

was used. 

8. In Fig. A the direction of electron flow is as indicated. In which 
diagram are both the ammeter and the voltmeter connected with 
correct polarity? 
(1) - (2) - © - (4) -

9. The assignment of a current direction is just a convenience for 
circuit tracing and analysis. The direction assigned is not neces¬ 
sarily the same as the direction of movement of the charged 
particles making up the current. As used in this course, the cur¬ 
rent direction through the resistor in Fig. B is 
Q from A to B. (2) from B to A. 

10. If you were discussing electronics with an engineering college 
graduate, you would probably find that he would use the conven¬ 
tional current direction in tracing circuits. Thus he would think 
of the current direction through the resistor in Fig. B as 
(1) from A to B. from B to A. 



Fig. B 

A resistor r 
♦-Wv-♦ 

—— 
battery 

11. Current flow through P-type semiconductor material (used in 
transistors) is by means of moving positive charges, represented 
by plus signs in circles in Fig. C. In which diagram of that figure 
does the solid arrow correctly represent the direction of move¬ 
ment of the positive charges, and the broken arrow represent the 
current direction through the semiconductor, as the term current 
direction is used in this course? 
(1) - (2) - (3) - Q -

semiconductor 
material 

I. 2. 

3. Fig. C 4. 

(+) = moving positive charges 
—redirection of movement of charges 
*>—= current direction 

12. Refer to Fig. 11. The direction of current flow in the circuit, as 
assumed by C.I.E., is counterclockwise because 
(1) electrons flow in a clockwise direction and current flow, as 
assumed by C.I.E., is opposite to the direction of electron flow. 
(2) there is no current flow because the diode is connected into the 
circuit backwards. 
(3) the current flow, as assumed by C.I.E. is actually in a clock¬ 
wise direction as shown by the black arrows. 
0 electrons flow counterclockwise and current direction, as as¬ 
sumed by C.I.E., is the same direction as electron flow. 

23 



24 13. An electric current sometimes consists in the movement of ions. 
What is an ion? 
(1) An atom of very light weight, so that it can move about like 

an electron. 
(2) An electron carrying a positive charge, often called a positron. 
(3) An atom that has lost an electron and is therefore negatively 

charged. 
0 A positively or negatively charged atom. 

14. You will advance fastest toward an interesting and secure future 
if you 
(1) skip the What Have You Learned questions in order to save 

time. 
(2) wait until your last examination is returned before starting 

the next lesson. 
(3) study long hours every day. 
O study regularly, one or two hours a day, five or six days a week. 

15. To move along fast in your training, you must make your study 
hour fully productive. Something that will help a lot is to 
CP keep current lessons, stamps, pencils, scratch paper, envel¬ 

opes, Request for Assistance sheets, and other training needs 
together in a big envelope, so that everything is instantly 
available when you need it. 

(2) study between 5:00 and 6:00 AM, while your mind is fresh. 
(3) read through the examination questions before the lesson; 

then you will only need to study such parts of the lesson as 
needed to answer the questions you don’t already know. 

16. Which of the following is the best written Request for Assistance? 
—the one that will make it possible for your instructor to help 
you the most. 
(1) Please explain Fig. XXX. 
(2) The battery polarity in Fig. XXX seems reversed. Why? 
(3) Why is the battery polarity in Fig. XXX such as to put a 

positive voltage on the cathode? I thought a tube could not 
conduct with a positive voltage on the cathode. 

17. To get fast answers to any technical questions you have, you should 
(1) write the questions on the back of the exam. 
(2) write your questions on any odd size sheet of paper and pin it 

to the exam. 
0) always put all technical questions on the regular Request for 

Assistance forms which we furnish, unless you are out of such 
forms, in which case regular paper of the same size can be used. 



18. Questions that require a knowledge of electronics to answer are 
handled by your instructor. All other questions (which we call 
non-technical questions) go to another department. Therefore it 
is very important for fast service that you 

be sure to put non-technical questions on a different sheet of 
paper from technical questions, and make sure your name, 
student number and address are on each sheet. 

(2) don’t send in technical and non-technical questions on the same 
day. 

(3) only send in non-technical queries between the 1st and 10th of 
each month. 

19. Refer to Fig. 15. The direction of current flow, as assumed by 
C.I.E., is in a clockwise direction because 
(1) electrons leave the positive terminal of the battery and flow 
towards plate A. 
(2) the negative chlorine ions travel to plate B and the positive 
sodium ions travel to plate A. The sodium ions remove electrons 
from plate A and at the same time the chlorine ions deposit elec¬ 
trons on plate B. 
(3) electrons flow in a counterclockwise direction and current 
direction, as assumed by C.I.E., is opposite to electron flow. 

electrons flow from the negative battery terminal to plate B 
where the sodium ions remove the electrons. At the same time, the 
chlorine ions deposit electrons on plate A where the positive 
potential of the battery attracts the electrons to the positive bat¬ 
tery terminal. 

So that we can be of the most help to you . .. 

Be sure to use one of the Request for Assistance forms with which you hove been 
furnished for any questions you have, or for any comments you may wish to make. 
If you are out of these forms, you may use ordinary paper of approximately the same 
size. Be sure that your name, student number, and address are on every sheet of 
paper used. Never write questions or comments on the examination paper or on 
scraps of paper. Doing so, will, at the best, delay our service to you. At the worse, 

scraps of paper get lost, so that your questions will not be answered. 
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26 Questions Sometimes Asked 

How can I have my Examinations or Request for Assistance Sheets 
returned by air mail? 
By attaching an air mail stamp to your Examination or Request for Assistance 
papers with a paper clip. No other instructions are necessary. We pay the post¬ 
age on papers returned by first class mail, and on air mail for students with APO 
or FPO addresses. 

Hou> are my grades stacking up with those of other students? 
To maintain high standards of instruction and a demand for Cleveland Institute 
graduates, you will find that many examination questions require careful thought 
and reasoning as well as a thorough understanding of the lesson to answer cor¬ 
rectly. For this reason, average grades at Cleveland Institute are not high. If 
you are averaging 85 percent or better, you are doing fairly well. You are re¬ 
quired to restudy all lessons in which you do not earn a grade of 75 per cent. 

How fast am I expected to submit examinations? 
For satisfactory progress you should submit at least three examinations a 
month. With regular daily study amounting to 7 or 10 hours a week, you can 
easily complete three or more lessons a month. If circumstances arise which 
make it impossible for you to study at the expected rate, you should write to us 
explaining your problem. In any event, try to study some regularly, even 
though you can’t keep up to the expected rate. 

May I use a slide rule in working problems in this course? 
Yes, if you want to. However its use in not required. 

May I request help or advice on matters pertaining to my practical 
work, or on other problems not directly connected with my lesson? 
Yes. Your instructor wants to help you in any way he can. Be sure to give com¬ 
plete details. Your instructor can help you most when he knows all the facts. 
We must turn down requests for help that would involve an excessive amount 
of the instructor’s time. 



Notes 

"Being uninformed is not so 
as being unwilling to 

much a shame 
learn.” 
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A chat with your instructor 

You have learned that an electric current is formed by the movement 
of electric charges. The moving charges are usually free electrons, but 
not always. The force moving the charges is usually the repulsion 
between like charges and the attraction between unlike charges. The 
strength of this force is, of course, one of the factors that determines 
the speed and number of the moving charges. The names for this force 
and how it is measured in volts is taken up in this lesson. 

The voltage or force is one of three important features of any electric 
circuit. One of the other two important features is the rate at which 
electric charges are moving through the circuit. This is the current 
strength, and is measured in amperes. Electric current, then, is the 
motion of electricity (that is, electric charges) from one point to an¬ 
other. The current does the same thing in an electric circuit as a fleet of 
trucks does in hauling coal from mine to market. The rate that the 
coal moves depends upon both the number of trucks and how fast they 
travel. 
Similarly, the rate at which electricity is moved from point A to point 
B (the current strength) depends upon both the number of charges 
(usually free electrons) moving, and how fast they travel. A current 
strength of two amperes might be made up of many free electrons mov¬ 
ing slowly, or a few free electrons moving at a faster pace. Contrary to 
what many believe, the free electrons never move very fast along a 
solid conductor, never more than a fraction of an inch a minute. 

The important thing to remember is that amperes is not a measure of 
the amount of electricity, but rather a measure of the rate at which 
electricity is moving. We measure the amount of electricity, say the 
charge within a capacitor, by a unit called the coulomb, which will 
also be discussed in this lesson. Measuring the amount of electricity 
within a capacitor in coulombs corresponds to measuring the amount 
of coal on hand in tons. 

We have discussed force and current strength as the two important 
features of every circuit. The third feature is resistance, measured in 
ohms. Resistance is electrical friction that makes it hard for current to 
flow. We can adjust the current in a circuit to the value we want by 
adding a resistor of the right value. You will learn how to tell resistor 
values bv the color bands printed on them. 



2 In this lesson you will also learn the proper way to connect battery 
cells. Cells can be connected in parallel or in series, or in a combination 
of the two methods. After you learn how to choose the right method, 
you will be one jump ahead of many technicians. 

The proper way to study this lesson is the same as for the last. Read 
each topic in order; then read the topic over again if it was not too clear 
in the first reading. Then answer the What Have You Learned? ques¬ 
tions at the end of the topic. After you answer each question, check 
immediately with our answer. Never skip any of these questions. 

After you are satisfied that you understand the lesson, work out the 
examination for this lesson and mail immediately to the Institute, but 
not before rechecking all your answers. 

If you have any questions use one of the Request for Assistance forms. 
You will not run out of these forms because I will send you an additional 
one with my answer to your questions. 

Electrons in Action 
Part II 

CIRCUIT PROPERTIES 
Before we can intelligently discuss the action of electrical circuits, we 
must define certain properties common to all such circuits. We must 
also give these properties of the circuit specific names and express 
them in specific units. The properties we shall discuss are potential, 
quantity of electricity, current, and resistance. 

POTENTIAL ... We have seen how a current flows from A to B in 
Fig. 9(c) because of the repulsive and attractive action exerted on the 
free electrons by the negative and positive charges of the two bodies. 
This force that pushes and pulls on the free electrons and thereby 
causes a current flow is called the potential, the difference of poten¬ 
tial, the electromotive force, or the voltage. For practical purposes 
you can consider these four terms as having the same meaning—they 
all refer to the force that causes an electric current to flow. 

Naturally, the greater this potential or force, the stronger the cur¬ 
rent. By increasing the charge on the bodies in Fig. 9(c), (that is, the 
number of excess electrons on A and the number of deficient elec¬ 
trons on B), the potential is increased, since there will then be more 
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push and pull on the free electrons. The result will be electrons flow¬ 
ing at a faster rate (a stronger current) through the connecting wire. 

The symbol used to indicate potential is the letter E, which stands 
for electromotive force. The amount of potential is measured in a unit 
called the volt. A potential of 100 volts exerts twice as much force to 
push current through a circuit as does a potential of 50 volts. Conse¬ 
quently, the current will have twice the strength when twice the volt¬ 
age is used. 

WHAT HAVE YOU LEARNED? 

1. The symbol for potential is the letter (»)_Ê- , which stands 
for (b) rite JCemcT t J t £_ Potential is measured in 
(d i/tilTò . Other things being equal, the (d) Htjll g &- the 
circuit potential, the greater the circuit current. 

2. Potential is due to the force between electric r J_ 

ANSWERS 

1. (a) E; (b) electromotive force; (c) volts; (d) higher 2. Charges 

QUANTITY OF ELECTRICITY ... The quantity of electricity at 
a point, say on body A in Fig. 9(c), is the amount of charge at that 
point. Since the charge on body A consists of excess electrons, one 
way to measure the amount of charge, or the quantity of electricity, 
is to count the number of excess electrons. Quantity of electricity is 
measured in a unit called the coulomb. If there are 6,240,000,000 
billion excess electrons, the charge or quantity of electricity is one 
coulomb (coo-loam). If there were twice that many electrons, the 
charge would be two coulombs, etc. 

The charge on body B in Fig. 9(c) is due to a shortage of electrons. 
You measure the quantity of electricity in the same way: one coulomb 
for each 6,240,000,000* billion electrons short. Quantity of electricity 
is indicated by the symbol Q. 

WHAT HAVE YOU LEARNED? 

1. A capacitor is a device for storing electricity. The amount of elec¬ 
tricity stored is measured in mC £“< I e/*1 £.5- The electricity stored 
•You may find 6,2®,000,000 in some books. Recent measurements show 6,240,000,000 to be more 
accurate. 
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in a charged capacitor consists of an (b) f^xcesy (deficiency) of elec¬ 
trons on the negative plate and a(n) w clfFTcitvay of electrons 
on the positive plate. Because of this there is a (d)-í°° 1 — 
between the two plates that is measured in (.) t/c/-The greater 
the quantity of electricity stored, the m d T íXa the potential 
between the two plates. 

2. The glass covering the scale of your vacuum-tube voltmeter gets 
dirty. You pick up a rag and vigorously rub the glass to make it clean. 
The meter pointer swings erratically over the scale. Why? 

ANSWERS 

1. (a) Coulombs; (b) excess; (c) deficiency; 
. (d) potential, or electromotive force; (e) volts; (f) greater 

(2jThe rubbing action places a charge (a quantity of electricity) on the glass. 
^The charge exerts a force on the delicate needle and causes it to move erratically. 

CURRENT STRENGTH ... A current flow, you remember, is the 
movement of electricity from one point to another. The rate at which 
the electricity is being moved is called the current strength, and it is 
measured in amperes. If in Fig. 9(c) the negative charge on A moves 
rapidly over to B, the current strength through the wire between the 
two bodies is high. If it takes considerable time for the charge on A 
to move over to B, the current strength through the wire is low. 

The current strength is one ampere when the charge is moving from 
A to B at the rate of one coulomb per second; that is, when electrons 
are leaving A and arriving at B at the rate of 6,240,000,000 billion 
electrons each second. 

The current in a circuit is indicated by the letter I, which stands for 
intensity of current. 

WHAT HAVE YOU LEARNED? 

1. Figure 14 shows a wire connecting a resistor R between the charged 
plates of a capacitor. Because of the potential of the opposing charges, 
a 2-amp current flows through the connecting wire. As a result, the 
quantity of electricity stored in the capacitor (□> (increases) (decreases^ 
The amount of electricity stored changes at the rate of (b) __ 
coulombs each second. If the original charge on the capacitor was 20 
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6 that current flows with little opposition. This is similar to a box being 
pulled over slick ice. In a poorer conductor, like iron, the current has 
more trouble getting through, so the resistance is said to be higher. 
This corresponds to pulling a heavy box over a rough surface. 

It is well known that friction causes heat. Electrical friction is no excep¬ 
tion. When current flows through a resistance, heat is produced. The 
higher the resistance the greater the amount of heat produced. Increas¬ 
ing the voltage so that more current flows will also increase the heat 
produced. 

Resistance is a desirable property in such circuit components as 
toasters and electric stove elements, which are intended to produce heat. 
In circuit elements such as conductors connecting a lamp to a battery, 
resistance is an undesirable property. If the heat is developed at a 
greater rate than the conductors can pass it on to the surrounding 
air, the temperature of the conductors may rise so much that the 
conductors become a fire hazard. 

The unit used to express resistance is the ohm, and resistance is indi¬ 
cated by the letter symbol R. Very often, a special symbol, the Greek 
letter capital omega, is used in place of the word ohm or ohms, and 
it looks like this: SI. Now let us give a formal definition of the ohm. 

An electric circuit has a resistance of one ohm when an applied emf 
(electromotive force) of one volt causes a current to flow through the 
circuit at the rate of one ampere. 

Resistance is often intentionally added to an electric circuit to limit 
current. The extra resistance needed to limit current to a specific value 
is usually lumped into a single electric component, called a resistor, 
that is designed to dissipate (get rid of) heat rapidly without damage 
to itself or nearby objects. 

WHAT HAVE YOU LEARNED? 

1. An abbreviation you will often see and hear is emf. This stands 
f°r w Élícífa i*eTi C-Two other names for the same 
thing are (b) Pc 1 / and Udi f_ 

2. An emf is a (o) e £.-that tends to make current flow in a 
circuit. However, this flow of current is limited by opposition encoun¬ 
tered in the circuit, called (b) f . 



//mT 
3. Whenever current flows through resistance, 17* / ¡s produced. 7 

4. The unit used to express resistance is the <□) Off M , and resist¬ 
ance is indicated by the letter symbol (b)__A symbol often 
used in place of the word “ohm” is w ~^*_ 

5. An electric circuit has a resistance of one ohm when one volt causes 
a (o) nHtuT to flow at the rate of (b) o*f ¿ _ 

6. The heat emitted by an electric light bulb is caused by current 
passing through the filament. Therefore, the filament must possess 
(o) -Áfíil J/fw £ . In a similar manner, the heat emitted from any 
piece of electronic equipment when operating must also be due to the 
passage of (b) _ through the <c) XV J/j 77» C of 
the various circuits. 

7. In servicing a mobile transceiver, you find a badly scorched resistor. 
This indicates that excessive (□) g ¿¿ft' T has passed through 
the resistor and produced more (bi _than the resistor is able 
to dissipate. 

ANSWERS 

1. (a) Electromotive force; (b) potential and voltage 
2. (a) Force; (b) resistance 3. Heat 
4. (a) Ohm; (b) R; (c) 12 5. (a) Current; (b) one ampere 
6. (a) Resistance; (b) current; (c) resistance 7. (a) Current; (b) heat 

-£2 RELATIONSHIP BETWEEN VOLTAGE, CURRENT, AND 
RESISTANCE ... Having determined the nature of voltage, current, 
and resistance, let’s see how the three are interrelated. 

Fig. 15 Illustrating the effect of increasing or decreasing applied voltage when the 
circuit resistance remains unchanged. 



8 First, suppose we connect a 100-volt battery, resistor, switch, and 
ammeter as shown in Fig. 15(a). Before the switch is closed, the ammeter 
reads zero, since there can be no current through the circuit until a 
voltage—from the battery in this case—is applied. 

When the switch is closed, the pointer on the ammeter will move 
across the scale from left to right, indicating a flow of current through 
the circuit. For the sake of illustration, let’s say the ammeter pointer 
moves exactly halfway up scale and that the indicated current at this 
point is 10 amp, as shown in Fig. 15(a). 

Now, if we replace this battery with one supplying twice the voltage, 
as in Fig. 15(b), the ammeter will move all the way across the scale, 
indicating that the current is now 20 amp. You now see that when 
we doubled the applied voltage, we doubled the circuit current. This 
relationship holds true only when the circuit resistance remains 
unchanged. 

If we replace the original battery with one supplying half the voltage, 
as in Fig. 15(c), the ammeter pointer will move one-quarter the length 
of the scale, indicating 5 amp. 

In summary, as long as the circuit resistance remains unchanged, any 
change in voltage will produce a similar change in current. If the 
voltage is doubled, current is doubled; if the voltage is halved, the 
current is halved, and so on. 

Now let’s see what happens when we keep the same applied voltage 
but change the resistance of the circuit (see Fig. 16). In (a) of this 
figure, with 10 ohms resistance, we get a half-scale reading of 10 amp 
on the ammeter. In (b) we replace this resistor with a second one 
having twice the resistance of the first. The ammeter pointer drops 

Fig. 16 Doubling the resistance halves the current, provided the voltage does not 
change. 



9 sssasss“ 
if the resistance h h^ Tlk d°Ubled ’ Clrcuit curr®nt will be halved; 

- ■ tance is halved, the circuit current will double; and so on. 

WHAT HAVE YOU LEARNED? 

circuit w Pr°V‘ded ‘he

Fig. 17 

we triple the resistance, the current changes to (b) **£ TsSfJ 
original value provided the applied voltage is w ewrtaT 

ANSWERS 

1. (a) 24; (b) triple; (c) resistance 2. (a) 2 amp; (b) one-third; (c) constant 

OHM’S LAW 

Current voltage, and resistance are related in such a way that if anv 
two are known, the third can be easily calculated. Theformulas for 
doing this, known as Ohm’s law, are as follows: 



10 To find the voltage.. . Voltage E is equal to current I multiplied by 
resistance R, or in formula form, 

E = I X R 

To find the current.. . Current is equal to voltage divided by resist¬ 
ance, or in formula form, 

E 
R 

To find the resistance ... Resistance is equal to voltage divided by 
current, or in formula form, 

R^ 

The use of these rules will now be explained. 

OHM’S LAW FOR VOLTAGE ... In Fig. 18 the ammeter indicates 
that the battery is forcing 5 amp of current through the opposition 
of the 8-ohm resistor. For the current to be 5 amp, the voltage E 
must be a certain definite value. If the voltage is lower than required, 
it will not have enough force to push 5 amp through the resistor, so 
that the current will be less than 5 amp. If the voltage is too high, 
the current will be more than 5 amp. 

To find the value E must have, multiply the current by the resistance: 

E = I X R = 5 amp X 8 ohm = 40 volts 

Hence, the voltage of the battery E in Fig. 18 is 40 volts. We shall 
next consider a more practical problem. 

5 amp 

Fig. 18 The battery forces current through the resistor against the opposition of the 
resistor. 
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Fig. 19 A d-c circuit using an electronic power supply. 

In the problem illustrated in Fig. 19, instead of using a resistor for 
the circuit load as we did in the preceding example, we shall use the 
filament of a vacuum tube. All that you have to do to prove to your¬ 
self that the filament has resistance is to note its color when voltage 
is applied. As current passes through it, the filament becomes red, 
indicating the presence of heat. Heat, you will recall, is due to the 
presence of resistance. 

Also, instead of using a battery as the source of emf, we are going to 
use the d-c output voltage of an electronic power supply. The nega¬ 
tive terminal of the power supply is connected to ground, as is the 
lower end of the vacuum-tube filament. Ground is usually the metal 
chassis on which the components making up an electronic circuit are 
mounted. As far as the current is concerned, the chassis acts in the 
same way that any other metallic conductor of negligible resistance 
would act. Thus, as shown, current still flows from negative to posi¬ 
tive. We also have an ammeter connected between the upper end of 
the filament and the positive terminal of the power supply to meas¬ 
ure current. 

From manufacturer’s literature we learn that the filament has a 
resistance of 10 ohms when heated and that a current of 2 amp should 
flow through it if it is to heat to the correct temperature. What 
voltage power supply should we use in order to have the correct cur¬ 
rent through the filament? As before, we merely multiply the resistance 
by the current: 

E = I X R = 2 amp X 10 ohm = 20 volts 

Hence, the electronic power supply chosen should have an output of 
20 volts. 



12 The three forms of Ohm’s law can be used for any d-c circuit, and for 
all a-c circuits found in this lesson. In a later lesson you will learn 
that a modification of the law is required for use with some a-c circuits. 

WHAT HAVE YOU LEARNED? 

1. If the current in a given circuit is 5 amp and the resistance is 200 
ohms, the voltage by Ohm’s law is (»i / W.. 1Z-volts, since (t) E = 

2. This form of Ohm’s law holds true in any (a-c) (d-c or a-c) circuit. 

3. In transmitter circuits, suitable d-c operating voltage (called the 
grid bias voltage) between grid and cathode is often obtained from a 
resistor, R in Fig. 20, connected between grid and cathode. If R is 
50,000 ohms and a 0.001-amp direct current flows through it as shown, 
then the d-c bias voltage between grid and cathode, as read by the 
voltmeter, is (o) volts. The current direction is indicated by 
the arrow in the drawing. Remembering that current flows from (b) 

ottombof that causes the current to flow is positive at the (c) 
¡i/L to fps ) Tt , the voltage developed by the tube 

4. A d-c relay coil requires a current of 2 amp to close the contacts. 
You measure the resistance of the coil with an ohmmeter and find it 
to be 12 ohms. What voltage must you use to operate this relay? 

Vo ITS . 

ANSWERS 

1. (a) 1,000; (b) I X R, or IR 2. D-c 
3. (a) 50... E = 0.001 amp X 50,000 ohms = 50 volts 

(b) negative to positive; (c) bottom; (d) top 
4. 24 volts 
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„.H. br-»'”“. ... Fig. 21 

. K OHM'S LAW FOR CURRENT Th. 

i and therefor.™^ decreases current, 
duces greater opposition to curren 

îX "uSnt read by the ammeter ts 

g 220 volts _ 220 -s- 110 = 2 amp 
1 = -Ã = TÍO ohms 

WHAT HAVE YOU LEARNED? 

electrical appli-
a 120-volt line? 

3 In Fig 22 the same applied voltage ap^a^ 
that rs. 100 -ha^Ohm s la», the^ ß u

through branch A is i») -

Hence the ammeter reads 2 amp. 
„a u accurate, we make 
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be determined by using th 

L Using Ohm's law ho" n>uoh curre * «ne? 
With a resistance of ¿ö onm 

amperes. 
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Fig. 22 

(b) , the current through branch C is m , and the 
current through branch D is (di -*£ /ÍZ^^ . Now, at point X, these 
four currents combine and flow back to the source of emf; therefore, 
the total current as read by the ammeter is (.; 

4. Suppose that in the circuit shown in Fig. 22 the ammeter reading 
drops from 13.5 amp to 11.5 amp. Where would you look for trouble, 
and what would you expect to find? 

ANSWERS 

This tells us that resistance is the quotient (answer in division) ob¬ 
tained when we divide the given value of E, in volts, by the given 
value of I, in amperes. 

R =4-

-1 OHM’S LAW FOR RESISTANCE ... As the third and final version 
of Ohm’s law, the three factors, E, I, and R are related by the for¬ 
mula 

1. 4 amp ... / = -f = = 4 amp 
/I M O 

2. No ... By Ohm’s law the appliance will draw 120 4- 10 = 12 amp. Since this 
is more current than the fuse can carry, the fuse would blow. A 15-amp fuse 
should be used. 
3. (a) 10 amp; (b) 2 amp; (c) 1 amp; (d) 0.5 amp; 

(e) 13.5 amp... 10 + 2 + 1 + 0.5 = 13.5 amp 
4. Look in branch B carrying 2 amp, since this is the amount by which the 
ammeter reading drops. You will find an open circuit which means that no cur¬ 
rent can flow through that branch. 
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Fig. 23 Basic collector circuit of a transistor. 

Example ... In Fig. 23 suitable operation of the transistor requires that the 
voltage across R be 10 volts. The current through R is 0.02 amp. What value 
of resistance should you use for Ä? 

Solution ... 

R = ~ = = 500 ohms, ans. 

The three forms of Ohm’s law are used so often in electronics that 
you will very soon memorize them. In the meantime, however, the 
chart shown in Fig. 24 will serve you as a memory aid. Just place 
your finger over the desired quantity and the correct arrangement of 
the other two quantities in the equation is indicated. For example, if 
you are looking for E, place your finger over E, and you find I X R. 

E If you want I. cover this symbol with your finger and you get-^-. Fi-
F R nally, if you want R, cover it with your finger and you get—. 

Fig. 24 An aid to remembering Ohm’s law. 
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Fig. 25 

emitter lead 

6 volts 

transistor 
base lead 

WHAT HAVE YOU LEARNED? 

1. If the voltage applied to a circuit is 300 volts and the current 
through the circuit is 3 amp, the resistance of the circuit, by Ohm’s 
law, is _ ohms. 

2. You often must use Ohm’s law to find the correct value for a 
resistor to use in a tube or a transistor circuit. For example, a tran¬ 
sistor won’t work right unless the correct value of d-c current (called 
the bias current) flows through the transistor between base and emit¬ 
ter, as shown in Fig. 25. Suppose that for proper operation of the 
transistor in Fig. 25, the bias current should be 0.003 ampere. What 
resistance value should be used for R in order to hold the current to 
the right value? You can assume that the resistance inside the tran¬ 
sistor is negligible. -

3. In servicing an inoperative transmitter you find a resistor whose 
value you suspect is not correct. An ammeter connected in series with 
the resistor indicates a current of 3 amp through the resistor. By us¬ 
ing a voltmeter, you determine that the voltage across the resistor is 
150 volts. What is the value of the resistor? —-ohms. 

CONDUCTORS AND INSULATORS 
•1 ry RESISTOR COLOR CODE ... Carbon resistors are coded by color 

* bands to indicate resistance values in ohms. The numerical values 
assigned to the different colors are given in Table 1. Figure 26 shows 

ANSWERS 

1. 100 X 2. 2000 ohms . .. R = " = 2000 ohmsI 0.003 amp 
3. 50 ohms ... R = A =_y>LYolts = 50 ohms 

I 3 amp 



-first digit of resistance 
value 

-second digit of 
resistance value 

— number of zeros to 
be added 

indicates tolerance 
gold: 5% 
silver: 10% 
no fourth band 20% 

green 

-brown 
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( a ) how color bands of a 
resistor are read 

Fig. 26 Resistor color bands. 

( b) example of reading 
resistor color bands 

how the bands are read and also gives an example. Note the use of a 
fourth band to indicate tolerance when the tolerance is other than 20 
per cent. To read a resistor, always turn it so that the ends with the 
color bands are to your left, as in Fig. 26. Then read the bands from 
left to right. 

Sometimes you may encounter a resistor on which the third color 
band is gold or silver. This indicates that its resistance value is under 
10 ohms. If the third band is gold, the resistance is between 1 and 10 
ohms; and if silver, between 0.1 and 1 ohm. For example, if the four 
color bands red, blue, gold, and silver are shown, the resistance is 2.6* 
ohms with a tolerance of 10 per cent. If the three color bands red, 
blue, and silver are shown, the resistance is 0.26* ohm. Since the fourth 
band is missing, the tolerance is 20 per cent. The only time a gold or 
silver band is used for tolerance is when it is in the fourth band. A 
gold or silver third band has nothing to do with tolerance. Instead, it 
indicates where the decimal point is to be placed on the resistance 
value. 

Tolerance refers to the amount that the actual resistance may devi¬ 
ate from the marked value. Thus a resistor marked 200 ohms with a 
tolerance of 10 per cent may vary as much as 10 per cent of 200 ohms, 
or 20 ohms, from the marked value. Hence, its actual resistance may 
be anywhere between 180 and 220 ohms. 

•Since the first two color bands are red and blue, the digits are 2 and 6. 



18 TABLE 1 
Color Code for Resistors 

Color Value Color Value 

Black 0 Green 5 
Brown 1 Blue 6 
Red 2 Violet 7 
Orange 3 Gray 8 
Yellow 4 White 9 

WHAT HAVE YOU LEARNED? 

1. A resistor has the following color bands: gray, red, orange, gold. 
Its resjptance value is (a)_$ 2- K-ohms, and its tolerance is (b) 
- per cent. (Remember the third band tells the number of 
zeros! Look at Fig. 26(b) again.) 

2. The color bands on a resistor read brown, black, brown, and there 
is no fourth band. The resistance value of the resistor is «.; / 
ohms and its tolerance is (b) — «% -per cent. 

3. A resistor has the color bands gray, red, gold. Its resistance is (o) 
f/x ohms with a tolerance of (b) — J? per cent. 

4. The color bands for an 820,000-ohm ± 10 per cent carbon resistor 
are M , 0» -KU-_, «1 -, and (d & . 

5. The color bands for a 27-ohm ± 5 per cent carbon resistor are (a) 
RCd_, (b) Vj o ! tl'' , (c) ß/#C _, and (d) G 6 fß-

ANSWERS 
1. (a) 82,000; (b) ±5 2. (a) 100; (b) ±20 3. (a) 8.2 ohms; (b) ±20 
4. (a) Gray; (b) red; (c) yellow; (d) silver 
5. (a) Red; (b) violet; (c) black; (d) gold 

FACTORS AFFECTING THE RESISTANCE OF A CONDUCTOR 
... Temperature affects the resistance of an electrical conductor. For 
example, as the temperature of copper increases, the resistance of cop¬ 
per also increases, and the other way around. For this reason, copper is 
said to have a positive temperature coefficient. Most other metals also 
have a positive temperature coefficient. Carbon is an example of a 
•The symbol ± means “plus or minus.” That is, the actual resistance value is not more than 
10% over the rated value, nor is it more than 10% under the stated value. 



substance with a negative temperature coefficient; that is, an increase 
in the temperature of carbon decreases its resistance. Certain alloys, 
the resistance of which varies only slightly with changing tempera¬ 
ture have been developed. Such materials are said to have zero tem¬ 
perature coefficient and are used where a constant resistance is 
important, such as in oscillator circuits where a high-frequency 
stability is needed. 

Length also affects the resistance of an electrical conductor. If we cut 
two lengths of wire from the same reel, one of them twice the length 
of the other, the electrons will have twice as much trouble making 
the trip through the longer wire. Therefore the resistance of the 
longer wire to the flow of current is twice as great as that of the shorter 
wire. This indicates that the resistance of an electrical conductor is 
proportional to its length; that is, if the length is tripled, resistance is 
tripled; and if the length is halved, the resistance is also halved; and 
so on. 

Another factor that governs the resistance of a metallic conductor is 
its cross-sectional area (area seen when looking at the end of the con¬ 
ductor). The larger the wire, the easier it is for the electrons to move 
along it, and thus the lower the resistance. Doubling the cross-sec¬ 
tional area cuts the resistance in half.* Halving the cross-sectional 
area doubles the resistance. 

As another example, if the cross-sectional area is quadrupled, the re¬ 
sistance is reduced to one-fourth its original value. Conversely, if the 
cross-sectional area is reduced to one-fourth its original size, resist¬ 
ance is increased four times. 

Finally, the type of conductor material also governs the resistance of 
a conductor. Some materials have more free electrons per unit vol¬ 
ume than others. The greater the number of free electrons per unit 
volume, the better conductor that material becomes. A silver wire 
has a lower resistance than a copper wire with the same dimensions, 
and the copper wire has a lower resistance than an aluminum wire 
with the same dimensions. In summary, the resistance of an electrical 
conductor is dependent on the type of conductor material. 

Silver is the best conductor, but its high cost limits its use to special 
applications where a low resistance is more important than cost. The 
conductivity of copper is nearly as good as that of silver. Because it 
is low in cost, solders well, and can be bent to shape easily, it is by far 
the most widely used of all conductors. Gold is the next best conductor. 
•However, doubling the diameter cuts the resistance to one-fourth its previous value. This is because 
doubling the diameter will increase the cross-sectional area by four times. The cross-sectional area is the 
area you see when you look at the end of the wire. 
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20 Aluminum is the fourth best conductor, and has the advantage of light 
weight. Unfortunately, it is difficult to solder, which limits its useful¬ 
ness as a general conductor. It is used in electronics mostly for shield-
against stray fields and for panels and chassis. Its light weight is a 
great advantage in these uses. 

All metals are conductors. However, since the next best conductors 
after aluminum have resistance at least three times as great as 
copper, only the metals previously mentioned can be considered as 
first-class conductors. An important non-metal conductor is carbon, 
used where a soft material is needed, as in motor brushes. Its resist¬ 
ance is higher than that of most metals. 

Silver is widely used for relay contacts because it has high conductiv¬ 
ity and good contact properties. It does not pit easily; atmospheric 
gases have little effect on it; and its cost is lower than tungsten which 
is also a suitable material. Tungsten does not pit or burn away easily 
under the effect of the arc created when contacts open or close. It is 
better than silver for many contact purposes, but high cost limits 
its use. 

Before we leave the subject of conductors and their resistance, it 
should be pointed out that whenever we are doing soldering in any 
part of an electrical circuit, rosin should be used as a soldering flux. 
Rosin has the very important property of being completely noncorro¬ 
sive. All other fluxes are at least partially corrosive. The use of any 
flux other than rosin may, in time, produce high-resistance connec¬ 
tions due to corrosion. 

WHAT HAVE YOU LEARNED? 

1. Four factors that affect the resistance of a conductor are (a| -
, (b) («i __ '¡¿iß- , 

and the type of (d) ^^7 / . 

2. Most metals have a h th 4L_ temperature coefficient, 
which means that resistance (b) ike ¿í/tí ¿ ¿ as temperature increases. 

3. Carbon has a (□> _temperature coefficient, since its 
resistance (b> _ as temperature increases. 

4. Suppose you have a length of wire whose resistance is 1 ohm. If 
you use another length of the same wire that is twice as long, the re-



sistance is (□; —-, and if you use another length of the 
same wire that is only half as long, the resistance is (b> _ 

5. Assume you have a conductor that is 12 ft (feet) long, has a resist¬ 
ance of 10 ohms and has a cross-sectional area of 1 sq in. (square 
inch). If this area is reduced to Ví sq in., the resistance of the con¬ 
ductor is changed to ohms. 

6. Copper has more free electrons than aluminum. Therefore, the re¬ 
sistance of copper is J &_ than that of aluminum. 

7. Soldered connections in an electrical circuit should always be 
made by using _as a soldering flux. 

ANSWERS 

1. (a) Temperature; (b) length; (c) cross-sectional area; (d) material 
2. (a) Positive; (b) increases 3. (a) Negative; (b) decreases 
4. (a) 2 ohms; (b) 0.5 ohm 5. 20 6. Less, or lower 7. Rosin 

19 INSULATORS... In some materials, the electrons are held in a fixed 
pattern and, theoretically, there are no free electrons. A material 
with no free electrons is classed as a perfect insulator. Since all mate¬ 
rials have at least a few free electrons, however, there is actually no 
such thing as a perfect insulator. Thus, practical insulators are those 
materials which have a very small number of free electrons per unit 
volume compared with metallic conductors. 

Under the influence of ordinary voltage application, insulators have 
extremely high resistance to current flow. If, however, the applied 
voltage exceeds a critical value, called the breakdown voltage, many 
electrons are torn from their fixed position and become free electrons. 
As a result, a high-value current passes through the insulator, which 
is then said to be punctured. 

When an alternating voltage is applied to an insulator, each reversal 
of applied voltage causes particle rearrangement within the insulator 
and the release of heat. If the applied voltage is of low frequency, 
such as the 60-cps (cycle per second) commercial-power frequency, 
this release of heat is ordinarily of little consequence. Some materials 
that are good insulators at commercial-power frequencies are cot¬ 
ton, hard rubber, paraffin, clay, shellac, fiber, Bakelite, silk, and 
glass. At radio frequencies these insulators are unsuitable because of 
energy absorption from the circuit. The energy appears as heat in 
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22 the insulator. Good insulators for use at radio frequencies are quartz, 
polymerized styrene, steatite bodies, Pyrex, Mycalex, Isolantite, mica, 
and polyethylene. 

Insulators are subject to many deteriorating influences and must be 
selected carefully for a given application. For example, an antenna¬ 
strain insulator exposed to the elements must not only be a good in¬ 
sulator but must also be able to withstand the pressure of the antenna 
it supports, be relatively unaffected by the elements, and be available 
at low cost. Glazed porcelain is ideally suited to this application; in 
fact, no other insulator has all of the desirable characteristics. 

WHAT HAVE YOU LEARNED? 

1. A practical insulator has a very (o) — number of (bi ?£££ 
electrons per unit volume compared with conductors. 

2. A (a) _ voltage causes an insulator to be punctured and a 
high to pass through the insulator. 

3. The application of an ̂ 777/7/7^7/ voltage causes heat to be 
released by an insulator. This release is due to the rearrangement of par¬ 
ticles that take place within the insulator. 

ANSWERS 

1. (a) Small; (b) free 2. (a) High; (b) current 
3. Alternating, or radio-frequency 

VOLTAGE 
METHODS OF DEVELOPING VOLTAGE ... Voltage sources may 
be grouped as follows: batteries, generators, thermocouples, photoelec¬ 
tric cells, piezoelectric crystals, and static methods. We shall discuss 
each method in turn. 

Batteries... When two plates of unlike metals are immersed in 
a conducting solution containing many ions, called an electrolyte, one 
plate becomes negatively charged with respect to the other. The 
charges set up an emf between plates. 



Fig. 27 Basis of inducing voltage in a generator. 

If the two such immersed plates are connected externally, the emf 
causes a current to pass through the connecting circuit. 

Generators .. . Figure 27 shows how a voltage is developed by a gen¬ 
erator. When a conductor is moved through a magnetic field, a volt¬ 
age is developed between the ends of the conductor. A generator con¬ 
sists of a revolving armature wound with wire that continuously 
moves within a magnetic field and thus develops a voltage as long as 
the armature continues to revolve. 

Thermocouples ... A thermocouple consists of two different metals 
joined together. When the junction between the metals is heated, a 
voltage is produced, as shown in Fig. 28. The amount of voltage 
depends upon the metals used and the difference in temperature 
between the heated junction and other parts of the thermocouple 
circuit. 
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Fig. 28 A thermocouple. When the junction is heated, a voltage is developed. 



24 light sensitive device 

—i relay 

Fig. 29 Circuit including a device that generates an emf when exposed to light. 

Photoelectric cells ... If light is allowed to fall upon devices made of 
certain materials, notably selenium and silicon, these devices gen¬ 
erate an emf the amplitude of which increases as the light increases. 
Figure 29 shows a typical circuit in which such a device is used to op¬ 
erate a sensitive relay. 

Piezoelectric crystals.. . When certain crystalline materials are com¬ 
pressed, they produce an emf. Conversely, if they are charged elec¬ 
trically, they deform in width, length, or thickness or bend in their 
plane of freedom. This is known as the piezoelectric effect. The volt¬ 
age generated increases or decreases with corresponding changes in 
pressure. Piezoelectric materials that are commercially available in¬ 
clude Rochelle salt, lithium sulfate, quartz, and ceramic compositions 
such as barium titanate. Quartz crystals are often used in oscillators. 

Static methods.. . We have seen how friction can produce a voltage, 
usually referred to as a static voltage. Very high voltages can be 
developed. Machines designed to develop static charges can produce 
extremely high voltages. Friction is not always required to produce 
static charges. 

WHAT HAVE YOU LEARNED? 

1. In a thermocouple, the emf developed is determined by the (a) 
Tf t between the two junctions and 
types of (b> s* à used jn constructing the thermocouple. 

2. 
an 

When certain crystalline materials are compressed, they produce 
emf. This is known as the/^^^/Z^^ ¿effect. 

3. In a transmitter master oscillator a piece of quartz is often used as 
. When quartz crystals are compressed they generate a 



(b) ^7 . This effect is known as the w />t /¿c /Æt 
effect. 
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4. Suppose a light source is set on one side of a conveyor belt and 
that a selenium cell on the other side faces the light. When a package 
goes by on the conveyor belt, all light is cut off. After the package 
passes, light falls on the selenium cell and produces an (0) ¿A . 
The emf (voltage) produced by the cell is amplified and used to 
actuate a counter. If the front of the cell should become covered with 
dirt, light would be cut off at all times. Thus, the cell could produce 
no (b) £ J” r— when a package passed, and there would be no signal 
applied to the (C) . 

ANSWERS 

1. (a) Temperature difference; (b) material 2. Piezoelectric 
3. (a) Crystal; (b) voltage; (c) piezoelectric 
4. (a) Emf; (b) emf; (c) counter 

21 HIGH-VOLTAGE SAFETY PRECAUTIONS ... As you progress 
in the field of electronics, you will continuously be exposed to electrical 
and electronic circuitry carrying, at times, voltages high enough to be 
lethal. You must always realize that dangerous voltages can potentially 
exist in even the simplest of electronic circuitry. 

Actually, the voltage itself isn’t lethal; rather, it is the current that 
the voltage forces through your body that can be lethal. From your 
knowledge of Ohm’s law, you know that current increases as resistance 
decreases. Thus, if you are perspiring, a given voltage that normally 
may be harmless can force enough current through your body to be 
fatal. Because your skin’s resistance is lower than normal, enough 
current to be fatal may pass through it. The same holds true when 
you are working in damp or wet areas such as on concrete floors. Also, 
remember that a given current can be unusually dangerous when it 
passes through a major portion of your body, as between arms or 
between arms and legs. For this reason, it’s always a good idea to 
keep one hand in your pocket or behind your back when you are 
working with “live” circuits. 

High-voltage capacitors can be very dangerous because they can retain 
a charge for some time, even when the equipment in which they are 
used is disconnected from its source of power. Therefore, always dis¬ 
charge all filter capacitors in a circuit with an insulated shorting bar 
after disconnecting the power. 



26 22 H0W BATTERIES ARE CONNECTED ... Battery cells may be 
connected either in series or in parallel to form a larger battery. Figure 
30 shows how to connect cells in series and Fig. 31 how to connect them 
in parallel. Notice in the series connection that the negative terminal 
of a cell connects to the positive terminal of the next cell. Thus the 
negative terminal of cell 1 connects to the positive terminal of cell 2, 
and the negative terminal of cell 2 connects to the positive terminal 
of cell 3, etc. In the parallel connection, all the positive terminals are 
connected together and to the positive side of the load. Similarly, all 
the negative terminals are connected together and to the negative 
side of the load. 

When cells are connected in series, the battery voltage is equal to the 
sum of the voltages of the individual cells. Thus in Fig. 30, where 
four 1.5-volt cells are shown connected in series, the battery voltage 
is 4 X 1.5 = 6 volts. Batteries are connected in series when a voltage 
higher than is available from a single cell is needed. Since few cell 
types have a voltage higher than 2 volts (ordinary dry cells are only 
1.5 volts), and since higher voltages are usually needed, cells are con¬ 
nected in series much more often than in parallel. 

When cells are connected in parallel, the total battery voltage is the 

(a) pictorial diagram 

( b ) schematic diagram 

Fig. 30 Cells connected in series. 



( b ) schematic diagram 

27 

Fig. 31 Cells connected in parallel. 

same as the voltage of a single cell. Thus in Fig. 31, where four 1.5-
volt cells are shown connected in parallel, the battery voltage is 1.5 
volts. While cells of different voltage values may be connected in 
series, only identical cells should be connected in parallel. Otherwise, 
the higher-voltage cells in the parallel group would discharge through 
the lower-voltage ones. Care should be taken to see that a bad cell is 
not connected in parallel with good ones, since the good cells may be 
ruined by discharging through the bad one. 

Cells are connected in parallel in order to increase the life of the 
battery while under load. Thus cells are connected in parallel when 
they are to be used in a circuit drawing a heavy current. Two cells in 
parallel will last approximately twice as long under a given load as a 
single cell before needing to be replaced or recharged. Similarly, three 
cells in parallel will last approximately 3 times as long, and five cells 
in parallel, 5 times as long. The life of cells under load is not increased 
by using a series connection. 

If both higher voltage and longer load life are needed, cells can be 
connected in a series-parallel arrangement. Enough cells are connected 
in series to give the desired voltage, and then this group of cells is 
connected in parallel with as many identical groups of series-connected 
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Fig. 32 Cells connected in series-parallel. 

cells as are needed for the required life. Figure 32 shows how to con¬ 
nect up a number of 1.5 volt cells to give a battery voltage of 4.5 volts 
with a battery life equal to twice the life of a single cell. Cells 1, 2, 
and 3 are first connected in series, as shown in Fig. 32(a). The voltage 
of the three in series is 3 X 1.5 = 4.5 volts. Then cells 4, 5, and 6 are 
connected in series, which also give 4.5 volts. We thus have two 4.5 
volt batteries in (a). Now if two batteries are connected in parallel, 
the voltage will be same as for one battery, but will have twice the 
life with a given load that a single battery will have. 

Figure 32(b) shows the two batteries of (a) connected in parallel. This 
is done by connecting together the two negative terminals of the bat¬ 
teries of (a), and similarly the two positive terminals. The schematic 
diagram of the series-parallel connection of (b) is shown in (c). 

Suppose that a single cell of the battery of Fig. 32 can supply a cur¬ 
rent of 4 amperes for 10 hours before it is discharged, then one of the 
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30 6. The cells in the battery circuit of Fig. 33 are connected in (□) 
C 3- f tf(_The battery voltage is (b> fail's . 

Each cell in this battery has a life of 25 hr when delivering a 1-amp 
current continuously. This battery will deliver a 1-amp current con¬ 
tinuously for approximately w 7S* hours. 

Fig. 33(a) 

load 2.5 2.5 volts 2.5 volts 

2.5 volts -1 2.5 7T volts -1 2.5 +1“ volts 

7. Connect up the cells in Fig. 33(b) in accordance with the schematic 

Fig. 33(b) 

ANSWERS 

1. (a) Series ... Cells must be of equal voltage before they can be connected 
in parallel. 

(b) 4.8... 1.5 volts + 1.3 volts -I- 2 volts = 4.8 volts. 
2. Connecting the 30-volt and the 60-volt batteries in series. 
3. 15 hr . . . The life of cells is not extended when the cells are connected in 
series. 
4. (a) Three (b) Parallel... One cell will last 15 hr: 3 X 15 hr = 45 hr. 
5. (a) Series... Enough 2-volt cells must be connected in series to obtain a 12-

volt output from the battery. 
(b) Six ... The battery voltage of six 2-volt cells in series is 6 X 2 volts = 

12 volts. 
6. (a) Series-parallel; (b) 5 volts 

(c) 75 hr ... Three groups of cells are connected in parallel for a life of 3 X 
25 hr = 75 hr. 
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TRACING THROUGH WIRING ... It is often necessary for a 
technician to draw a schematic diagram by tracing wiring. As an 
example, let us draw a schematic diagram for Fig. 34(a) to see how 
the battery is connected. 

To get started, we can make the wiring look a lot less formidable by 
doing nothing more than redrawing the battery as you would see it 
looking down from above, and at the same time straightening out the 
wiring. This is done in part (b) of the figure. The next step is to replace 
the cells in (b) with their proper electronic symbol. Our drawing then 
looks as in (c). The final step is to rearrange the parts and wiring so 
as to make the drawing as clear as possible. This has been done in (d), 
which is the schematic diagram for the battery of (a). It is always a 
good idea to number the cells as shown, so that corresponding cells 
in the different diagrams can be easily identified. 

Now let’s try another circuit, that of Fig. 35(a). As before we first 
draw the circuit looking down from the top, and with the wiring 
straightened out, as in (b). We have made one small change in the 
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Fig. 35 Another example in drawing a schematic diagram. 

wiring connections. In (a) the negative terminal of cell 1 (the outside 
terminal of a dry cell is always the negative terminal) is connected 
to the negative terminal of cell 5. If we draw (b) strictly in accordance 
with (a), we would have connected the negative terminals of cells 
together as shown by the dashed line in (b). Instead we connected 
the negative terminal of cell 1 to the negative terminal of cell 4. 
Electrically there is no difference, since the negative terminal of cell 
1 is still electrically connected to the negative terminal of cell 5 by 
means of the wire between the negative terminal of cell 4 and the 
negative terminal of cell 5. We made this change because the simpler 
we can get the wiring to look, the easier it is to analyze it. 

Next we study Fig. (b) a little, trying to notice some pattern to the 
wiring. Notice that the positive terminals of cells 1, 4, and 5 are con¬ 
nected together, and the same with the negative terminal. In other 
words these three cells are connected together the same way as are 
the cells in Fig. 31; that is, they are connected in parallel. Next exam¬ 
ine cells 2, 3, and 6, noticing that these three cells are also connected 
in parallel. 



We now make a new drawing (shown in (c)), in which we use the elec¬ 
trical symbol for a cell rather than drawing cell tops, and in which we 
rearrange the cells so that 1, 4, 5, which are in parallel, are in a row, 
and the same for cells 2, 3, and 6. In Fig. 35(d) the drawing is further 
rearranged so as to make the diagram as clear as possible. 

LESSON 2312-5 

ELECTRONICS IN ACTION, PART II 

EXAMINATION 

Circle the number of the correct answer for each question that follows. When you are finished, 

transfer the answers to the answer sheet by putting X's in the proper quares. When the graded 

answer sheet is returned to you, correct in this book any questions you may have missed. By 

doing so, you will have a record of the correct answers to all questions for review purposes. 

1. With respect to electrons, the difference between conductors and 
nonconductors is: 
(1) A conductor has few free electrons, while a nonconductor has 

many free electrons. 
(2) A conductor has few free electrons, but a nonconductor has 

no free electrons. 
(3) A conductor cannot be distinguished from a nonconductor in 

terms of electrons. 
Q A conductor has many free electrons, while a nonconductor 

has few free electrons. 

2. Copper is by far the most widely used conductor because it 
Q) is one of the best conductors, solders well, and is reasonably 

low in cost. 
(2) is the best conductor of all the metals. 
(3) solders well and is stronger than other metals. 
(4) has a low resistance that is not affected by temperature changes. 

3Í 



34 3. Four materials that are good insulators at radio frequencies are: 
(1) Pyrex, Mycalex, hard rubber, fiber 
(2) Isolantite, polyethylene, slate, glass 
(j) quartz, polymerized styrene, steatite bodies, Pyrex 
(4) quartz, porcelain, cotton, clay 

4. Four materials that are not good insulators at radio frequencies 
but prove satisfactory for use at commercial-power frequencies are: 
(1) cotton, hard rubber, mica, polyethylene 
© cotton, hard rubber, paraffin, clay 
(3) slate, fiber, Mycalex, Pyrex 
(4) quartz, porcelain, Bakelite, fiber 

5. What material is frequently used for relay contacts? Why? 
0 Silver. High conductivity, does not pit easily, and is relatively 

unaffected by atmospheric gases. 
(2) Copper. High conductivity, does not pit easily, and is rela¬ 

tively unaffected by atmospheric gases. 
(3) Aluminum. Cheap, high compressive strength, and does not 

pit easily. 
(4) Bronze. It is a good insulator and has high compressive 

strength. 

6. What material is best suited for use as an antenna-strain insula¬ 
tor that is exposed to the elements? 
(1) polymerized styrene 
(2) quartz 
(3) Bakelite 
0 glazed porcelain 

7. By what other expression may an “electric current flow” be de¬ 
scribed? 
(1) proton flow 
(2) flow of potential difference 
0 electron flow, or flow of other electric charges 

8. Direction of current flow cannot be determined by using a 
0 ohmmeter. (3) voltmeter. 

• (2) compass. (4) ammeter. 

9. By what other expression may a “difference of potential” be de¬ 
scribed? 

(1) current (3) coulomb 
0 emf (4) resistance 

(5) conductance 



10. Define the term “coulomb.” 
(1) The coulomb is a unit used to indicate the strength of an 

electric current. 
0 The coulomb is a unit used to measure amount of electricity. 
(3) The coulomb is a unit used to measure the amount of attrac¬ 

tion or repulsion between charges. 
(4) The coulomb is a unit used to measure the breakdown volt¬ 

age of an insulator. 

11. Name four methods by which an electrical potential may be gen¬ 
erated. 
(1) hydraulically by a pump, chemically by a battery, mechani¬ 

cally by a generator, and by light using a photoelectric pell. 
(2) generator, thermocouple, resistor, battery ' 

(3) piezoelectric crystal, thermocouple, battery, transistor 
O generator, thermocouple, battery, piezoelectric crystal 

12. What precautions to avoid personal injury should a person ob¬ 
serve when making internal adjustments to a television receiver? 
Q Discharge the filter capacitors by using an insulated shorting 

bar. 

(2) Stand on rug or wear nailless shoes while touching high-voltage 
circuit. 

(3) With the power on, short the filter capacitors to make sure 
they are discharged. 

(4) Always keep one hand on the chassis when working on “live” 
circuits. 
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13. What is the unit of resistance? 
(1) volt (3) mho 
(2) ampere (4) coulomb 

0 ohm 

14. State the three ordinary forms of Ohm’s law. 

0 E = IR, R = E I =^-
w I R 

(2) E =~,R = EI, I =4 
R R 

(3) E = IR, R =^.,1 = % 
il A 

(4) E = IR, R = EI, I = % 
R 



36 15. What method of connection should be used to obtain the maxi¬ 
mum no-load output voltage from a group of similar cells in a 
storage battery? 
(1) parallel 
(2) series-parallel 
(3) either series or parallel depending on the number of cells in¬ 

volved 
0 series 

16. Does the resistance of a copper wire vary with variations in tem¬ 
perature? If so, in what manner? 
(1) Yes. As temperature increases, resistance decreases. 
Q Yes. As temperature increases, resistance increases. 
(3) Yes. As temperature increases, resistance may either increase 

or decrease. 
(4) No. Temperature has no effect on resistance. 

17. What effect does the cross-sectional area of a conductor have 
upon the resistance of the conductor per unit length? 
(1) Double the cross section and the resistance is doubled. 
(2) Halve the cross section and the resistance is halved. 
(3) Cross-sectional area has no effect on resistance. 

Double the cross-sectional area, halve the resistance. 

18. If the diameter of a conductor of given length is doubled, how 
will the resistance be affected? 

(1) doubled (3) halved 
0 quartered (4) remain the same 

19. What four factors govern the resistance of a conductor? 
Q Length, cross-sectional area, temperature, type of material 
(2) Length, tensile strength, temperature, current 
(3) Current, voltage, conductance, temperature 
(4) Length, temperature, conductance, emf 

20. What would be the value of tolerance of a resistor if color-coded 
from left to right: green, brown, green, gold? 

(1) 10 per cent 5 per cent 
(2) 20 per cent (4) 1 per cent 



21. Why is rosin used as soldering flux in radio construction work? 
(1) Soldering can be done at lower temperature, so that delicate 

components are not damaged. 
The corrosive action of other fluxes may cause high-resistance 
connections. 

(3) Most wiring is with copper, and solder adheres better to cop¬ 
per when rosin flux is used. 

(4) Fluxes other than rosin are conductors and sometimes cause 
short circuits. 

22. A relay coil has a resistance of 40 ohms. It requires a current of 
0.2 ampere. What voltage battery should be used to operate the 
relay? 
(1) 0.005 volt 8 volts 
(2) 0.8 volt (5) 20 volts 
(3) 5 volts (6) 80 volts 

(7) 200 volts 

23. The current through a circuit is inadequate. How could you in¬ 
crease the current? 
(1) Increase the circuit resistance. 
O Use a higher-voltage battery to supply the current. 
(3) Connect another battery in parallel with the one now being 

used and ground both sides of the load resistance. 
(4) Use alternating current rather than direct current. 

Question 28 
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Question 27 



Fig. 36 



24. If an uncharged capacitor is connected to a power source, so that 
a steady 2 amperes of current flows into the capacitor for six sec¬ 
onds, the charge in the capacitor at the end of the six second 
period is 

(1) 0.33 coulombs. (4) 12 amperes. 
(2) 3 volts. (5) 12 volts. 
(3) 2 coulombs. 12 coulombs. 

(7) None of the above. 

25. In which one of the drawings of Fig. 36 are the cells connected in 
accordance with the schematic diagram marked Ques. 25? 

26. In which one of the drawings of Fig. 36 are the cells connected in 
accordance with the schematic diagram marked Ques. 26? & 

27. In which one of the drawings of Fig. 36 are the cells connected in 
accordance with the schematic diagram marked Ques. 27? _ 

28. In which one of the drawings of Fig. 36 are the cells connected in 
accordance with the schematic diagram marked Ques. 28? X 

29. If a 2-volt light bulb is used in Fig. 36, which drawing shows the 
cells properly connected for operating the light? Each cell is 2 
volts._ 

30. If a 4-volt light bulb is used in Fig. 36, which drawing shows the 
cells properly connected for operating the light? _ (p 

31. If a 6-volt light bulb is used in Fig. 36, which drawing shows the 
cells properly connected for operating the light? 7 

32. If a 12-volt light bulb is used in Fig. 36, which drawing shows the 
cells properly connected for operating the light? JF 

33. If a single cell in (5) of Fig. 36 will deliver a continuous current of 
2 amperes for 12 hours, how long will the battery operate the 
light? Assume the bulb draws 2 amperes. 

(1) 2 hours Q 12 hours 
(2) 4 hours (5) 24 hours 
(3) 6 hours (6) 48 hours 

(7) 72 hours 

34. If a single cell in (2) of Fig. 36 will deliver a continuous current of 
2 amperes for 12 hours, how long will the battery operate the 

^72 y0Ur anSWer from select*ons for Question 33.) 
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40 35. To avoid replacing the battery in a portable Geiger counter so 
often, you install an extra battery, identical to the first. This addi¬ 
tional battery should be installed 
Q in parallel with the first, so that the operating voltage will 

not be changed, but the battery life will be increased. 
(2) in parallel with the first, so that a stronger current can be 

furnished to the counter. 
(3) in series with the first, the higher voltage enabling the count¬ 

er to operate longer before battery replacement is necessary. 
(4) in series with the first, so that a strong current can be fur¬ 

nished almost up to the time when the battery is completely 
discharged. 

36. A circuit is drawing 12 amperes of current. If the circuit resistance 
is reduced to one-third of its original value (the voltage not chang¬ 
ing), the circuit current will then be 
(1) 4 amperes. 
(2) 6 amperes. 
(3) 12 amperes. 
É) 36 amperes. 
(5) None of the above values. 
(6) Not enough information given to determine the current. 

37. You can produce heat with electricity by 
(1) generating a voltage. 
(2) by passing current through a circuit without resistance. 
© by passing current through a resistance. 
(4) by passing current through a coil with no resistance. 

38. An electric toaster works on the principle that heat is generated 
when 
(1) current passes through a coil. 
O current passes through a resistance. 
(3) voltage is used. 
(4) a charge is put on metal plates. 

39. You are asked to repair an electric toaster that does not put out 
sufficient heat. According to the nameplate, the unit should draw 
6 amperes when used on the usual 120-volt electrical outlet. You 
measure the resistance of the toaster with an ohmmeter and find 
it to be 40 ohms. The toaster resistance should be (assume hot 
and cold resistances are equal) 
(1) 40 ohms. (5) 5 ohms. 
(2) 0.05 ohm. (6) 0.5 ohm. 
(3) 3 ohms. (7) 720 ohms. 
Q 20 ohms. (8) 240 ohms. 



41 

Fig. 37 

40. The current actually being drawn by the toaster of Question 39 is 
(1) 12 amperes. 
(2) 6 amperes. 
0 3 amperes. 

(4) 1.2 amperes. 
(5) 0.6 ampere. 
(6) None of the above. 

41. The resistance of resistor I in Fig. 37 is 
0 162 ohms. (4) 1600 ohms. 
(2) 260 ohms. (5) 2600 ohms. 
(3) 261 ohms. (6) 6100 ohms. 

(7) None of the above. 

42. The resistance of resistor II in Fig. 37 is 
g 0.78 ohm. (4) 8.7 ohms. 
-0.87 ohm. (5) 78 ohms. 

(3) 7.8 ohms. (6) 87 ohms. 
(7) None of the above. 

43. The tolerance of resistor I in Fig. 37 is 
(1) ± 1 percent. (3) ± 10 percent. 
O ± 5 percent. (4) ± 20 percent. 

(5) Not indicated on resistor. 

44. The tolerance of resistor II in 
sejaptions for Question 43.) S’ @ 

Fig. 37 is (Choose your answer from 

End of Exam 
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A chat with your instructoi’ 

Roughly speaking, all voltages and currents which occur in electronic 
work are divided into two classes, d-c and a-c. The kind of voltage or 
current you obtain from a battery is d-c; it has one certain value 
which does not change with time. A 100-volt battery, for instance, is 
always 100 volts. On the other hand, a-c voltages and currents do not 
maintain one certain value. These quantities rise and fall with time 
much like the ripples in a stream. 

Undoubtedly, a-c has by far the greatest interest for the practical 
technician. A-c occurs everywhere. The 110-volt power line in your 
home is an a-c voltage. The audio voltage on your telephone lines is 
a-c. In fact, any piece of electronic gear will contain some kind of a-c 
voltage and current. 

Capacitors, inductors, and transformers are devices which find their 
greatest application in a-c work. These devices occur as commonly in 
a-c circuits as resistors occur in d-c circuits. 

Most people are familiar with d-c and its applications to a certain 
extent. A limited knowledge of Ohm’s law and the behavior of resist¬ 
ances enables you to deal with most problems involving d-c from bat¬ 
teries and high-voltage power supplies. In this lesson you will learn 
how to extend this knowledge so you will be able to deal with capaci¬ 
tors and inductors in a-c circuits just as easily as you deal with resis¬ 
tors in d-c circuits. 

No simple device exists for raising the value of a d-c voltage. If you 
have a 100-volt battery, you cannot obtain 150 volts from it by a 
simple means. The value of an a-c voltage, however, can easily be 
raised or lowered by means of a simple device, called a transformer, 
which is discussed in this lesson. Incidentally, one way of raising the 
d-c voltage of a battery is to first change the d-c to a-c, then raise the 
a-c with a transformer, and finally change the raised a-c back to d-c 



2 by means of a rectifier. This is what is commonly done in a transistor 
power supply. 

Once you have been introduced to the use of capacitors and inductors 
in a-c circuits, you will immediately see how capacitors, inductors, 
and resistors can be used in circuits which contain both a-c and d-c. 
Such circuits are very common in all vacuum-tube and transistor am¬ 
plifiers. Capacitors are used to couple a-c voltages in and out of an 
amplifier while leaving the d-c voltages necessary for the operation of 
the device unchanged. Inductors, on the other hand, are used to 
couple those d-c voltages into the amplifier while leaving the a-c volt¬ 
ages unchanged. 

At the end of each topic in this lesson you will find questions put there 
to fix clearly in your mind the ideas of the topic. By answering each 
of these questions carefully, you will obtain a thorough working 
knowledge of the subjects which I have mentioned here. 

Alternating- current 
Circuits 

A-C CHARACTERISTICS 

GRAPHING VOLTAGES ... To understand the d-c and a-c voltages 
and currents which are encountered in electronic work, you must first 
understand how graphs are used to show these quantities. As you 
know, a d-c voltage is the kind of voltage you obtain from a battery 
—its value is constant and does not change with time. Figure 1(a) 
shows a graph of the readings of a voltmeter connected to a 100-volt 
battery. 

Referring to the graph, the numbers on the horizontal axis indicate 
the amount of time which has elapsed since the voltmeter was con¬ 
nected. The height of the graph above these time points indicates 
what the voltmeter is measuring at that time. At time 0 the voltmeter 
is connected, and it reads 100 volts. Since d-c voltage does not vary 
with time, 10 sec later, at t = 10, the voltage is still 100 volts. Simi¬ 
larly, 20 sec later at t = 20, the voltage is 100 volts. The graph of a 
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time, seconds 
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Fig. 1 Graphs of a d-c voltage of 100 volts. 

d-c voltage is always a straight line, since no matter at which time 
you look at the voltage, the voltage is the same. If the battery ter¬ 
minals are now reversed, the voltage being measured is negative. To 
indicate this reversal in polarity, the value of the voltage is drawn 
beneath the time axis, as shown in Fig. 1(b). 

WHAT HAVE YOU LEARNED? 

1. The 100-volt battery of Fig. 1(a) is replaced by a 50-volt battery. 
To indicate this reduction in voltage, you would make the graph of 
the voltage _ as far from the time axis as it is now. 

2. Graphs can be used to show current in the same way they show 
voltage. In a current graph, the horizontal axis would indicate how 
much (□) _ had elapsed after an ammeter was connected into 
a circuit. The height of the graph above these points would give the 
value of the (b) _ at these times. 

3. You have made voltage measurements across two resistors, with 
respect to ground, in a video amplifier. The voltmeter indicates 30 
volts across resistor R, at all times and —60 volts across R2 at all 
times. Draw lines on the graph in Fig. 2 to indicate these measure¬ 
ments. 
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ANSWERS 

1. One-half 2. (a) Time; (b) current 
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voltoge across R, 

Fig. 3 

THE SINE WAVE ... A-c voltages and currents differ from d-c volt¬ 
ages and currents in that a-c quantities vary with time. The graph of 
an a-c voltage would not be a straight line because the value of the 
voltage would be constantly changing as you were measuring it. 

The most important type of a-c voltage is the sine wave, or sinusoidal 
(sign-u-SOY-dull) wave. Most of the formulas relating to a-c circuits 
are true only for sine waves. Some examples of sine-wave voltages are 
the voltage from the wall outlets in your home, the voltage output 
of an audio signal generator, and the unmodulated output of a radio 
transmitter. 

Figure 4 shows an example of what a voltmeter would measure if it 
were connected to a sine-wave source with an extremely low frequency. 
At t = 0 the value of the voltage is zero. At t = 5, that is, 5 sec later, 
the voltage is rising to a value of 100 volts, which it reaches at t = 
10 sec. From this point the voltage falls to zero at t = 20, and then 
it becomes negative. It repeats its rise and fall negatively, finally 
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Fig. 4 A sinusoidal voltage wave. 

reaching zero again at t = 40 sec. This positive and negative rising 
and falling keeps repeating itself as time goes on. 

In general, a-c voltages may have graphs of many different shapes. 
However, any a-c voltage whose graph has the shape shown in Fig. 4 
is classified as a sinusoidal wave. Examples of a-c waves which are not 
sine waves are shown in Fig. 6 

WHAT HAVE YOU LEARNED? 

1. A d-c voltage (a) (does) (does not) vary with time. The graph of such 
a voltage is a (bj _ An a-c voltage does not yield 
a straight-line graph because such a voltage (c) - with time. 
The sine wave of Fig. 4 begins with zero value at t = 0. You must 
wait (d) _ seconds before the voltage rises to 100 volts. At t = 
30 the value of the voltage is <e) - volts. 

2. At t = 10 sec the voltage graphed in Fig. 4 reaches a peak value 
of 100 volts. The time which elapses between the 4- 100-volt peaks of 
the wave is (a) _ seconds. Since the sine wave repeats itself, the 
voltage will also be -1-100 volts at t = 50, t = 90, t = (b) - , t 
= 170 sec, etc. 

3. Between t = 20 and t = 40 the graph of the sine wave lies below 
the time axis. During this period all the values of the sine wave are 

ANSWERS 

1. (a) Does not; (b) straight line; (c) varies; (d) 10; (e) —100 
2. (a) 40; (b) 130 3. Negative 
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Fig. 5 The sine wave, composed of repeating cycles. 

2 CYCLES, PERIOD, AND FREQUENCY... Figure 5 shows the 
graph of a sine wave. This wave is made up of a pattern composed of 
a positive and negative rise and fall which repeats itself again and 
again. One of these patterns, the portion of the wave between A and 
B, for example, is called one cycle of the wave. The period of time 
which it takes for the wave to go through one cycle is called the peri¬ 
od of the wave. Thus if the wave started its cycle at point A at t= 
0.01 sec and finished at point B at t — 0.02 sec, the cycle would have 
taken 0.01 sec to complete itself. The 0.01 sec would represent the 
period of this sine wave. A period, then, is the time it takes to com¬ 
plete one cycle. The period tells you how fast the rising and falling of 
the wave is taking place. 

Another, and equally common, way to describe the speed of fluctua¬ 
tions of the wave is to give the number of cycles which occur in one 
second. The number of cycles per second tells you how frequently the 
cycles are occurring and hence is called the frequency of the wave. 
The frequency and period of a wave are related by the simple formulas 

r 1 • j 1 frequency =-r—or period =-?-
period r frequency 

If the period of the wave is 0.01 sec, the frequency of the wave is 1 
0.01 = 100 cycles per second (written 100 cps or 100 —). A cycle per 
second is also called a Hertz (abbreviated Hz). Thus, 100 cps = 100 Hz. 

WHAT HAVE YOU LEARNED? 

1. The repeating pattern which makes up the sine wave is called one 
(a)-of the wave. The length of a cycle in time is called the 



(b) — 

of (c) 

of the wave. The frequency of the wave is the number 
which occur in one second. 

2 A radio-frequency wave might have a period of 0.333 X 10 ‘ sec. 
The frequency of this wave is «,> -cycles per second. An 
audio-frequency wave has a frequency of 1000 cps and hence a peno 
of (b) _seconds. 1000 Hz means the same as w --cps. 

3. The period of the wave shown in Fig. 4 is (o) 
frequency is (b) - cycles per second. 

seconds. Its 

ANSWERS 

1. (a) Cycle; (b) period; (c) cycles 2. (a) 3.00 X W; (b) 0.001; (c) 1000 

3. (a) 40; (b) 0.025 (or ) 

PEAK VALUE ... Figure 6 shows examples of a-c waves that are not 
sine waves. Since these waves are also made up of repeating patterns, 
the terms “period” and “frequency” and the formulas relating them 
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Fig. 6 A-c waves which are not sine waves. 



8 are still applicable. Each repeating pattern represents one cycle of 
the wave. The length of one cycle is a period, and the number of 
cycles per second is the frequency. 

The maximum value which any a-c wave reaches during one cycle is 
called the peak value of the wave. The sawtooth of Fig 6(a) has a 
peak value of 50 volts. The square wave of Fig. 6(b) rises to 30 volts 
and remains there for an entire half-cycle. Since 30 volts is the maxi¬ 
mum value it reaches, this wave has a peak value of 30 volts. 

The peak-to-peak value of a wave is the total value which the wave 
swings through while going from its highest to its lowest value. Since 
the waves we are dealing with rise as high positively as they fall neg¬ 
atively, the peak-to-peak value of these waves is twice the peak value. 
Conversely, the peak value is one-half the peak-to-peak value. The 
sawtooth wave of Fig. 6(a) swings from —50 volts to -|-50 volts, so it 
has a peak-to-peak value of 100 volts as shown. 

WHAT HAVE YOU LEARNED? 

1. The a-c wave shown in Fig. 6(c) has a peak value of (a>_ 
Its peak-to-peak value is (b)_volts. This wave has a period of 
(c)_seconds and a frequency of (d)_cycles per second. 

2. An a-c wave has a peak-to-peak value of 110 volts. The peak value 
of this wave is_ 

3. A certain rectifier tube has a peak inverse rating of 100 volts. This 
rating tells you that if a negative voltage of more than 100 volts is 
applied to it, the tube will arc over and be damaged. When applying 
an a-c voltage to this tube, you should make sure the peak value of 
the voltage does not exceed_volts. 

ANSWERS 

1. (a) 100 volts; (b) 200; (c) 0.002 

2. 55 volts 
3. 100... This is the maximum negative value the a-c voltage reaches. 
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(c) The average value of the wave is the overage 
height of the wave over the same half-period. 

Fig. 7 Average value of an a-c wave. 

AVERAGE VALUE ... Refer to Fig. 7(a), in which a wave that could 
be any a-c wave is shown. It is frequently desirable to know the aver¬ 
age value of an a-c wave for one half-cycle. The average value of a 
wave has application in measuring instruments, electroplating, and 
battery charging. One half-cycle of the wave of Fig. 7(a) is shown 

areas the same 

small area small average value 

time time 

-«half period period 
average 
value 

0—r 

peak value 

oJ--

(b) a sine wave 

Fig. 8 Average value for a pulse wave and a sine wave. 



10 shaded. Although the value of the wave changes constantly from zero 
to its peak value and back to zero again, the average value of the 
wave is the average height of the wave taken over the same half¬ 
period. Figure 7(b) shows the average value of the wave, and in Fig. 
7(c) the two waves are compared. Note that the average value does 
not change with time. 

Other examples of average value are shown in Fig. 8(a) and (b). In 
Fig. 8(b) the sine wave has a peak value of 100 volts. The average 
value of this wave is 63.7 volts. A sine wave always has an average 
value* which is 0.637 times the peak value of the wave. 

WHAT HAVE YOU LEARNED? 

1. The average value of an a-c wave is that value of d-c which en¬ 
closes the same (□)-over a half-period. The average value of 
a sine wave is always <b)-times the peak value. A sine wave 
having a peak value of 50 volts has an average value of w_ 
volts. Its d-c value is (d)_volts. 

2. The square wave of Fig. 6(b) has a peak value of 30 volts. The 
average value of the square wave is_volts. 

3. When a sinusoidal voltage is full-wave rectified and filtered, as in a 
high-voltage power supply, the d-c output of the filter is equal to the 
average value of the sine-wave voltage applied to the rectifier. If a 
750-volt peak-to-peak sine-wave voltage is rectified, how much d-c 
voltage will appear at the output of the filter?_ 

4. If the average value of a sine wave is 100 amp, its peak value is 
_amperes. 

ANSWERS 

1. (a) Area; (b) 0.637 
(c) 31.85 ... 0.637 X 50 = 31.85 (d) 31.85 

2. 30... In this case the peak voltage is constant over a half-period and is 
therefore equal to its average, or d-c, value. The square wave is the only a-c 
wave that has equal peak and average values. 

3. 238.9 volts ... 750 volts (peak to peak) X = 375 volts (peak) 

375 volts X 0.637 = 238.9 volts (d-c) 

*By average value is meant the average over one-half of a cycle. The average over a full 
cycle is zero. One half of a cycle is often called an alternation. One alternation is positive 
and the other negative. Since the two alternations are equal in size, their sum is zero. 



4. 157 ... = 157 (Divide average value by 0.637 to get peak value.) 
0.637 

EFFECTIVE VALUE ... When a d-c voltage is connected to a resist¬ 
ance, a certain amount of heat is developed in the resistor because 
power is delivered to it by the voltage source. Figure 9 shows a bat¬ 
tery of 100 volts heating a resistor of 10 ohms. If an a-c source hav¬ 
ing a peak value of 100 volts is also connected to a resistor of 10 ohms, 
power will again be delivered to the resistor in the form of heat. The 
100-volt d-c battery is always 100 volts, while the a-c source is less 
than 100 volts most of the cycle and reaches 100 volts only at the 
peaks of the cycle. 

Since the value of the a-c wave is less than its peak value over most 
of the cycle, the 100-volt-peak a-c wave will produce less heat than 
the 100-volt battery. You will find the same situation exists when you 
compare the ability of a-c and d-c to supply power in running a 
motor, operating a relay, lighting a bulb, etc. The peak value of an 
a-c wave just does not give a good indication of the heat- or power¬ 
producing capabilities of the wave, because it only tells you the max¬ 
imum value of the voltage. 

A much better way to describe the heat- or power-producing ability 
of any a-c wave is to give the effective value* of the wave. The effec¬ 
tive value of an a-c wave is that value of d-c which is equivalent to 

~| peak 
a-c I value 

100 
volts 

Fig. 9 An a-c source with a peak value of 100 volts produces less heat than a 
100-volt d-c battery. 

*Also known as the rms value. 



12 the a-c wave for producing heat or running a motor or for any other 
application in which energy is used. An a-c source having an effective 
value of 20 volts would supply the same amount of heat to a resistor 
as a d-c battery of 20 volts. 

Hence, if we say that the effective value of an a-c wave is 110 volts, 
we mean that the wave will produce the same power in a resistor as 
110 volts of d-c would produce. You might think of the effective 
value of an a-c voltage as the working voltage of the wave. An a-c 
voltage of 110 volts effective value is equivalent to 110 volts d-c in 
furnishing power to heat a coffee pot or run an elevator. 

WHAT HAVE YOU LEARNED? 

1. When the 12 volt d-c from your car battery is switched on to the 
headlights, energy is dissipated in heat and light. If a 12-volt-peak a-c 
wave was applied to the headlights instead of the battery voltage, 
the headlights would become (□, (dimmer) (brighter). If the a-c voltage 
is to make the headlights glow just as brightly as the battery voltage 
does, then the a-c voltage must have a(n) <b> _ value 
of 12 volts and not a(n) <«> _ value of 12 volts. 

2. An a-c wave having a peak value of 10 volts will produce (a) (more) 
(less) heat in a given resistor than a 10-volt battery because the a-c 
wave has a value (b> _ than 10 volts over most of the cycle. 
Can an a-c voltage have an effective value greater than its peak value? 
(<) (yes) (no) 

ANSWERS 

1. (a) Dimmer; (b) effective; (c) peak 
2. (a) Less; (b) less 

(c) No ... because the a-c voltage never becomes greater than its peak value 
over any part of the cycle. 

EFFECTIVE, AVERAGE, AND PEAK VALUES FOR THE SINE 
WAVE ... The effective value of a sine wave is always 0.707 times the 
peak value. To put it another way, the peak value is 1.414 times the 
effective value. Sine-wave voltages and currents are always given in 
terms of their effective values unless otherwise stated. The 110-volt 
power lines in your home supply a 60-cycle sine-wave voltage having 
an effective value of 110 volts. To find the peak value of this voltage, 



i: 

0.707:1 
1.414:1 
0.637:1 
0.902:1 

TABLE 1 
Ratios for the Sine Wave 

Effective value to peak value 
Peak value to effective value 
Average value to peak value 
Average value to effective value 

mu must multiply *he effeC^ 

S5ÄÄ — ™'ue 

CO effective value, which is 1.414.1. 
• UrrKíiv than the effective 

The average value of a sine wave value is always 0.637 
value of the wave. For a sine wa 8 vaiue to peak value is 
times the peak value, so th > ratm f value by giving

0.637:1. Average value can be P value> which is 0.902:1. 
the ratio of the average valuti to effective vaiue , 
In other words, to find the a g 0.902. Table t summanzes 

°f - WaVeS the ratlOS
differ from those given in Table 1. 

WHAT HAVE YOU LEARNED? 

. . _ times the 
1. The effective value of a sine wave is a the value, 
peak value or the peak value is ——__ 
A-c voltages are always expressed peak value of 100 

iÄÄ — The rat’° 
2Ä« «° P“k for any Sine WaVe ” --
2. The peah vaiue 
is volts. The peak-to-peak value oí of

The average value is w- ;— 
^g^Tto peak value for any sine wave is W . - ■ 

3. When a sinusoidal voltage 18 to the average 
a power supply, the d-c output ol t re t̂ifier . if a 600-volt 
value of the sine-wave voltage app r at the output of the 
sine wave is rectified, ow muc to effective value for 

filter? (□)---
the sine wave is (b) -



14 4. When you get an electric shock, your nervous system experiences a 
jolt proportional to the peak value of the a-c voltage. A 300-volt sine 
wave will give you a (bigger) (smaller) shock than a sine wave whose 
average value is 310 volts. 

ANSWERS 

1. (a) 0.707; (b) 1.414; (c) effective; (d) 70.7 volts; (e) 0.707:1 
2. (a) 155.5; (b) 311 volts; (c) 99.0 volts; (d) 0.637:1 
3. (a) 541.2... Remember that the 600-volt value is the effective value. Hence, 

0.9Ò2 X 600 = 541.2 (b) 0.902:1 
4. Smaller... The peak value of the 300 volts (eff) wave is 424 volts, while the 

peak value of the 310 volts (avg) wave is 487 volts. 

Fig. 10 The voltage across and current through a resistor. 

PHASE ... If a sinusoidal voltage is impressed across a resistance, a 
sinusoidal current will flow through the resistance. In Fig. 10 the 
voltage across and the current through a resistor are shown plotted 
on the same graph. The current flowing through a resistor is always 
in step with the voltage across it: when the voltage is zero, the cur¬ 
rent is zero; when the voltage reaches a peak, the current also reaches 
a peak. The voltage across a resistor and the current flowing through 
it are said to be in phase because they rise and fall together in this 
way. 

Figure 11 shows two sine waves plotted on the same graph. Wave A 
reaches its first positive peak at t = 5 sec, while wave B reaches its 
first positive peak at t = 10 sec, 5 sec later. Similarly, the first nega¬ 
tive peak of wave A occurs at t = 15 sec, while the first negative 
peak of wave B occurs at t — 20 sec, again 5 sec later than the corre¬ 
sponding value of wave A. In fact, the peaks and zeros of wave B 
occur 5 sec later than the corresponding values of wave A. The two 
waves A and B are said to be out of phase with each other, since the 
corresponding values of these waves do not occur at the same time. 



Fig. 11 Two sine waves out of phase. 

WHAT HAVE YOU LEARNED? 

1. If a sinusoidal voltage is applied to a resistor, a (o)_ 
current will flow. Since the voltage and current reach their peak and 
zero values at the same time, they are said to be (b) _ phase. 
Two sinusoidal voltage waves whose peaks do not occur at the same 
time do not rise and fall together. These waves are said to be 
id _ of phase. 

ANSWERS 

1. (a) Sinusoidal; (b) in; (c) out 

MEASURING PHASE ... Referring back to Fig. 11, the peak value 
of wave A occurs 5 sec before the peak value of wave B. Wave A 
undergoes the same fluctuation as does wave B, except that they 
occur 5 sec earlier. Because of this fact, wave A leads wave B in 
time. Note that wave A is leading wave B even though wave B ap¬ 
pears to be first on the graph. Alternatively, since fluctuations of 
wave B occur 5 sec later than those of wave A, wave B is said to lag 
wave A in time. 

The amount by which one wave leads or lags another wave is called 
phase difference or phase angle between the two waves and is meas¬ 
ured in degrees. The phase difference between two waves may be 
measured by first marking off the time axis below a half-cycle of the 
leading wave from 0° to 180° as in Fig. 12. The point at which the 
lagging wave begins on this scale of degrees gives the phase differ¬ 
ence. In Fig. 12 the phase angle is 45°. 

15 
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Fig. 12 Measuring phase difference. 

Figure 13 shows some examples of sine waves out of phase. The two 
waves of Fig. 13(a) are in phase and have a phase difference of 0°. 
When the two waves are 90° out of phase, as in Fig. 13(b), the peak 
value of one wave occurs at the points where the other wave is zero. 
When two waves are 180° out of phase, as in Fig. 13(c), the positive 
peak of one wave occurs at the same point as the negative peak of 
the other. By learning the three cases of 0°, 90°, and 180° phase dif¬ 
ference, you can easily estimate any phase angle in between. 

WHAT HAVE YOU LEARNED? 

1. In Fig. 13(b) wave B (o) (leads) (lags) wave A because the fluctua¬ 
tions of B occur (b)_than those of wave A. 

2. The phase difference between two waves is measured in <□)_ 
The phase difference between the two waves of Fig. 11 is im_ 
because the peaks of wave A occur when wave B has (c)_ 
value. 

3. The voltage impressed on a resistance is _ degrees out of 
phase with the current flowing through the resistance. 

4. Two waves are _ degrees out of phase when one wave is at 
a positive peak while the other wave is at a negative peak. 
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Fig. 13 
Sine waves 0», 90% and 180 ou» of phase. 

5. Two sine waves are shown in Flg' ^^Another way of stating 
- by approximately waves is to say that wave 

-

3. Zero 
. o Deerees; (b) 90°; (c) zero 

i i * æ « 



18 CAPACITORS AND INDUCTORS 

10 CURRENT FLOW IN A CAPACITOR ... Once a capacitor con¬ 
nected to a battery is charged, it will pass no d-c current. This is true 
because the separated plates of the capacitor act like an open circuit 
to the d-c voltage. 

Figure 15 shows what happens when an a-c voltage V is connected 
across a capacitor C. Now as you know, a capacitor draws current 
while charging and discharging. During its first quarter-cycle, the im¬ 
pressed voltage rises from zero at point A to its peak value at point 
B. While the voltage is rising, the capacitor passes a charging current 
I. This current is largest at point A when the voltage rises from zero 
and the capacitor is uncharged. The current then diminishes to zero 
at point B, where the voltage is large and the capacitor is fully 
charged. 

During the next quarter-cycle, the voltage falls from its maximum at 
B to zero at point C. The capacitor now discharges and passes a dis¬ 
charging current in the opposite direction. Since the current has 
turned around, it is negative and is shown as such on the current 
graph of Fig. 15. 

As the impressed voltage continues to rise and fall, the capacitor 
charges and discharges again and again, passing an a-c current. Thus, 
although a capacitor is an open circuit to d-c, an a-c current will 
flow through it readily because the a-c voltage across it is constantly 

Fig. 15 Voltage and current in a capacitor. 



changing. This property of capacitors is very important, since capaci¬ 
tors are often used to block a d-c current while passing an a-c current. 

19 

In saying that alternating current flows through a capacitor, we do 
not mean that there is an electron flow through the dielectric, which 
is an insulator. Current and electron flow do not mean exactly the 
same thing. If the observed effect is the same as that produced by an 
electron flow, it can be called a current, even though there is no elec¬ 
tron flow. 

WHAT HAVE YOU LEARNED? 

1. A capacitor can be thought of as an (a)_circuit to d-c. If 
a d-c voltage is connected to a capacitor, no steady (bi-can flow. 

2. A capacitor does draw current while (a) _ and (b) 
_ As the voltage applied to a capacitor rises and falls, 
the capacitor charges and discharges. This action results in an (c) 
_ current which flows (d) _ the capacitor. 

3. An a-c generator and a d-c battery are both connected in series 
with a capacitor, as in Fig. 16. Only (a) _ current will flow 
because the capacitor blocks the (b) _ current. 

Fig. 16 

ANSWERS 

1. (a) Open; (b) current; 2. (a) Charging; (b) discharging; (c) a-c; (d) through 
3. (a) A-c; (b) d-c 

REACTANCE ... Capacitors, like resistors, offer opposition to current 
flow. However, there are two important differences between capaci¬ 
tors and resistors: (1) Current passing through the opposition of a 
capacitor does not dissipate power. A capacitor, unlike a resistor, does 
not become warm when connected into a circuit. (2) The voltage 



20 across a capacitor is not in phase with the current through it. Since 
the opposition to current flow of a capacitor differs from that of a re¬ 
sistor, it is called reactance instead of resistance. However, reactance 
does measure opposition to current flow, so it is measured in ohms 
just as resistance is. 

The symbol for the reactance of a capacitor is Xc. You can find the 
a-c current which flows through a capacitor by dividing the value of 
the applied voltage by the reactance of the capacitor, in ohms. Or 
just as well, you can find the voltage across a capacitor by multiply¬ 
ing the current through it by the reactance—just as if you were using 
resistance to find a d-c voltage or current. For example, if a 100-volt 
sine-wave source were connected to a capacitor having a reactance of 
5 kilohms, the current which would flow is just the voltage divided 
by the reactance, or 100 -e- 5000 = 20 ma. 

WHAT HAVE YOU LEARNED? 

1. Reactance, like resistance, measures (oi _ to current 
flow. Reactance is different from resistance because an a-c current 
cannot dissipate (b) _ in a capacitor and because the reactance 
produces a to _ difference between the voltage across it and 
the current through it. 

2. You connect an audio oscillator supplying a voltage of 10 volts to 
the circuit of Fig. 17 containing a capacitive reactance of 1000 ohms 
and an a-c ammeter. What will be the reading on the meter? 

Fig. 17 

3. You wish to find the output voltage of an audio generator, so you 
connect the generator to a capacitive reactance of 2000 ohms and 
measure a current of 15 ma through it. The voltage of your generator 
is (a)_ Does the current dissipate any heat in the react¬ 
ance? (b) _ The peak value of the 15-ma a-c current is (c) 
_ milliamperes. 



ANSWERS 21 

1. (a) Opposition; (b) heat; (c) phase 2. 10 ma 3. (a) 30 volts; (b) no¬ 
ie) 21.2 

J FACTORS DE TERMINING REACTANCE ... Two factors deter¬ 
mine the reactance of a capacitor: the size of the capacitance and the 
frequency of the applied voltage. A large capacitor draws a large 
charging and discharging current. The larger the capacitance, the 
more easily the capacitor can pass a-c current, just as the larger a 
conductor, the easier it will pass current. A large capacitor, then, has 
less reactance than a smaller one. 

At high frequencies the charging and discharging of the capacitor 
takes place very rapidly and the capacitor passes a large current. The 
reactance of a capacitor is, then, less at higher frequencies. Thus, to 
decrease the reactance of a capacitor, you must increase the capaci¬ 
tance or increase the frequency of the applied voltage. The following 
formula gives the reactance of a capacitor: 

XC = 2^fC 

where f is the frequency of the applied voltage, in cycles per second, 
and C is the capacitance, in farads. 

Fig. 18 A large capacitor passes more current than a small one posses. 



22 It is important that you use the correct units when applying this for¬ 
mula. If, for example, f is given in megacycles, you must convert this 
value to cycles before using the formula. Similarly, C must be ex¬ 
pressed in farads and not in microfarads or picofarads (micromicro¬ 
farads). To find the capacitance when the reactance is known, you 
should use the formula 

C — i 
2tt/Xc 

where the units must be observed as before. 

Example .. . What is the reactance of a 15- picofarad (micromicrofarad) capaci¬ 
tor at a frequency of 30 MHz ( = 30 megaHertz = 30 megacycles = 30Mc)? 

Solution .. . First, convert to the proper units: 

15 pf = 15 X 10’” farads 

30 MHz = 3 X 10’ cps 

Second, apply the formula: 

%c — 1 —_-_ 
2jrfC 2 X 3.14 X 3 X 10’ X 15 X 10 12

= ooo w m i = 0.00353 X 105 = 353 ohms, ans. 

WHAT HAVE YOU LEARNED? 

1. A capacitor has a reactance of 10 ohms at a frequency of 1 kc. The 
reactance of this capacitor will be (higher) (lower) at a frequency of 
2 kc. 

2. You are using a 0.01-/if capacitor and a 0.1-gf capacitor at the 
same frequency. Which capacitor will have the most reactance? 

3. A capacitor of 0.005-/if has a capacitance of (o)_farads. A 
frequency of 1000 kc is (b)_cycles per second. The reactance 
of the 0.005-gf capacitor at 1000 kc is then (q_ohms. 

4. You measure a certain capacitive reactance and find it is 100 
ohms at a frequency of 1 kc. The value of the capacitor which has 
this reactance is (□)_farads or (b>_microfarads. 
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5. You wish to couple a 100-cps audio oscillator to an audio amplifier. 
If a 100-jiif capacitor is used, this capacitor will present_ 
ohms of reactance at the audio signal. 

6. Figure 19 shows the screen circuit of an audio amplifier tube. A 
bypass capacitor is used to short an unwanted a-c voltage to ground 
while leaving the d-c voltage unchanged. What must the value of the 
bypass capacitor be if it is to offer 10 ohms reactance to the unwanted 
a-c voltage at 100 kc?_ 

1. Lower 2. The 0.01 gf capacitor 3. (a) 5 X 10 (b) 104; (c) 31.8 
4. (a) 1.59 X 10 4; (b) 1.59 5. 15.9 6. 0.159 gf 

REACTANCE OF COMBINED CAPACITORS ... When capacitors 
are connected in series or parallel, there are two ways to find the net 
reactance of the combination. One way is to first calculate the total 
capacitance of the combination and then find the reactance of the 
total capacitance. Since capacitors in parallel simply add, this method 
is simplest when dealing with capacitors in parallel. 

Example .. . Find the total reactance of a 15-pf (micromicrofarad) capacitor 
connected in parallel with a 10-pf capacitor at a frequency of 30 me. 

Solution .. . First, find the total capacitance: 

10 + 15 = 25 pf 

Next, convert to the proper units: 

25 pf = 25 X 10” farads 

30 me = 3 X 10’ cps 

Finally, apply the formula: 

Xc _ 1 __1_ 
C 2-nfC 2 X 3.14 X 3 X 10’ X 25 X 10” 

= = 0.00212 X 10s = 212 ohms, ans. 

2: 



24 The second way to calculate total reactance is to first calculate the 
reactance of each capacitor separately. Since reactance is measured 
in ohms and expresses opposition to current, reactances in series or 
parallel can be treated like resistors. Since finding the total capaci¬ 
tance of two capacitors in series is somewhat cumbersome, this second 
method is sometimes easier when finding the total reactance of series 
capacitors. 

Example . .. What is the total reactance of a 10-pf capacitors in series with a 
15-pf capacitor at 30 me? 

Solution .. . First, convert to the proper units: 

10 pf = 10 " farads 
15 pf = 1.5 X 10" farads 
30 me = 3 X 10’ cps 

Next, calculate the reactance of each capacitor: 

. . x 1 _ 1_ 
2-nfC 2 X 3.14 X 3 X 10' X 10 " 

_ 1
- 18.8 X 10" 

= 530 ohms 

<b) Xc = 2^fC = 2 X 3.14 X 3 X 10' X 1.5 X 10 " 
= 353 ohms 

Finally, combine the reactances as if they were resistances: 

Xc Mui = 530 4- 353 = 883 ohms, ans. 

WHAT HAVE YOU LEARNED? 

1. The total capacitance of a 0.01-/xf capacitor and a 0.05-/if capacitor 
in parallel is <o) _ microfarads. The reactance of this capaci¬ 
tance is (b) _ ohms at 100 kc. The reactance of a 0.01-gf capaci¬ 
tor at 100 kc is (c) _ ohms. The reactance of a 0.05-gf capacitor 
at 100 kc is (d> _ Calculate the total reactance of the two 
capacitors in parallel by treating their reactances as if they were 
parallel resistances. The answer is w_ 

2. A capacitive reactance of 10 kilohms is connected in parallel with 
a capacitive reactance of 15 kilohms. A reactance of 25 kilohms is then 
connected in series with this parallel combination. The total reactance 
of the three capacitors connected in series-parallel in this manner is 
then _ kilohms. 
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3. The input capacitance to a certain vacuum tube is 10 pf. Additional 
capacitance introduced by the circuit wiring appears in parallel with 
the input tube capacitance and amounts to 30-pf as in Fig. 20. At a 
frequency of 20 me, the total reactance contributed by the tube and 
wiring is_ 

1. (a) 0.06; (b) 26.5; (c) 159; (d) 31.8 ohms; (e) 26.5 ohms 
2. Treating reactances like resistances, the total reactance of 10 kilohms in 

parallel with 15 kilohms is 
10 kilohms X 15 kilohms 
10 kilohms + 15 kilohms 

This 6-kilohm reactance then appears in series with the 25-kilohm reactance. 
The total reactance is then 

6 kilohms + 25 kilohms = 31 kilohms 
3. 199 ohms 

CURRENT FLOW IN AN INDUCTANCE ... An inductor is con¬ 
structed of a number of turns of wire, usually wound in the shape of 
a coil. D-c current easily flows through an inductor because it is 
limited only by the resistance of the windings. When an a-c voltage 
is connected to an inductor, however, the inductor, like the capacitor, 
passes a-c current but offers some opposition to the current flow. 

When passing a-c current, the action within an inductor is very similar 
to that in a capacitor. The current which flows through a capacitor 
charges and discharges the capacitor, that is, supplies electronic charge 
to and removes electronic charge from the capacitor plates. The cur¬ 
rent which flows through an inductor, on the other hand, supplies 
and removes a magnetic field which rises and falls around the turns 
of the coil. 

25 
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Fig. 21 Voltage and current in an inductor. 

Figure 21 shows an a-c voltage which is applied to an inductor and 
the resulting a-c current which flows through it. When the voltage 
first rises from zero at point A to its peak value at point B, current 
also tries to flow in the coil. Because the current must build up a 
magnetic field around the coil as it rises, it cannot immediately follow 
the rise in the voltage. Thus the current does not begin to rise until 
point C on the current graph, one quarter-cycle after the voltage began 
its rise. As time goes on, the voltage and current continue to behave in 
this manner, the current lagging behind the voltage. The inductor offers 
opposition to a-c current because, as the current rises and falls, it must 
continually charge and discharge the magnetic field of the inductor. 

WHAT HAVE YOU LEARNED? 

1. As far as d-c is concerned, an inductor is just a length of wire. D-c 
current in an inductor is, then, limited only by the -
of the windings. 

2. An inductor opposes the flow of a-c current because the current 
must supply to and remove energy from the inductor in the form of 
a (a) _ as it tries to rise and fall. For this reason, 
the voltage and current in an inductor are out of (b) - and 
the current (c> (lags) (leads) the voltage. 
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3. In a(n) (□) (capacitor) (inductor) current is caused by a charging and 
discharging effect. In a(n) (b) (capacitor) (inductor) current is opposed 
by a charging and discharging effect. 

ANSWERS 

1. Resistance 2. Magnetic field; (b) phase; (c) lags 3. (a) Capacitor; 
(b) inductor 

INDUCTIVE REACTANCE ... Inductors, like capacitors, possess 
reactance. The voltage and current in an inductor are out of phase, 
and no heat or power is dissipated in an ideal inductor while it is in 
operation. This inductive reactance is measured in ohms, and its value 
depends upon the value of the inductance and the frequency of the 
applied voltage. The greater the inductance, the larger the magnetic 
field which the current is forced to supply and the more the current 
is opposed. 

A coil having a large inductance must, then, also have a large induc¬ 
tive reactance. When the frequency of the applied voltage is very high, 
the current must build up and discharge the magnetic field of the 
inductor very rapidly. Greater opposition results, since the current 
must work much harder to supply the magnetic field at such a rapid 
rate. At higher frequencies, then, an inductor has a higher reactance. 

You will note that inductive reactance behaves exactly opposite to 
capacitive reactance. Higher capacitance and higher frequency mean 
lower capacitive reactance, while higher inductance and higher fre¬ 
quency means higher inductive reactance. This contrasting behavior 
is due to the fact that the charging and discharging of the capacitor 
causes the current to flow, whereas the charging and discharging in 
an inductor opposes the flow of current. The symbol for inductive 
reactance is Xl. The formula for inductive reactance is 

Xl = 2-nfL 

where L is the inductance, in henrys, and f is the frequency, in cycles 
per second. 

To find the inductance when the inductive reactance is known, you 
should use the formula 

i _ Xl 
2-nf 

27 



28 Once again, care must be taken to observe the proper units when using 
these formulas. Inductive reactance, like capacitive reactance, can be 
treated like resistance when calculating voltage and current. 

Example .. . How much inductance do you need to present 13 kilohms react¬ 
ance to an audio signal of 2 kHz ( = 2 kiloHertz = 2 kilocycles — 2 kc)? 

Solution .. . First, convert to proper units: 

13 kilohms = 13 X 10’ ohms 

2 kHz = 2 X 10J Hz 

Second, apply the formula: 

, Xi 13 X 10’ 13 , no u L = 7r-r =-—-= „ = 1.03 henrys, ans. 
2^/ 2 X 3.14 X 2 X10’ 12.56 

WHAT HAVE YOU LEARNED? 

1. The voltage across an inductance is (a) - of phase with the 
current through it. An a-c current does not dissipate (b) - in 
an inductance. For these reasons and because inductors offer opposi¬ 
tion to current flow, inductors possess w- just as 
capacitors do. 

2. What is the inductive reactance of a 2.5-mh (millihenry) induct¬ 
ance at a frequency of 1 me? (a)-This reactance is 
(b) (higher) (lower) at 10 me. An inductance of 5 mh would have a 
id (higher) (lower) reactance than a 2.5-mh inductance would have. 

3. You desire to obtain an inductor which will pass d-c while “choking” 
out an a-c voltage at 30 me. Such an inductor is called a choke, since 
it is chosen to present a large reactance to the a-c voltage. How much 
inductance do you need for a choke coil of 100 kilohms reactance? 

4. You wish to check the calibration of an a-c milliameter. You con¬ 
nect 100 volts a-c to a standard inductive reactance of 2 kilohms and 
the meter to be calibrated. The meter should read - milliamperes. 

ANSWERS 

1. (a) Out; (b) power; (c) reactance 2. (a) 15.7 kilohms; (b) higher; (c) higher 

3. L -_ 10s ohms_ 
2 X 3.14 X 3 X 10' cps 

0.530 mh 4. 50 ma 
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Fig. 22 

a-c current 

» output voltage 

producing the output, voltage of the stage. How much output voltage 
is developed across a 3-henry and a 5-henry inductor in series if a 
3000-cps a-c current of 2 ma flows through them?-

ANSWERS 

1. (a) 3.53; (b) 222 2. (a) 314; (b) 754; (c) 222 kilohms 
3. Total reactance = 151 kilohms 2 ma X 151 kilohms = 302 volts 

PHASE SHIFT IN CAPACITORS AND INDUCTORS ... Figure 
23(a) shows, on the same graph, the voltage applied to an inductor 
and the current flowing through it. In the same way, the voltage and 
current associated with a capacitor are shown on the graph of Fig. 
23(b). As previously discussed, a phase shift between current and 
voltage occurs in both a capacitor and an inductor. From the graphs 
you can see that this phase shift is 90° in both cases because the peak 
of the voltage always occurs when the current is zero. 

When the voltage rises in the inductor, the current lags behind be¬ 
cause it must produce a magnetic field. Thus, for an inductor, the 
current lags the voltage by 90°. Since a capacitor behaves in an oppo¬ 
site manner from an inductor, the current in a capacitor leads the 
voltage by 90°. It is easy to remember in which case the current is 
leading or lagging. Just remember that the current lags in an inductor 
because it must always be producing a magnetic field and that capac¬ 
itors behave in an opposite manner from inductors. 

When capacitors and inductors are used for coupling purposes, the 
phase shift between current and voltage does not play an important 
role. For example, Fig. 24 shows a capacitor used to couple an a-c 
voltage to the grid of a vacuum tube. The capacitor C is so chosen 
that its reactance is very small, perhaps a few ohms, while the grid 
resistor Rg is very large, on the order of a megohm. Although the 
voltage and current in the capacitor are 90° out of phase, the reac¬ 
tance of the capacitor is so small that it is almost a short circuit to 
the a-c and the phase shift has almost no effect on the circuit. The 
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Fig. 23 Voltage and current in an inductor and a capacitor. 

a-c input voltage then appears unchanged across Rg, as it should. The 
overall phase shift caused by a coupling capacitor is usually small 
and unimportant. 

WHAT HAVE YOU LEARNED? 

1. In an inductor, current (□) _ the voltage because it must 
produce a magnetic field as it rises and falls. Capacitors (b> (do) (do 
not) behave like inductors as far as phase is concerned. Thus in a 
capacitor, the current (c) _ the voltage. In both cases the 
phase shift is (d) _ degrees. 

Fig. 24 Phase difference in a capacitor has no effect since its reactance is so small. 



32 2. If current is lagging the voltage, then the voltage is_ 
the current. 

3. You come across an enclosed metal box with two leads coming out 
of it. You wish to determine whether the box contains a capacitor or 
inductor. By means of oscilloscope measurements, you determine that 
when a voltage is connected to the box, the resulting voltage leads 
the current by 90°.The box contains a(n)_ 

4. When capacitors and inductors are used for coupling or blocking 
purposes, the voltage-current phase shift (is) (is not) important. 

ANSWERS 

1. (a) Lags; (b) do not; (c) leads; (d) 90 2. Leading 3. Inductor 
4. Is not 

IMPEDANCE ... Resistors, inductive reactances, and capacitive re¬ 
actances can all be connected together in some combination as shown 
in Fig. 25. This combination will offer some total opposition to the 
flow of current, because it is made up of resistances and reactances 
which individually oppose current. The impedance of an a-c circuit is, 
then, the total opposition to current due to resistors, inductors, and 
capacitors together. 

As with reactance and resistance, impedance is measured in ohms and 
can be treated like resistance when calculating voltages and currents. 
For example, if the circuit of Fig. 25 had an impedance of 20 ohms 
and a voltage of 100 volts was being applied to the circuit, then the 
current which would flow would be 100 volts -s- 20 ohms = 5 amp. 

In calculating impedance, reactances of different types cannot be com¬ 
bined in the usual manner, owing to the different voltage current 

R XL

AAA-nrw— 
y Z= y-3 impedance 

Vand I are not 90° out of phase 

Fig. 25 An RLC circuit has impedance instead of resistance or reactance. 
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phase relationships involved. In Fig. 25, for example, you cannot 
merely add the resistance, capacitive reactance, and inductive reac¬ 
tance together to obtain the impedance of the circuit. Formulas for 
calculating the impedance of a-c circuits will be given in later lessons. 

WHAT HAVE YOU LEARNED? 

1. Two capacitive reactances in series or parallel may be treated like 
to)_for the purpose of calculating the total reactance. 
Two inductive reactances in series or parallel may be treated like 
lb)_for the purpose of calculating the total reactance. 
However, an inductive reactance in series or parallel with a capacitive 
reactance, or a resistance in series or parallel with a capacitive or in¬ 
ductive reactance, (c) (can) (cannot) be treated as resistances. In this 
case the opposition to current is called (d)-instead of 
resistance or reactance and some phase shift other than 90° exists be¬ 
tween current and voltage. 

2. Impedance is the total _ to current flow due to the 
combined opposition offered by resistors, capacitors, and inductors 
connected together. 

ANSWERS 

1. (a) Resistors; (b) resistors; (c) cannot; (d) impedance 2. Opposition 

PULSATING CURRENTS ... A current or voltage that continuous¬ 
ly varies in value but does not change direction is called a pulsating 
voltage or current. The graph of such a wave is shown in Fig. 26. The 
wave varies continuously within the range of a maximum of 50 ma 
and a minimum of 10 ma. It never becomes negative in value. Pulsat¬ 
ing waves are very common in electronics. The plate current of a vac¬ 
uum tube and the collector current of a transistor are pulsating cur¬ 
rents when a signal is being amplified. 

A pulsating voltage (or current) is equivalent to a d-c voltage (or cur¬ 
rent) and an a-c voltage (or current) in the same conductor. Figure 27 
shows how the wave of Fig. 26 is equal to the sum of two waves. One 
wave is a steady d-c wave of 30 ma amplitude. The other wave is an 
a-c wave riding on the d-c wave, and it has a peak-to-peak amplitude 
of 50 — 10 = 40 ma. To see clearly the a-c wave, compare the a-c 
component of Fig. 27 with an ordinary a-c wave, such as the one 



Fig. 26 Graph of a pulsating wave. 

shown in Fig. 4. If the d-c component in Fig. 27 is thought of as the 
zero-amplitude horizontal reference line of Fig. 4, the identical gen¬ 
eral form of the two waves is apparent. 

Figure 28 shows how to combine the output from an a-c voltage 
source with the output from a d-c voltage source to produce a pulsat-

QQ PULSATING WAVE = A-C WAVE + D-C WAVE ... Since a pul-
sating wave is equivalent to an a-c wave and a d-c wave combined, 
we should be able to form a pulsating wave by adding an a-c wave to 
a d-c wave, much as the number 12 can be formed by adding its 
equivalent components 7 and 5. 

Fig. 27 A pulsating wave is equivalent to a d-c wave and an a-c wave combined. 



Fig. 28 

ing voltage. Notice that the average height of the output wave (the 
d-c component) is 30 volts, the same as the d-c supply voltage, and 
that the output voltage varies above and below its average value by 
the amount of the peak voltage (20 volts) of the a-c generator. That 
is, the maximum output voltage is 30 4- 20 = 50 volts, and the min¬ 
imum is 30 — 20 = 10 volts. 

Since capacitor C passes a-c and blocks d-c, its purpose is to keep the 
30-volt d-c supply out of the a-c generator while allowing the a-c gen¬ 
erator voltage to get to the output. Similarly, inductor L keeps the 
a-c generator voltage out of the d-c supply while allowing the d-c 
supply voltage to pass to the circuit output. This is because an inductor 
passes d-c but blocks a-c. 

Figure 29 shows the circuitry of Fig. 28 applied to a practical situa¬ 
tion. The proper operation of most vacuum tubes requires that a pul¬ 
sating voltage be applied to the grid of the tube. In the circuit shown 
in Fig. 29 the a-c signal coming into the grid is combined with a d-c 
bias voltage to produce a pulsating voltage, as shown, on the grid of 
the tube. Notice carefully that the circuit is identical to that in Fig. 
28, with the a-c signal replacing the a-c generator. 

The use of inductors and capacitors to keep a-c and d-c currents and 
voltages from entering parts of a circuit where they are not wanted, 
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Fig. 29 How an a-c signal voltage combines with a d-c bias voltage to form 
a pulsating voltage on the grid of a tube. 

as in Figs. 28 and 29, is very common in electronics. Figure 29 pro¬ 
vides an excellent example; the arrangement shown is commonly 
found in transmitter r-f amplifiers. A capacitor used to keep out d-c, 
such as C in Figs. 28 and 29, is often called a blocking capacitor, since it 
blocks d-c from entering. An inductor used to keep out a-c is often 
called a choke, since it “chokes” off the a-c current or voltage. 

WHAT HAVE YOU LEARNED? 

1. Capacitors and inductors can be used to add a-c and d-c waves. 
When an a-c current is added to a d-c current, the result is a (□) 
_ current in which the a-c appears to be riding on the 
(b)_level. 

2. The values of the d-c and a-c components of a pulsating voltage can 
easily be obtained from a graph. Figure 30 shows a 30-volt a-c wave 
added to a 70-volt d-c level. The maximum value that this pulsating 
voltage takes on is (□)_volts. The minimum value that this 
pulsating voltage reaches is (b)_ Note that you could have 
obtained these values by merely adding and subtracting the a-c and 
the d-c without looking at the graph: 

maximum value = 30 + 70 = 100 volts 

minimum value = 70 — 30 = 40 volts 

3. If in Fig. 29 the a-c signal has a peak amplitude of 4 volts and the 
d-c bias voltage is — 7 volts, the most negative value of the pulsating 
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volts. 
(b) 

answers 

Fig. 30 

voltage on the grid is o 
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j „ 9 (al 100 volts; (b) 40 volts 
1. (.) ruUatjng; <b> - (b) „ (c| _16. W ) + 1; (e) negative 

J <*aJ Ç"' X . Motive ir», voltage equals 0.707 X peak. 

SEPARATING A PULSATING WAVE INTO COMPONEN^. 
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Fig. 31 Separating a pulsating voltage into its a-c and d-c components. 

components is the same as the amplitudes of the input a-c and d-c 
components in Fig. 28. 

In Fig. 31 the choke L passes the d-c component but blocks out the 
a-c component. The capacitor C passes the a-c component but blocks 
out the d-c component. 

A good example of a circuit in which a-c and d-c currents are com¬ 
bined and carried on the same line as a pulsating current, later to be 
separated into d-c and a-c components, is the remote control of a 
radio transmitter. It is often desirable to place a radio transmitter at 
a location far removed from the audio to be broadcast. Besides the 
a-c audio signal, a d-c voltage, which is used to turn the transmitter 
on and off, must be brought to the transmitter over the same line. 

Figure 32 shows the circuit which is used. The audio to be broadcast 
is applied to the line through the coupling capacitor C,. The reac¬ 
tance of C, is chosen very small so that it easily passes the audio cur¬ 
rent. The inductor L has a large reactance and prevents the a-c from 
being shorted to ground through the d-c supply. In this way almost 
all the audio current flows into the line. Similarly, the d-c current 
easily flows into the line through choke L, but is prevented from 
damaging the audio input source because of the presence of C,, which 
blocks its flow. 

The resulting voltage on the line is a pulsating voltage. It has a d-c 
component for keying the transmitter and an a-c component contain¬ 
ing the audio to be broadcast. At the output end of the line these two 
components must be separated and routed to their respective circuits. 
The a-c current cannot flow through but it easily flows through C2



Fig. 32 Remote transmitter control circuit using a-c and d-c in the same line. 

3! 

to the audio circuits of the transmitter. The d-c current is blocked by 
C2 and routed, instead, through L2 to the proper keying circuits. 

Always think of a pulsating current as two currents — one a-c and one 
d-c—flowing in the same circuit. You can then trace the path of each 
current separately, without any consideration of the other current. 
For example, to trace the a-c signal in Fig. 32, we can start at the sig¬ 
nal source and trace through Ct. The signal can’t go through L, be¬ 
cause of the blocking action of the choke, so it follows along the line 
to the branching point at the end, where it goes through the branch 
with C2, since the choke in the other branch blocks it. The d-c cur¬ 
rent can be similarly analyzed. 

WHAT HAVE YOU LEARNED? 

1. In Fig 33, a pulsating current comes out of the plate of tube 1. 
This pulsating current is separated into its d-c and a-c components 
by (□) _ and _ The d-c component goes to (b) -
_ , and the a-c component goes to w -
_ The 250-volt d-c is kept off the grid of tube 2 by 
(d) _ ; and («) _ keeps the a-c component from flowing through 
the power supply, so that it will have to go to m -
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volts d-c 
Fig. 33 

2. If a blocking capacitor is to pass the a-c component of a pulsating 
wave with only slight loss, its reactance must be (a) - at the 
frequency of a-c component. At a low frequency a ib> -
capacitor is needed than at a higher frequency. If a choke coil is to 
block out most of the a-c component of a pulsating wave, its reac¬ 
tance must be w_ at the frequency of the a-c component. 
At a low frequency a id) _ choke is needed than at a higher 
frequency. 

3. You wish to use a capacitor to block d-c and easily pass an audio 
a-c voltage. If this capacitor is to have a small reactance of 1 ohm at 
1 kc, its capacitance must be -

4. You desire to use an inductance to pass d-c and choke out a 1-kc 
a-c voltage. If this choke is to have a reactance of 10 kilohms, its in¬ 
ductance must be -

5. At r-f frequencies a choke coil need not have a large inductance; 
2.5 mh is a common value for an r-f choke. How much reactance does 
this choke have at 10 me? -

6. Suppose in Fig. 32 that the insulation of the line was such that it 
could withstand only 200 volts peak value before it arced over and 
shorted. Would it be safe to use a keying voltage of 150 volts d-c and a 
peak audio voltage of 60 volts?_ 

7. While the purpose of L, in Fig. 32 is to block a-c, it will not do so 
completely. If the a-c voltage on the line is 50 volts, how much a-c 
current will get through L, if L¡ has a reactance of 10 kilohms?_ 
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1. (a) L (and) C; (b) the 250-volt d-c power supply; (c) the grid of tube 2; (d) C; 
(e) L; (f ) the grid of tube 2 

2. (a) Low; (b) larger; (c) high; (d) larger 
3. 159 /if 4. 1.59 henrys 5. 157 kilohms 
6. No ... The peak voltage on the line would be 150 + 60 = 210 volts. 
7. 5 ma 

POWER TRANSFORMERS 

22 CONSTRUCTION OF POWER TRANSFORMERS ... Transform¬ 
ers are used to step up or step down a-c voltages. Power transformers 
and audio transformers are constructed of two coils, or inductors, 
wound on the same iron core, as shown in Fig. 34. The voltage to be 
stepped up or down is applied to coil Lp, which is called the primary 
coil of the transformer. 

When an a-c voltage Vp is connected to the primary coil, a current Ip 
flows through the coil. This current creates a magnetic field which 
passes around the iron core and through the secondary coil Ls. As the 
magnetic field due to the primary rises and falls with the continual 
rising and falling of the a-c current, it cuts across the windings of the 
secondary coil and induces a voltage Vs across the coil. 

If the secondary coil has more turns than the primary, then the volt¬ 
age will have been stepped up and the output voltage Vs will be great¬ 
er than the input voltage Vp. On the other hand, if Ls has fewer turns 
than Lp, then Vs will be less than Vp and the voltage will be stepped 
down. 

The number of turns in the secondary divided by the number of turns 
in the primary is called the turns ratio T of the transformer: 

Fig. 34 A power transformer. 
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Np 

If there are 200 turns on the primary and 1000 turns on the second¬ 
ary, the turns ratio is 1000 4- 200 = 5, or 5:1. If there are 1000 turns 
on the primary and 200 turns on the secondary, the turns ratio is 

200 •+• 1000 =—, or 1/5, or 1:5, or 0.2. 
5 

The turns ratio tells you how much the voltage is stepped up or 
down. To find the output voltage, multiply the input voltage by the 
turns ratio: 

Vs = TVp 

For example, if a 100-volt a-c voltage is applied to the primary coil of 
a transformer having a turns ratio of 5, then the output voltage is 5 
times as large as the input voltage of 100 volts, or Vs = 5 X 100 = 
500 volts. If the turns ratio is 1/5, the output voltage is one-fifth as 
large as the input voltage and 

Vs = — X 100 = 20 volts. 
5 

Example .. . Find the secondary voltage of a transformer with 1200 turns on 
the primary and 150 turns on the secondary if the primary voltage is 220 volts. 

Solution .. . First find the turns ratio: 

T = — - = 0.125 
Np 1200 

Now multiply primary voltage by turns ratio to get secondary voltage: 

Vs = 0.125 X 220 = 27.5 volts, ans. 

WHAT HAVE YOU LEARNED? 

1. If there are more turns on the secondary than the primary of a 
transformer, the secondary voltage will be (a)-than the pri¬ 
mary voltage. If there are fewer turns in the secondary than the pri¬ 
mary, the secondary voltage will be <b)-than the primary 
voltage. If there are twice as many turns in the secondary as in the 
•Some authors define turn ratio as the number of turns on the primary divided by the number of turns 

on the secondary, or T = We will not use this definition. 
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primary, the secondary voltage will be (c)_the primary volt¬ 
age, and if there are half as many turns on the secondary, the sec¬ 
ondary voltage will be (d>_the primary voltage. 

2. A transformer with 200 turns on the primary and 600 turns on the 
secondary has a turns ratio of («) _A transformer with 600 
turns on the primary and 200 turns on the secondary will have 
a turns ratio of (b>-If the primary voltage is 300 volts for 
both transformers, the first transformer will have a secondary voltage 
of (c)-volts and the second transformer will have a secondary 
voltage of (d)_volts. 

3. Find the secondary voltage of a transformer with 800 turns on the 
primary and 3000 turns on the secondary when the primary voltage 
is 120 volts_ 

4. You need a transformer to reduce the 110 volts of the power lines 
to 50 volts. Since such a transformer is not readily obtainable, you 
decide to wind it yourself by using the core of an old burned-out 
transformer. You wind 500 turns for the primary. For the secondary 
you should wind_turns. 

ANSWERS 

1. (a) More; (b) lower; (c) twice; (d) half 

2. (a) 3, or 3:1; (b)^-, 0.333, or 1:3; (c) 900; (d) 100 o 
3. 450 volts ... The turns ratio is 3000/800 = 3.75. Multiplying the primary 
voltage by the turns ratio, 3.75 X 120 = 450 volts. 
4. 227 ... To reduce 110 volts to 50 volts, a turns ratio of 50/110 = 0.455 is 
required. 500 X 0.455 = 227 turns 

CURRENTS IN A TRANSFORMER ... In Fig. 35 is shown a power 
transformer raising the 110-volt line voltage to a level suitable for a 
high-voltage rectifier. When the transformer is supplying current to 
a load, as in this case, the current L which flows out of the secondary 
into the load is related to the current Ip which flows in the primary 
by the formula 

i, = 4 
T 

Thus, to find the current in the secondary, you must divide the cur¬ 
rent in the primary by the turns ratio. If 3 amp flows into a trans-
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primary secondary 
Fig. 35 Currents in a transformer. 

former having a turns ratio of 5, then the output current will be Is = 

3 AC — = 0.6 amp. 
5 

Recall that in finding the output voltage you multiplied the input 
voltage by the turns ratio. Therefore, current and voltage behave op¬ 
positely in a transformer: If the voltage is stepped up, the current is 
stepped down and vice versa. 
Besides telling you how much the voltage is stepped up, the turns 
ratio tells you how much the current is stepped down. Another way 
to state this fact is to say the ratio of secondary voltage to primary 
voltage is equal to the turns ratio and the ratio of primary current to 
secondary current is equal to the turns ratio: 

Vs   rp Ip   rp 
Vp- T~ 

With these formulas you can calculate the turns ratio when you know 
the input and output voltages or currents. 

WHAT HAVE YOU LEARNED? 

1. Currents behave (a)_to voltages in a transformer. If 
the voltage is stepped up, the current is stepped ib)-To 
find the secondary current from the primary current, you (c)-
the primary current by the turns ratio. 

2. You find that a certain transformer has a turns ratio of 10. How 
much current will flow in the secondary coil if the primary has 2 amp 
flowing through it? io>_If this transformer has 100 volts 
across its primary, the secondary voltage is (b)-volts. 

3. The power company steps up the voltage of its generators from 
15,000 to 90,000 volts for transmission along high-tension wires. The 



turns ratio of the transformer needed is (□) _ This transformer 
has (b) (more) (less) turns on the secondary than on the primary. 

4. You desire to step up an audio voltage from 20 volts to 100 volts. 
You will need a transformer with more turns on the secondary than 
the primary. The turns ratio of the transformer must be (o)_ 
If 4 ma flows in the primary, (b> _ milliamperes flows in the 
secondary. 

ANSWERS 

1. (a) Opposite; (b) down; (c) divide 2. (a) 200 ma; (b) 1000 
3. (a) 6; (b) more 4. (a) 5; (b) 0.8 

PRACTICAL CONSIDERATIONS ... A transformer is an a-c device 
and will not work with d-c. The reason is that the magnetic field in 
the core must rise and fall across the turns of the secondary coil in 
order to induce a secondary voltage. If a d-c voltage is applied to the 
primary of a transformer, the d-c source will see only the resistance 
of the windings and a large d-c current will flow and will probably 
damage the transformer. 

When an a-c voltage is applied to the transformer, however, the 
reactance of the primary winding is sufficiently large that only a 
moderate a-c current flows. The reactance of the primary windings, 
as you know, depends upon the frequency at which the transformer 
is being used. If a transformer is used at a frequency significantly lower 
than the frequency for which it was designed, the primary windings 
will not have enough reactance and an excessive a-c current will flow. 

An iron core is used in a transformer to provide a low-reluctance path 
for the magnetic field encircling the primary and secondary coils. If 
the magnetic field did not see a complete iron path between the pri¬ 
mary and secondary coils, the operation of the transformer would be 
seriously affected, because it would be much harder to produce a strong 
magnetic field around the secondary coil. 

Figure 36(a) shows the cross section of a core made out of a solid piece 
of iron. You can see that such a core can be thought of as being made 
up of a large number of one-turn coils set right next to each other. If 
this core were used in a transformer, each of these one-turn coils would 
act as a shorted secondary winding and would have a current induced 
in it. Such currents, called eddy currents, heat up the core and cause 
a large power loss. 



46 shorted "one-turn" coils 

(a) solid iron core with eddy current losses 
Fig. 36 Eddy currents in a transformer. 

laminations insulated from one another 

(b) laminated core to minimize eddy currents 

To minimize the eddy current effect, transformers are not made of a 
single piece of iron. Instead, they are constructed of a number of thin 
sheets, or laminations, insulated from one another as shown in Fig. 
36(b). These laminations break up the “one-turn coils” and greatly 
reduce the eddy current losses. 

Hysteresis is another cause of power loss in transformers. Every time 
the magnetic field reverses in the iron core (which it does twice each 
cycle), the molecules of the iron shift about. The friction associated 
with the turning of the molecules heats up the core. The resulting 
power loss is called hysteresis loss. 

WHAT HAVE YOU LEARNED? 

1. A transformer will not work with d-c because the magnetic field in 
the core must («> _with time. If d-c is connected to a trans¬ 
former, excessive (b)_will flow and damage the transformer. 

2. A transformer should not be used with a-c below its rated frequency 
because the windings do not possess enough-to limit 
the a-c current. 

3. An iron core is used in a power transformer to provide a low-
la) _path between primary and secondary coils for the 
(bj-



4. If you wound a transformer on a solid-iron core, the transformer 41 
would become hot when you used it because of the (a)-cur¬ 
rents which would flow in the core. To prevent this heating, you would 
make the core of (b>_and insulate them from one another. 

ANSWERS 

1. (a) Vary; (b) current 2. Reactance 
3. (a) Reluctance; (b) magnetic field 4. (a) Eddy; (b) laminations 

25 SKIN EFFECT ... At radio frequencies there is a tendency for cur¬ 
rent to travel near the surface of the conductor, the central portion 
of the conductor being little used. This phenomenon is called skin effect. 
The result of skin effect is to increase the resistance of the conductor 
at radio frequencies to a value that is often much higher than the d-c 
resistance of the conductor. The part of the conductor not used might 
as well not be there (except that it provides mechanical strength). 
The conductor is therefore equivalent electrically to a much smaller 
d-c conductor, where the entire cross-sectional area is used. Hence, 
the higher resistance at radio frequencies. 

Skin effect is caused by the inductance of the conductor. Although 
we usually associate inductance with coils, a straight wire will have 
some inductance. This inductance is not evenly spread throughout 
the area of the wire, but is greatest at the center, and very little at 
the surface of the conductor. The reactance of the inductance near the 
center of the conductor is high enough at radio frequencies to cause 
nearly all the current to move near the surface, where the opposition 
to current flow is much lower. The inductance in an ordinary conduc¬ 
tor is so low that its reactance at low frequencies is negligible. Con¬ 
sequently, the resistance of a conductor at audio frequencies is essen¬ 
tially the same as its d-c resistance. 

Where it is desired to keep resistance at radio frequencies (called 
r-f resistance) as low as practical, large diameter conductors are used. 
To save metal and reduce weight, copper tubing can be used. 

Don’t confuse r-f resistance with impedance. Impedance is the total 
opposition to current flow, consisting of reactance and resistance. R-f 
resistance is only the resistive part of the opposition. 



48 Lesson 2304-3 

ALTERNATING-CURRENT CIRCUITS 

EXAMINATION 

Circle the number of the correct answer for each question that follows. When you are finished, 

transfer the answers to the answer sheet by putting X'» in the proper squares. When the graded 

answer sheet is returned to you, correct in this book any questions you may have missed. By 

doing so, you will have a record of the correct answers to all questions for review purposes. 

1. In Fig. 37 indicate which graph represents a sine wave of voltage 
leading a sine wave of current by 90°. 
(P (2) (3) (4) 

2. In Fig. 37 indicate which graph represents a sine wave of current 
leading a sine wave of voltage by 90°. 
(1) (2) @ (4) 

3. In Fig. 37 indicate which graph represents a sine wave of voltage 
displaced from a sine wave of current by 180° 
(D Ü) (3) (4) 

4. In Fig. 37 indicate which graph represents a sine wave of voltage 
in phase with a sine wave of current. 
(1) (2) (3) A 

Fig. 37 

3 4 



5. What is the meaning of phase difference? 49 
(1) the difference in amplitude between two waves of the same 
frequency 
(2) the difference in wavelength between two waves of the same 
frequency 
0) the difference in time by which one wave leads or lags 
another wave 
(4) the difference in frequency between two sine waves 

6. What units are used to measure phase difference? 
(1) ohms degrees 
(2) amperes (4) feet 

(5) gilberts 

7. For power calculating purposes the value of an a-c wave to use is the 
(3) peak value 
(4) pulsating value 

(1) average value 
effective value 

8. What is meant by the statement that one wave leads another 
wave? 
( 1 ) the two waves are in phase 

the two waves are out of phase, the leading wave occurring 
before the other wave 
(3) the two waves are out of phase, the leading wave occurring 
after the other wave 
(4) the two waves are out of phase, both waves occurring simul¬ 
taneously. 

9. What is the ratio between the effective value of an a-c wave and 
its peak value? 

(1) 1.414:1 (3) 0.892:1 
(2) 0.637:1 (4) 0.902:1 

0.707:1 

10. What is the ratio between the average value of an a-c wave and 
its peak value? 

(1) 1:1 (3) 0.707:1 
0.637:1 (4) 0.902:1 



50 11. What is the ratio between the average value of an a-c wave and 
its effective value? 

(1) 1:1 O 0.902:1 
(2) 0.707:1 (4) 1.414:1 

12. What is the ratio between the peak value of an a-c wave and its 
effective value? 

|G) 1.414:1 (3) 1.329:1 
(2) 0.637:1 (4) 1:1 

13. What unit is used in expressing the a-c impedance of a circuit? 
I© ohms (3) amperes 
(2) henrys (4) farads 

(5) joules 

14. What is the reactance value of a capacitor of 0.005 gf at a fre¬ 
quency of 1000 kc? 

(1) 3.18 ohms (3) 73.1 ohms 
(2) 13.5 ohms (4) 318 ohms 

31.8 ohms 

15. What is the capacitance of a capacitor having a reactance of 100 
ohms at 10 me? 

(1) 0.032 Mf XP 159 pf 
(2) 111 pf (4) 314 gf 

(5) 0.159 gf 

16. What is the reactance value of a capacitor of 20 /xf at a frequency 
of 1000 cps? 

(1) 79.6 ohms (3) 33.8 ohms 
(2) 15.9 ohms 7.96 ohms 

(5) 31.8 ohms 

17. What is the capacitance of a capacitor having a reactance of 1000 
ohms at a frequency of 30 me? 

(1) 11.6 pf (3) 17.2 pf 
(2) 53 pf 5.31 pf 

(5) 16 gf 

18. What is the purpose of an r-f coupling capacitor? 
(1) to pass d-c while blocking a-c 
ß) to pass a-c while blocking d-c 
(3) to block d-c and a-c 
(4) to pass a-c and d-c 



19. What is the purpose of an r-f choke? 
to pass d-c while blocking a-c 

(2) to pass a-c while blocking d-c 
(3) to block d-c and a-c 
(4) to pass a-c and d-c 

51 

20. What is the current and voltage relationship when inductive re¬ 
actance predominates in an a-c circuit? 
(fP voltage leads the current by 90° 
(2) voltage lags the current by 90° 
(3) voltage and current are in phase 
(4) current leads the voltage by 180° 
(5) currents lags the voltage by 180° 

21. What is the current and voltage relationship when capacitive re¬ 
actance predominates in an a-c circuit? 
(1) voltage leads the current by 90° 

voltage lags the current by 90° 
(3) voltage and current are in phase 
(4) current leads the voltage by 180° 
(5) current lags the voltage by 180° 

22. What is the current and voltage relationship when a-c is applied 
to a resistor? 
(1) voltage leads the current by 90° 
(2) voltage lags the current by 90° 
(J? voltage and current are in phase 
(4) current leads the voltage by 180° 
(5) current lags the voltage by 180° 

23. Neglecting distributed capacitance, what is the reactance of a 5-
mh choke coil at a frequency of 1000 kc? 
(1) 22.8 kilohms 
(2) 396 ohms 

31.4 kilohms 
(4) 7.9 megohms 
(5) 3.14 kilohms 



52 24. What is the inductance of an inductor having a reactance of 200 
kilohms at a frequency of 2000 kc? 
(1) 1.59 mh 
(2) 34.7 mh 
(3) 1.59 henrys 
(4) 74.8 mh 

15.9 mh 

What is the reactance of a 5-henry choke at a frequency of 3 kc? 25. 

94.2 kilohms 

(1) 
(2) 
(3) 
(4) 

144 ohms 
29.6 megohms 
13.7 kilohms 
47.6 kilohms 

26. What is the inductance of an inductor having a reactance of 700 
kilohms at a frequency of 400 kc? 
(1) 144.9 mh 
(2) 7.99 henrys 
0  279 mh 
(4) 15.9 mh 
(5) 3.67 mh 

27. Why are laminated iron cores used in audio and power trans¬ 
formers? 
(1) to increase the frequency response 
(2) to minimize hysteresis losses 
(3) to increase the strength of the transformer 

to minimize eddy current losses 
(5) to minimize stray capacitance 

28. How are eddy current losses minimized in audio and power trans¬ 
formers? 

by using laminated-iron cores 
(2) by minimizing stray capacitance 
(3) by using hard-steel cores 
(4) by increasing the turns ratio 
(5) by decreasing the turns ratio 



5: 29. What are eddy currents in a transformer? 
(1) currents induced in the secondary winding 
(2) currents self-induced in the primary winding 

currents induced in the core 
(4) currents due to the leakage flux 

30. What would be the effect of connecting 110 volts at 25 cycles to 
the primary of a transformer rated at 110 volts and 60 cycles? 
(1) higher efficiency 
G) overheating due to increased primary current 
(3) lower efficiency 
(4) increased secondary current 
(5) increased inductive reactance of primary winding 

31. What would be the effect if direct current were applied to the 
primary of an a-c transformer? 
( 1 ) higher efficiency 

excessive d-c current would flow in the primary and damage 
the transformer 
(3) large d-c voltage in the secondary coil 
(4) lower efficiency 
(5) transformer would behave normally 

32. Why may a transformer not be used with direct current? 
(1) transformer cores are not large enough 
© a time-varying magnetic field must be used to induce the sec¬ 
ondary voltage 
(3) the transformer draws too much current when connected to 
an a-c source 
(4) an a-c current must be used to make the reactance of the pri¬ 
mary coil large 

33. Why may a transformer not be used at a frequency lower than 
its rated frequency? 
(1) primary windings have too much reactance at a lower fre¬ 
quency 
Í2) primary windings have too little reactance at a lower frequency 
(3) primary windings have the same reactance at a lower fre¬ 
quency 
(4) primary windings have too little distributed capacitance at a 
lower freauencv 



54 34. If a power transformer, having a voltage step-up ratio of 5:1 is 
placed under load, what will be the approximate ratio of secondary 
to primary current? 

1:5 (3) 10:1 
(2) 1:10 (4) 5:1 

(5) 7:1 

35. If 100 volts is applied to the primary of a power transformer hav¬ 
ing three times as many secondary turns as primary, what is the 
output voltage? 

(1) 250 volts (3) 33.3 volts 
(2) 900 volts (T) 300 volts 

(5) 90 volts 

36. If 10 volts is applied to the primary of a power transformer and 
the secondary voltage is then found to be 100 volts, what is the 
ratio of secondary turns to primary? 

(1) 1:1 10:1 
(2) 1:10 (4) 100:1 

(5) 1:100 

37. If 3 amp flows in the primary of a power transformer having a 
voltage step-up ratio of 3:1, what is the current which flows in the 
secondary? 

(1) 9 amp (3) 0.3 amp 
(2) 6 amp O 1 amp 

(5) 10 amp 

38. If 4 amp flows into the primary of a power transformer and 16 
amp flows in the secondary, what is the ratio of secondary turns 
to primary? 

O 1:4, or 0.25 (3)4:1, or 4 
(2)8:1, or 8 (4) 1:8, or 0.125 

(5) 16:4, or 4 

39. What is meant by the impedance of an a-c circuit? 
(1) the opposition to current flow due to heat losses 
(2) the opposition to current flow due to phase shift 
^7 the total opposition to current flow due to resistance and re¬ 
actance 
(4) the phase shift between current and voltage 



time seconds 

Fig. 38 

40. What is the peak-to-peak value of the sinusoidal wave shown in 

40 volt 
(5) 56.5 volt 

Fig. 38? 
(1) 14.1 volt 
(2) 20 volt 
(3) 28.2 volt 

41. What is the frequency of the wavg-jn Fig. 38? 
(1) 200 cps 500 cps 
(2) 300 cps (5) 1000 cps 
(3) 333 cps (6) 2000 cps 

(7) None of the above 

42. An electric heating pad is normally operated from a 150-volt peak 
value sine wave power source. If the operating voltage were to be 
changed to d-c, what d-c voltage should be used if the heating 
effect is to be the same as when a-c is used? 
(1) 95.5 volts 

106 volts 
(3) 150 volts 
(4) 212 volts 

(5) None of the above 

43. You are told that a certain a-c power line has a voltage of 230 
volts. What is the effective value of the power line voltage? 
(1) 146 volts (3) 207 volts 
(2) 163 volts 230 volts 

(5) None of the above. 

44. If the frequency of an a-c voltage source is 50 cps, how many 
alternations occur per second? 
© 100 @ 50 
(2) 75 (4) 25 

5Í 

45. You find an unmarked transformer in a piece of electronic equip¬ 
ment. You find that when you put 2 volts a-c on the primary, 12 
volts appear across the secondary. When the primary current is 



56 30 ma, then the secondary current is approximately 

(1) 3.41 ph 
(2) 34.1ph 

(4) 60 ma. 
(5) 180 ma. 
(6) 360 ma. 

(3) 942 pa 
(4) 15.9 ma 

( 1 ) 2.5 ma. 
@ 5 ma. 
(3) 30 ma. 

U-J 189 pa 
(2) 529 pa 

50. If a choke used to block a-c while passing d-c is to do its job per¬ 
fectly, the a-c current through the choke would be zero. This 
would require a choke with infinite reactance, which is impossible. 
What current actually passes through the choke of Question 49 if 
the a-c voltage to be blocked is 8 volts? 
Ö 53.3 pa (3) 2.36 ma 
(2) 236 pa (4) 18.8 ma 

End of Exam 

(5) 159 ma 

49. A choke used to pass d-c while blocking a-c must have a high re¬ 
actance at the frequency of the a-c if the a-c is to be effectively 
blocked. What minimum inductance must an r-f choke have in 
order to present a value of not less than 150 kilohms to an r-f 
current at 7 me? 

(3) 341 ph 
(ty 3.41 mh 

(5) 3.41 h V

46. If 110 volts a-c is applied to the primary of a power transformer 
having a voltage step-up ratio of 3:1, what is the approximate 
power output from the secondary if the primary current is 400 ma? 
(1) 1.2 watts 44 watts 
(2) 7.33 watts (5) 132 watts 
(3) 14.7 watts (6) 330 watts 

(7) 396 watts 

47. A capacitor used to pass the a-c signal to some other part of the 
circuit while blocking d-c should have a low reactance to the a-c 
being passed so that the signal loss caused by the capacitor will 
be slight. What is the minimum size capacitor you can use if you 
don’t want the reactance to be over 20 ohms and the signal being 
passed has a frequency of 3 me? 
on 0.00265pf (3) 2.65 pf 
(2) 0.00265pf (4) 265 pf 

48. A total capacitance of 0.01 pf is across the output terminals of an 
audio generator. How much current is the capacitance drawing 
from the generator when the generator is set at 1 kc with an 
output of 3 volts? 



Notes 

"If you're made of the right material, 
i hard fall results only in a high bounce. 





COPPER WIRE TABLE 

Standard Annealed Copper Wire, Solid 
American Wire Gage (B.&S.). English Units 

Gage 
num¬ 
ber 

Diameter, 
mils 

Cross-section Ohms per 1,000 ft. Ohms per 
mile 

25°C. 
1 (-77°F.) 

Pounds 
per 1,000 

ft. 
Circular 

mils 
Square 
inches 

25’C. 
(-77°F.) 

65°C. 
(- 149°F.) 

0000 
000 
00 
0 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 

460.0 
410.0 
365.0 
325 0 
289 0 
258 0 
229 0 
204 0 
182 0 
162.0 
144.0 
128.0 
114.0 
102.0 
91.0 
81.0 
72.0 
64.0 
57.0 
51.0 
45.0 
40.0 
36.0 
32.0 
28 5 
25 3 
22.6 
20.1 
17.9 
15 9 
14.2 
12.6 
11.3 
10.0 
8 9 
8 0 
7.1 
6.3 
5.6 
5.0 
4 5 
4.0 
3.5 
3.1 

212,000.1 
168,000.1 
133,000.1 
106,000.1 
83,700 ( 
66,400.1 
52.600.C 
41,700 C 
33,100.0 
26,300.0 
20,800 0 
16,500.0 
13,100.0 
10,400.0 
8,230.0 
6,530.0 
5,180 0 
4,110.0 
3,260.0 
2.580.0 
2'. 050.0 

1,620.0 
1,290.0 
1,020.0 
810.0 
642.0 
509.0 
404.0 
320.0 
254.0 
202.0 
160 0 
127.0 
101.0 
79 7 
63.2 
50.1 
39 8 
31.5 
25.0 
19.8 
15.7 
12.5 
9.9 

0.166 
0.132 
0.105 
0 0829 
0.0657 
0.0521 
0.0413 
0.0328 
0.0260 
0.0206 
0.0164 
0.0130 
0.0103 
0.00815 
0.00647 
0.00513 
0.00407 
0.00323 
0.00256 
0.00203 
0.00161 

. 0.00128 
0.00101 
0.000802 
0.000636 
0.000505 
0.000400 
0.000317 
0.000252 
0.000200 

0.000158 
0.000126 
0.0000995 
0.0000789 
0.0000626 
0.0000496 
0 0000394 
0.0000312 
0.0000248 
0.0000196 
0.0000156 
0.0000123 
0.0000098 
0.0000078 

0.050C 
0.063C 
0.0795 
0.100 
0.126 
0.159 
0.201 
0.253 
0.319 
0.403 
0.508 
0.641 
0.808 
1.02 
1.28 
1.62 
2 04 
2.58 
3.25 
4 09 
5.16 
6.51 
8 21 
10.4 
13 1 
16.5 
20.8 
26.2 
33.0 
41.6 
52.5 
66.2 
83.4 
105.0 
133.0 
167.0 
211.0 
266.0 
335.0 
423.0 
533.0 
673.0 
848.0 
,070.0 

0.057“ 
0 0727 
0.0917 
0.116 
0.146 
0.184 
0 232 
0.292 
0.369 
0.465 
0 586 
0.739 
0.932 
1.18 
1.48 
1.87 
2.36 
2.97 
3.75 
4.73 
5.96 
7.51 
9.48 
11.9 
15.1 
19.0 
24.0 

30.2 
38 1 
48.0 
60.6 
76 4 
96.3 
121.0 
153.0 
193.0 
243.0 
307.0 
387.0 
488.0 
616.0 
776.0 
979.0 1 
,230.0 1 

0.264 
0.337 
0.42C 
0.528 
0.665 
0.838 
1.061 
1.335 
1.685 
2.13 
2.68 
3.38 
4.27 
5.38 
6.75 
8.55 
10.77 
13.62 
17.16 
21.6 
27.2 
34 4 
43.3 
54.9 
69.1 
87.1 
109.8 
138.3 
174.1 
220.0 
277.0 
350.0 
440.0 
554.0 
702.0 
882.0 

1,114.0 
1.404.0 
1,769.0 
2,230.0 
2.810.0 
3,550.0 
4,480.0 
5,650.0 

641.0 
508 0 
403.0 
319.0 
253.0 
201.0 
159.0 
126.0 
100.0 
79.5 
63.0 
50.0 
39.6 
31.4 
24.9 
19.8 
15.7 
12.4 
9.86 
7 82 
6.20 
4.92 
3 90 
3.09 
2.45 
1.94 
1 54 

1.22 
0.970 
0.769 
0.610 
0.484 
0.384 
0.304 
0.241 
0.191 
0.152 
0 120 
0.0954 

0.0757 
0.0600 
0.0476 

0.0377 
0.0299 

From A Course in Electrical Engineering. Vol. I. Direct Currents, by Chester L Dawes 
Copyright 1937. McGraw-Hill Book Company, Inc. Used by permission. 
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A chat with your instructor 

In this lesson you will learn about the operation of triode, tetrode, 
and pentode vacuum tubes. Also included in this lesson is a discus¬ 
sion of the basic operation of the gas diode and gas triode. 

The first topics make a distinction between the two basic types of 
electron emitters: the directly heated and the indirectly heated cath¬ 
odes. The type of heater supply and how it is connected into the cir¬ 
cuit have much to do with the type of emitter utilized in the tube. 
The first topics are devoted to the distinction between the heater 
supplies and what precautions must be taken when constructing cir¬ 
cuits for them. 

The relationship between plate current and plate voltage is estab¬ 
lished for both the triode and pentode with the help of the volt¬ 
ampere characteristics. In this way, you will easily see the differences 
between these two types of vacuum tube. The electrical characteris¬ 
tics of these tubes are then developed, and you are shown how they 
are useful. 

In this lesson you will learn how the grid bias voltage supply E« is 
replaced with bias circuits which do not require separate voltage sup¬ 
plies. Since this is what is done so often in actual practice, you will 
learn how such bias circuits can be calculated. 

After learning about the limitations of the triode vacuum tube, you 
will study the tetrode and then the pentode. Since the pentode re¬ 
quires the use of an additional positive voltage, you are shown how 
this additional voltage can be obtained without using another sup¬ 
ply. A special pentode which is in common use, called the beam power 
tube, is treated separately. 

The gas tube and its advantages over the vacuum tube are pointed 
out for you in the last topics of this lesson. The special provisions 
which must be made for using the gas diode in a battery-charging 
circuit are discussed and illustrated. This lesson closes with a discus¬ 
sion of the electrical characteristics of the thyratron tube, which is 
a gas triode. 
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Operation of 
Vacuum Tubes 

DIRECTLY AND INDIRECTLY 
HEATED CATHODES 

As you will recall from preceding lessons, a vacuum tube employs a 
heated cathode to emit the electrons which constitute the control¬ 
lable flow of current through the tube. Two basic types of cathode 
construction are employed: the directly heated cathode and the indi¬ 
rectly heated cathode. In the case of the directly heated cathode, the 
electron-emitting surface is heated directly by the passage of current 
through it, whereas in the indirectly heated cathode, the electron¬ 
emitting surface is brought up to proper temperature by the heat 
radiated from a nearby separate heater element. 

THE DIRECTLY HEATED CATHODE ... The directly heated 
cathode—or filament, as it is often called—is illustrated in Fig. 1. In 
operation, current passed through this filament causes it to become 
heated to the temperature at which it will emit free electrons. The 
filament may be made of pure tungsten, thoriated tungsten, or metals 
coated with metallic oxides. 

Pure-tungsten filaments must be raised to the highest temperature of 
the three for proper electron emission, and they are therefore the least 
economical from the standpoint of heating power. (The higher the 
operating temperature, the greater the heating current required.) 
However, when operated at proper temperature, pure-tungsten elec¬ 
trodes give high electron emission. 

Thoriated-tungsten filament temperature is not as high as the pure-
tungsten temperature, but a relatively large amount of heating power 
is still required. 

The oxide-coated filament requires the least amount of heating power, 
and it is the most popular type, being used extensively in tubes de¬ 
signed for battery-operated equipment. 



'-filament 
power supply 

( b) Location of tube element 
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(a) Filament construction 

Fig. 1 Directly heated cathode. 

WHAT HAVE YOU LEARNED? 

1. Why are thoriated-tungsten filaments not used in tubes intended 
for battery-operated equipment? 

2. What is the advantage of using tubes with pure-tungsten filaments 
in transmitters? 

ANSWERS 

1 • They are operated at higher temperatures than oxide-coated filaments, and 
thus they require more heater current. Low current consumption is important 
in battery-operated equipment. 
2. They can handle high values of plate current because of the high rate of 
electron emission from this type of filament. 

Q PROPER OPERATION OF DIRECTLY HEATED CATHODES 
. . . Figure 2 illustrates a simplified vacuum-tube amplifier using a 
tube with a directly heated cathode. The solid arrows indicate the 
plate current path through the tube, and the filament-heating cur¬ 
rent path is represented by the outline arrows. 

The emission of electrons from the filament, which constitutes the 
plate current, will take place throughout the filament surface, but 
not evenly. The left side of the filament, which is connected to the 
negative side of the filament supply (and is therefore more negative 
with respect to the plate) will emit more of the plate current than 



Fig. 2 Flow of plate and filament current through tube filament. 

will the right side. For that reason the active coating on the filament 
wears away unevenly, wearing the fastest nearest the negative fila¬ 
ment supply terminal. Therefore, in high-power transmitting tubes, 
it is recommended that the filament terminal connections be periodi¬ 
cally reversed when d-c is used for heater power. Tube life will thereby 
be extended. 

The use of a-c rather than d-c for the filament supply is usually 
desirable because of its convenience and economy. Step-down trans¬ 
formers convert the common 117-volt or 230-volt line voltage to the 
desired filament voltage. 

When an a-c filament supply is used, a certain amount of hum will be 
developed by the filament. This hum can be reduced to a minimum 
by connecting all the common or ground points in the circuits asso-

Fig. 3 Use of filament transformer center tap as common or ground point of circuit. 



Fig. 4 Use of two resistors across filament transformer to establish common or 
ground point. 

ciated with the tube to the center point of the filament transformer 
secondary winding as shown in Fig. 3. The “common or ground points” 
are the circuit return points for the plate voltage supply, grid input 
signal, etc. In most cases, the common or ground portion of the cir¬ 
cuit is connected to the metal chassis upon which the circuit is 
assembled. 

If the filament transformer secondary doesn’t have a center tap, two 
equal-value resistors may be placed across the secondary. All of the 
circuit ground points are then connected to the junction of these two 
resistors. As indicated by the arrows in Fig. 4, the two resistors serve 
essentially the same purpose as a center tap, since they place the 
circuit ground midway between the two ends of the secondary wind¬ 
ing just as the center tap does. 

A special note of precaution is necessary here. The pairs of wire 
carrying the a-c heater current to the tubes should be twisted tightly 
together and dressed down close to the chassis to minimize their 
radiation of a-c fields which can induce hum into other parts of the 
circuit. This is especially important in audio amplifier equipment, 
which is particularly sensitive to radiated a-c fields. 

WHAT HAVE YOU LEARNED? 

1. An amplifier similar to that of Fig. 3 is brought to you with the 



6 complaint of excessive hum. Which of the following defects would be 
the most likely cause of this hum? 
(a) Twisted heater wires 
(b) Filament leads pulled up from chassis 
(c) Open filament transformer primary winding 
(d) Open filament transformer secondary winding 

2. You replace the filament transformer for an amplifier like the one 
shown in Fig. 3 and find that the secondary winding of the new trans¬ 
former has no center tap. What provision would you make to substitute 
for the center tap? 

3. Upon making the provision in Problem 2, to what would you con¬ 
nect all the circuit ground points? 

4. State two precautions for the reduction of hum in an audio 
amplifier. 

ANSWERS 

1. ( b) Filament leads pulled up from chassis. 
2. Connect two equal resistors across the secondary winding. 
3. To the junction of the two resistors. 
4. (a) All circuit grounds should be connected to the center tap of the filament 
transformer secondary or to the junction of two resistors connected across the 
secondary. (b) The heater leads should be twisted together. 

(a) Construction 
Fig. 5 Indirectly heated cathode. 



2 THE INDIRECTLY HEATED CATHODE... Tubes with indirectly 
heated cathodes are nearly always designed for use with a-c heater 
current supplies. The construction of a typical indirectly heated cath¬ 
ode assembly is shown in Fig. 5. 

Notice that the heater element is isolated completely from the cath¬ 
ode sleeve, which is coated with special oxide materials which read¬ 
ily emit electrons when heated. The heater temperature is raised by 
passing current through the heater; this in turn heats the cathode 
sleeve and its oxide coating. The heater serves no other purpose than 
to heat the cathode; it contributes nothing to the emission of elec¬ 
trons. 

Since the heater is completely isolated from the active cathode, it 
may be heated by a source of a-c with little possibility of electrical 
interference such as hum. 

Although oxide-coated indirectly heated cathodes are used extensive¬ 
ly in receiving and low-power transmitting tubes, tungsten must be 
used for the cathodes in high-power tubes. The reason is that other 
materials do not emit electrons fast enough. It is not practical to ob¬ 
tain the high operating temperatures required for tungsten cathodes 
by indirect heating; consequently, high-power tubes use directly 
heated cathodes. 

An important consideration in the use of any heated-cathode vacuum 
tube, especially high-power transmitting tubes, is that the filament or 
heater voltage must be maintained at the operating level specified by 
the manufacturer. If the applied voltage is below normal, the elec¬ 
tron emission of the cathode will be reduced and the tube will not be 
capable of providing its rated power output. If the applied voltage is 
above normal, the life of the filament or heater—and hence the tube-
will be shortened. 

Oxide-coated indirectly heated cathodes and oxide-coated and thor-
iated-tungsten filaments gradually lose their electron-emissive quali¬ 
ties during use. Not too much can be done to reactivate the oxide¬ 
coated cathodes and filaments, but thoriated-tungsten filaments can 
often be restored to useful electron emission by applying a voltage 
approximately 30 per cent higher than their rated value for a period 
of from 20 to 30 min. This causes the spent coating to be boiled off 
and a fresh electron-emitting surface to be exposed. This reactivation 
process is occasionally applied to transmitting tubes, the maximum 
use of which is required for economic reasons. 



8 WHAT HAVE YOU LEARNED? 

1. Will a directly or indirectly heated cathode reach operating tem¬ 
perature the quickest? 

2. The main purpose of the indirectly heated cathode is to reduce 
_ when operated from an a-c supply. 

3. Since indirect cathode heating is heating from a distance, a tube 
using indirect heating requires (0) (more) (less) heating power than a 
comparable directly heated tube. This being the case, tubes used in 
portable battery-operated equipment have (b) - heated 
cathodes. 

ANSWERS 

1. Directly heated ... With indirect heating, the heater must first warm up, 
and then the radiated heat must heat the cathode. 
2. Hum 3. (a) More; (b) directly 

INTERRELATIONSHIP OF PLATE VOLTAGE, 
PLATE CURRENT, AND GRID VOLTAGE 
IN VACUUM TUBES 
In this section we are going to examine the interrelationship of plate 
voltage, plate current, and grid voltage in the vacuum tube. The use 
of characteristic curves will be explained, as will be the important 
triode tube characteristics. 

Fig. 6 Symbols used in descriptions of electronic circuits. 



Before beginning, however, just a word about the designations used 9 
to indicate such quantities as plate current, plate voltage, and grid 
bias voltage. For convenience, designations such as Ib, Eh, and Ec are 
used. They should be considered a form of electronic shorthand which 
is used extensively in the description of circuits. 

The symbols we are going to use in the following discussion are 
shown in Fig. 6, and they are defined as follows: 

Ebb is the voltage of the d-c power supply used to furnish plate volt¬ 
age to the tube. 

Eb is the plate voltage, the d-c voltage measured between plate and 
cathode of the tube. Don’t confuse plate voltage Eb with plate sup¬ 
ply voltage Ebb. The former is frequently much less than the latter 
because of the voltage drop across the load resistance Rl. 

Ec is the grid bias voltage, the d-c voltage measured between grid and 
cathode. 

Ib is the plate current, the d-c current drawn by the plate of the tube. 

Note: The symbol Eg is sometimes used for Ec; the symbol Ep for Eb, 
and the symbol Ip for Ib. 

A RELATIONSHIP BETWEEN PLATE VOLTAGE Eb AND PLATE 
CURREN T Ib IN TRIODE VACUUM TUBES... In the preceding 
lesson, you learned that the plate current Ib is controlled by the grid 
voltage Ec. As the grid voltage is made more negative, the plate cur¬ 
rent decreases; as the grid voltage is made less negative, the plate 
current increases. Also, the magnitude of the plate current depends 
on the value of plate voltage Eb as well as on the grid bias voltage 
Ec. 

This interrelationship of plate voltage Eb, plate current Ib, and grid 
voltage Ec for a triode may be illustrated by means of a graph such 
as the one shown in Fig. 7. This graph of characteristic curves is very 
useful because it gives a complete picture of the interrelationship of 
the tube plate voltage Eb, plate current Ib, and grid voltage Ec at a 
glance. 

Notice that the horizontal axis of the graph indicates increasing val¬ 
ues of plate voltage Eb starting with 0 volts at the left edge. The ver¬ 
tical axis of the graph indicates increasing values of plate current Ib 
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Fig. 7 Typical characteristic curves of a triode. 

starting with 0 ma, at the bottom left edge. Control grid bias voltage 
Ec is plotted for 0, —2, and —4 volts. 

Now let’s take a look at how we can use this graph to determine var¬ 
ious tube operating characteristics. As an example, let’s say that a 
tube with the characteristics shown in Fig. 7 is operating with a plate 
voltage Eh of 150 volts and a grid voltage Er of —2 volts. We want to 
determine the plate current lb. First, we locate the 150-volt point on 
the horizontal axis, A in Fig. 7. From that point we move upward un¬ 
til we read — 2 volts, point B. From there we move to the left until 
we reach the left edge of the graph, point C, and there we read the 
plate current h of 4 ma. 

Again, let’s say that we want to determine the proper grid bias volt¬ 
age needed to operate the tube with a plate current of 6 ma when the 
plate voltage is 250 volts. Referring again to Fig. 7, we locate the 250-
volt point D on the horizontal axis and move up from that point to 
the 6-ma point E on the vertical axis. We find that the two lines in¬ 
tersect at the —4-volt grid bias line F. Thus fora plate voltage of 
250 volts and a plate current of 6 ma, the grid bias voltage must be 
— 4 volts. 

If our tube is drawing 2 ma plate current with a grid voltage of —2 
volts, we can find its plate voltage by locating the 2-ma point G on 
the vertical axis, moving to the right until we intersect the — 2-volt 
grid bias line H, and then dropping down to the 100-volt point I on 
the horizontal axis. 



Fig. 8. 

plate voltage, volts 

WHAT HAVE YOU LEARNED? 

1. Illustrated in Fig. 8 are the average plate characteristics of a type 
6J5 triode. With a grid bias voltage Ec of —4 volts and a plate volt¬ 
age Eb of 160 volts, what is the value of plate current? 

2. In checking a particular circuit that you are servicing you find 
that the 6J5 tube is receiving a plate voltage of 240 volts and has a 
grid voltage of —10 volts. You can find that the value of plate cur¬ 
rent is - by use of the average plate characteristic 
curves. 

3. Since the plate current through a triode for a given plate voltage 
can be varied by the control grid voltage, it is apparent that the tube 
acts as a variable_ 

ANSWERS 

1. 7.5 ma 2. 3.5 ma 3. Resistor 

g THE SPACE CHARGE AND PLATE SATURATION ... As the 
electrons boil out of the cathode surface, they tend to congregate im¬ 
mediately around the cathode surface and repel other emitted elec¬ 
trons back into the cathode, since like charges repel each other. 

11 



12 

electrons pulled from space charge 
by positive plate 

Fig. 9 Space charge in a vacuum tube. 

The size of this cloud of electrons, called the space charge, is limited 
by the plate in the tube. Electrons are continually attracted to the 
positively charged plate, thus reducing the space charge (see Fig. 9). 
As the plate voltage is made increasingly more positive, the rate at 
which electrons are pulled out of the space charge onto the plate in¬ 
creases. 

If the plate voltage is made sufficiently high, electrons are pulled out 
of the space charge onto the plate at a rate as great as the electron¬ 
emission capability of the cathode surface, and a further increase in 
plate voltage will cause no increase in electron flow from cathode to 
plate. This condition is known as plate saturation* In most applica¬ 
tions, it is not desirable to operate a tube to the point of plate 
saturation. 

WHAT HAVE YOU LEARNED? 

1. A tube space charge consists of a cloud of h-—— 
which form around the surface of the (b) - The positive 
plate attracts electrons from the id - The

electrons emitted by the cathode may move on to the <d> _ 
_ or be repelled back to the w-— • 

2. If the cathode in a certain tube emits electrons at the rate of 80 
ma, the maximum possible plate current is (o) - milliamperes. 
When the plate current is this value, ib) _-

‘Plate saturation is also obtained when the grid bias is reduced to the point where fur¬ 
ther reduction will not further increase plate current. 



is said to occur. If plate current is only 30 ma, what happens to the 
additional 50 ma being emitted by the cathode? (q_ 

ANSWERS 

1. (a) Electrons; (b) cathode; (c) space charge; 
(d) plate; (e) cathode 

2. (a) 80 (b) plate saturation (c) Electrons are repelled from the space 
charge back to the cathode at a 50-ma rate. For every 80 electrons leaving the 
cathode, 50 electrons return. 

AMPLIFICATION FACTOR ... There are three important tube 
constants which help to identify the electrical properties of a tube. 
These constants are the amplification factor /t, the plate resistance rp, 
and the transconductance gm. 

The amplification factor, or g, is defined as the ratio of the change in 
plate voltage Eh to the change in control grid voltage Ec required to 
keep Ih constant. In equation form, 

g = change in plate voltage Eh wRh plate current Ih constant 
change in grid voltage Ec 

For example, assume Eh is increased from 50 to 100 volts, which will 
result in an increase in lb if Ec is not changed. Assume that Ec must 
be increased from — 2 volts to — 4 volts in order to maintain lb con¬ 
stant. The amplification factor is: 

50 M = 25 

A 2-volt change in Ec has the same effect on the plate current as a 50-
volt change in Eh for the tube considered in the example. 

The amplification factor actually indicates how large a plate voltage 
change is required to have the same effect on Ih as a 1-volt change in 
Ec. In this example, a 1-volt change in Ec has as much effect on Ih as 
a 25-volt change in Eh. 

As pointed out in the preceding lesson, a voltage amplifier should 
have as large a voltage amplification Av as possible. The amplification 
factor of the tube is the maximum Av value that can be achieved by 
that tube. Therefore, when selecting a tube to be used as a voltage 

13 



14 amplifier, the amplification factor is one of the most important con¬ 
siderations. The amplification factor of most tubes is given in any 
good tube manual. High-g triodes have amplification factors as high 
as 100. 

WHAT HAVE YOU LEARNED? 

1. The amplification factor indicates the amount of change in (a) 
_ required to produce the same effect on (b) - as a 1-
volt change in Ec. 

2. Vacuum tubes with high amplification factor values are preferred 
for service in (a) _ amplifiers because they are capable of 
producing large values of voltage (b> -

3. In a certain vacuum tube, a 100-volt change in Eh is required to 
have the same effect on Ih as a 5-volt change in Ec. The amplification 
factor is -

4. A certain vacuum tube has a pt of 100. What change in Eh is re¬ 
quired to have the same effect on Ih as a 0.25-volt change in 
Ed_ 

ANSWERS 

1. (a) Eh; (b) Ih 2. (a) voltage; (b) amplification 
3. 20 4. 25 volts 

PLATE RESISTANCE rp AND TRANSCONDUCTANCE gm... 
The vacuum tube offers resistance to the flow of d-c current from the 
cathode to the plate. This d-c resistance is equal to the d-c plate volt¬ 
age divided by the d-c plate current. 

Of greater importance is the a-c resistance of the tube, which is the 
resistance offered by the tube to the flow of a-c between the cathode 
and plate. This a-c resistance is equal to the a-c plate voltage divided 
by the a-c plate current. The a-c resistance of the tube is called the 
plate resistance. 

For example, a certain vacuum tube undergoes an lb change of 0.1 ma 
when Eh changes by 10 volts. The plate resistance is 



rp — ĥ change _ 10 
Ih change 0.0001 

rp = 100,000 ohms 

Therefore, this tube offers 100 kilohms of resistance to the flow of 
a-c current between its plate and cathode. 

The transconductance gm of a tube may be defined as the ratio of a 
change in Ih to the change in Ec which caused it. In equation form, 

_ Ih change 
Ec change 

The unit of transconductance is the mho, but the micromho (one¬ 
millionth of a mho) is in more popular use. 

Actually, once g and rp are known, gm can be calculated by using the 
formula 

g’" 
rp 

Tubes used as power amplifiers have high values of gm and relatively 
low values of rp and g. 

WHAT HAVE YOU LEARNED? 

1. In a certain vacuum tube, Eh changes by 5 volts when Ih changes 
by 1 ma. The plate resistance is _ ohms. 

2. A certain tube has an rp value of 50 kilohms. How large a change 
in Ih can be expected with a 1-volt change in Eh? 

3. A certain tube has an rp value of 10 kilohms. How large a change 
in Eh can be expected with a 1-ma change in hl_ 

4. In a certain tube, a 1-volt change in Ec causes a 2-ma change in h. 
The transconductance of this tube is _ micromhos. 

1.‘ 

5. A certain tube has a of 100 and rp of 100 kilohms. The transcon¬ 
ductance of this tube is micromhos 



16 ANSWERS 

1.5000 2. /i=^ = y0̂ ÕÕ = 0 02ma 

3. Eb = Ib X rp = 0.001 X 10,000 = 10 volts 
4. 2000 5. 1000 

MULTIELEMENT VACUUM TUBES 

The triode vacuum tube has certain limitations which are analyzed 
in this section of the lesson. One of the earlier attempts to overcome 
the shortcomings of the triode resulted in the development of the 
tetrode. Although the tetrode greatly reduced the problems encoun¬ 
tered with the triode, it introduced a new problem of its own. This 
led to the development of the pentode tube, which has most of the 
advantages of the triode and tetrode types and greatly overcomes 
the problems associated with them. The chief electrical properties 
and uses of the tetrode and the pentode are considered in the follow¬ 
ing topics. 

8 THE PROBLEM OF INTERELECTRODE CAPACITANCE . . . A capacitor is made of two plates separated by insulating material 
called the dielectric. In fact, any two conducting surfaces separated 
by an insulator has capacitance. The plate and grid of a triode tube 
form the two plates of a capacitor, and the vacuum between the 
plates is the dielectric. The capacitance between these two tube ele¬ 
ments is called the plate-grid capacitance Cpg. This capacitance has 
the same effect on the circuit as if it were replaced by an actual capa¬ 
citor, with the same capacitance, connected between plate and grid 
externally to the tube, as shown by Cpg in Fig. 10. 

Fig. 10 Interelectrode capacitances of a triode. 



Similarly, there is capacitance between plate and cathode and between 
grid and cathode. These capacitances are represented by Cpk and Cgk 
in Fig. 10. (The letter k is the usual symbol for cathode.) 
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These interelement capacitances are usually undesirable, and they 
are often serious sources of trouble. The plate-grid capacitance is the 
most troublesome, because it acts to form a path for the a-c signal 
component on the plate to flow back to the grid. You will learn in a 
later lesson how this causes the circuit to oscillate. 

WHAT HAVE YOU LEARNED? 

1. The triode vacuum tube has _ interelectrode capacitances. 

2. What is the dielectric of the triode’s interelectrode capacitances? 

3. The higher the frequency the (□) _ the reactance of Cpg. 
Therefore the interelement capacitances of a tube are more trouble¬ 
some at (b) (low) (high) frequencies. 

ANSWERS 

1. Three 2. The tube vacuum 
3. (a) Lower... The higher the frequency, the easier current passes through a 
capacitor. (b) High . . . Below 10,000 cps these capacitances cause little 
trouble. At radio frequencies, they are so troublesome as to make the use of a 
triode difficult. 

THE TETRODE ... The plate-grid capacitance of a tube can be 
greatly reduced by the use of a screen (constructed similarly to win¬ 
dow screening, but of much finer mesh) between grid and plate. This 
new tube element is called the screen grid. Since the tube now has 
four elements (plate, control grid, cathode, and screen grid), it is 
called a tetrode tube. The prefix “tetr” means “four”. The circuit 
symbol and a construction view of the tetrode are shown in Fig. 11. 

When in a circuit, the screen grid is so connected that, while it has a 
positive d-c potential, it is at a-c ground by virtue of the capacitor 
Csg in Fig. 12. The purpose of Csg is to offer a very low impedance path 
to ground for a-c signals at the screen. In this way, the screen grid is 
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Fig. 1 1 The tetrode vacuum tube. 

at ground potential as far as the a-c signal is concerned. This effective 
shielding reduces the capacitance between the plate and control grid 
to such a low value that the screen grid type of tube can be used with 
little signal feedback from plate to grid, even in radio-frequency 
circuits. 

Since the screen grid is between the control grid and plate, the elec¬ 
trons passing through the control grid are not attracted by the posi-

Fig. 12 Diagram of simplified tetrode amplifier stage showing direction of current 
flow. 



tive plate until they pass through the screen grid. Therefore, a positive 1$ 
d-c voltage is applied to the screen. In this way, the electrons are 
attracted from space charge toward the screen grid. But since the 
screen is composed of a meshwork, the majority of the electrons miss 
the actual screen grid structure and pass to the plate through the 
holes in the screen. 

Once the electrons arrive in the space between the screen and the 
plate, they feel the attraction of the positive plate and are drawn to 
it. A few of the cathode-emitted electrons strike the screen grid struc¬ 
ture, and they make up the screen grid d-c current. 

In Fig. 12, the screen grid supply is designated Ebb2 and the plate 
supply is designated Ebb,. In most applications, the screen grid voltage 
is smaller in value than the plate voltage, which is the reason two 
different power supplies are used. 

WHAT HAVE YOU LEARNED? 

1. The screen grid is at <□) (positive) (negative) d-c potential so that 
the electrons will be attracted from the (b) _ through 
the (<) - on toward the screen grid. The screen 
current consists of those electrons which are (d) _ by 
the screen grid. The remainder of the emitted electrons <«,_ 
- the screen grid and are then under the influence of the 
(•) - voltage of the (g) _ The screen grid is 
placed at <h) - a-c potential by picking a value of m_ 
which offers a very low impedance to the (¡>_ 

2. What would be the effect of a negative d-c screen voltage? 

3. The screen grid acts as a _ between the tube input and 
output circuits. 

ANSWERS 

1. (a) Positive; (b) cathode; (c) control grid 
(d) captured; (e) pass through; (f) positive 
(g) plate; (h) zero; (i) Clg: (j) a-c signal 

2. Plate current would be slight, since electrons would be repelled back to the 
cathode bv the negative screen. 3. Shield 
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screen grid 

plate 

control grid structure 
cathode 

cathode emitted electrons 
heading toward the plate 

_—secondary-emission electrons 
heading back to the screen grid 

Fig. 13 Overall action of secondary emission. 

SOLVING THE PROBLEM OF SECONDARY EMISSION . . . 
Since the screen grid is placed at a positive potential, the cathode-
emitted electrons are accelerated after they pass through the control 
grid. Because of the speed-up in their movement, these electrons 
strike the plate with such a velocity that many of them actually 
bounce off the plate back toward the screen grid. This is called 
secondary emission. Since the electrons are negative and the screen 
grid is positive, many of these secondary-emission electrons will be 
captured by the screen grid instead of returning to the plate. The 
overall action of secondary emission is shown in Fig. 13. 

The overall result of secondary emission is that the plate current is 
lowered and the screen grid current is increased. This is undesirable, 
since the useful output signal is contained in the plate current. One 
method for reducing this problem is to operate the tetrode at a plate 
voltage that is considerably higher than the screen grid potential. 

A more effective method of reducing secondary emission is to use a 
third grid, called the suppressor grid. Vacuum tubes that have three 
grids are called pentodes, since they have a total of five electrodes. 
The circuit symbol and construction of the pentode are shown in Fig. 14. 

The suppressor grid is placed between the screen grid and plate, as 
shown in Fig. 14, and it is usually operated at the same potential as 
the cathode. Therefore, the electrons passing through the screen grid 
toward the plate are slowed down because the suppressor does not 
attract them. The electrons strike the plate at a lower velocity and 
are not as apt to bounce off. Those that do bounce off the plate 



(b) Tube construction 
Fig. 14 The pentode vacuum tube. 
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return to it because the suppressor grid at cathode potential isolates 
them from the attractive force of the positively charged screen grid. 
Hence the problems of secondary emission are remedied by use of a 
suppressor grid. 

WHAT HAVE YOU LEARNED? 

1. The use of a screen grid reduces the problem of interelectrode 
capacitance between the (a) _ and <b) -
but introduces the problem of (c) _ The 
(d) _ type tube retains the advantages of the (e)_ 
type tube and overcomes its chief problem by use of a fifth electrode 
called the (fl _ This fifth electrode decel¬ 
erates the electrons as they approach the (9;_ and repels 
the (h) _ electrons back to the plate. 

ANSWERS 

1. (a) Plate; (b) control grid; (c) secondary emission; (d) pentode 
(e) tetrode; (f) suppressor grid; (g) plate; (h) secondary emission 
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Fig. 1 5 E* versus I* characteristics of the pentode. 

I I THE Eh VERSUS lb CHARACTERISTICS OF THE PENTODE 
... Incorporating a screen grid and suppressor grid results in the pen¬ 
tode plate voltage Eh versus plate current Ih characteristics being 
somewhat different than the same characteristics for the triode. The 
Eh versus lb characteristics of the pentode are shown in Fig. 15. 

The plate voltage Eh has the greatest effect on the plate current lb 
for only low values of Eh, that is, between points O and A, Fig. 15. 
When the plate voltage is at the point A value, it is sufficiently posi¬ 
tive to attract the electrons passing through the screen grid. Since 
the screen grid and suppressor grid are between the plate and the 
control grid, the plate cannot attract the electrons in the region of 
the control grid. These electrons are first attracted by the screen grid 
and are drawn toward the plate only after they pass through the 
screen grid. 

As a result of this relative isolation of the plate from the control grid, 
changing Eb to greater values than point A (50 volts) does not change 
lb very much. The Eh value at point A, beyond which increases in Eb 
do not greatly affect lb, is called the knee of the characteristic, and 
the region that lies to the right of point A is called the plateau. 

Notice that each Eh versus lb characteristic curve in Fig. 15 is for a 
constant value of control grid voltage Ec. In this way, the effect of Ec 
upon lb is readily seen. For example, when Ec is 0 volts and Eb is 200 
volts, lb is 9.8 ma. When Ec is -4 volts and Eb is still at 200 volts, lb 
is 5.8 ma. Hence, increasing the grid bias from 0 volts to —4 volts 
reduces lb. 



The screen grid voltage is maintained at a constant d-c value in pen¬ 
tode amplifiers. The recommended value of screen grid voltage for 
most pentodes can be found in any good tube manual. 

One of the chief characteristics of the pentode, as can be seen in Fig. 
15, is that Ih is relatively independent of Eh over a great portion of its 
characteristic curve. Notice that if Eb is 300 volts rather than 200, 
essentially the same values are obtained for lb in the example given 
earlier in this topic. In the great majority of applications, the opera¬ 
tion of the pentode amplifier is restricted to the plateau region. 

WHAT HAVE YOU LEARNED? 

Refer to Fig. 15. 

1. An increase of plate voltage Eb from m _ volts to <b>_ 
volts has a great effect on the value of lb. The point on the charac¬ 
teristic curve where lb becomes relatively independent of Eb is called 
the (c) - of characteristic. The portion of the characteristic 
to the right of point A is called the <d> _ , and this is the 
area where Eb changes have a («> (large) (small) effect on lb. 

2. Since Eb has little control over lb in the region to the right of point 
A, the control of lb in the pentode is achieved by the variations of 

3. With Eb constant at 200 volts, lb changes from 4 ma when Ec is 
(□) _ volts to 6 ma when Ec is (b) _ volts. Hence a total 
of (c) _ volts change in Ec produces a total of (d>_ 
milliamperes in lb. This indicates that a 1-volt change in Ec would 
change lb by («i _ milliamperes. 

ANSWERS 

1. (a) 0; (b) 50; (c) knee; (d) plateau; (e) small 
2. Ec 3. (a) 5.8; (b) 3.8; (c) 2; (d) 2; (e) 1 

REMOTE-CUTOFF PENTODES ... The more negative the control 
grid bias applied to a tube, the less the plate current. If the bias is 
made sufficiently negative, a point at which the plate current becomes 
zero is reached. This is called the cutoff point of the tube. 

2Í 
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In Fig. 15 as the control grid bias voltage is made more and more 
negative, the plate current steadily decreases until, for a bias of —10 
volts, the plate current is essentially zero. A pentode tube that be¬ 
haves like this is said to have a sharp cutoff. 

With the remote cutoff pentode, the more negative the bias is made, 
the less effect it has in reducing the plate current. Changing the 
bias from 0 to -2 volts on the remote cutoff pentode of Fig. 16 re¬ 
duces the plate current 2.3 ma at 250 plate volts. Changing the bias 
from -8 to -10 volts only reduces the plate current by 1 ma. Con¬ 
trast this with the sharp cutoff pentode of Fig. 15 where the change 
in plate current for a given change in bias voltage is approximately 
the same for any value of bias voltage. 
The gain of amplifiers using remote-cutoff pentodes varies with the 
value of control grid bias used. By making the bias more negative, the 
gain of the amplifier is decreased. Remote-cutoff pentodes are used 
whenever a simple automatic method of varying gain is desired. An 
example is an ordinary radio receiver. The signal reaching the antenna 
is subject to variations in strength. If the amplifier stages of the re¬ 
ceiver had a constant gain, the loudness of the speaker would vary as 
the signal reaching the antenna varied. By using remote-cutoff tubes, 
the gain can be made to vary, so that the output from the speaker 
is nearly constant. 

WHAT HAVE YOU LEARNED? 

1. Cutoff is the condition such that lb is («> _ When a d-c bias 
system which causes the control grid bias to change in order to vary 



the gain is used, (b>_type of pentode should be 25 
used. The w_type of pentode is used in those 
amplifiers in which the control grid bias voltage is (d>_ 

2. In a certain tube, changing the grid control voltage from — 1 volt 
to —2 volts causes the plate current to change from 8 ma to 6 ma. 
Varying the grid voltage from —3 volts to —4 volts changes the plate 
current from 4.5 ma to 3.5 ma. The pentode tube used is the -
- type. 

ANSWERS 

1. (a) Zero; (b) remote cutoff; (c) sharp cutoff; (d) constant 
2. Remote cutoff... Varying Ec from —3 volts to —4 volts causes less change in 
plate current than occurs when Ec is varied from —1 volts to —2 volts. With a 
sharp-cutoff tube the change in plate current would be the same in both cases, 
assuming that operation is in the plateau region. 

THE PENTODE AMPLIFIER ... Figure 17 illustrates a pentode 
amplifier. Notice that four voltage supplies are shown. Ea is used for 
the control grid bias; Ebb, is the plate supply; Ea2 is the screen grid 
supply voltage; and E#is the heater supply. You will see later how a 
single voltage source can be used to supply all these different voltages. 
As in the tetrode amplifier, Csg is used to bypass the a-c variations in 
the screen grid directly to ground. Notice that the a-c in the screen 
circuit returns to ground by way of Csg and the d-c returns to ground 
through Ebb2. 

Fig. 17 Simplified pentode amplifier showing current flow. 
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The signal on the plate is transformer-coupled to the speaker, while 
the d-c component of Ih is returned to common by way of Ebb,. Notice 
that both the a-c and d-c components of the screen grid and plate 
circuits flow in the cathode circuit. 

The suppressor grid is usually connected to the cathode. In many 
pentodes, the connection of the suppressor to the cathode is internal 
and is made by the tube manufacturer, as shown in Fig. 17. In some 
pentodes, however, the suppressor lead is not connected internally, 
and the connection to the cathode must be made externally by the 
user. A tube manual always indicates whether or not the suppressor 
grid is internally connected to the cathode. 

WHAT HAVE YOU LEARNED? 

1. Assume you were going to build the amplifier shown in Fig. 17. 
You selected a pentode but did not know if the suppressor grid was 
internally connected. Hence you would consult a (o)_ 
While you were checking on the information about this pentode, you 
should also find the recommended values of screen grid (b)_ 
and_ 

2. The purpose of Rg in Fig. 17 is to_ 

3. Since both the d-c and the a-c signal pass through the primary of 
the transformer, will there be both d-c and a-c in the speaker?_ 

ANSWERS 

1. (a) Tube manual; (b) voltage and current 
2. Block the input signal so it will go to the grid and not short through Ecc. 
3. No ... Transformers transfer only a-c from primary to secondary. 

REPLACING FIXED GRID BIAS Ecc WITH CATHODE BIAS ... 
Up to this point in our discussion of vacuum tubes, the control grid 
bias has been obtained from a separate d-c supply, Ecc. Because of the 
cost of an additional power supply, this is avoided in actual practice 
when possible. One of the most common methods for placing the con¬ 
trol grid at a negative potential with regard to the cathode is to use a 
resistor in the cathode lead, resistor Rt in Fig. 18. 
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28 For example, assume for the triode tube of Fig. 18 a grid bias of —2 
volts is desired and h is 4 ma. Then, 

2 
Rk = 77 mm. = 500 ohms 0.004 

1C BLOCKED GRID... You have previously learned that the grid 
resistor Rg in Fig. 18 provides a d-c path through which the bias volt¬ 
age can be applied to the grid of the tube. Also, you have learned 
that Rg should be high in order to effectively block the input a-c sig¬ 
nal so that it does not bypass to ground through Rg. From the stand¬ 
point of doing the best job of blocking the incoming signal, the greater 
the resistance of Rg the better. However, if Rg is too high, it will be 
found that the tube functions erratically and that the plate current 
may cut off. 

A tube that operates erratically because of too high a d-c resistance 
path between grid and ground is said to have a blocked grid. The 
cause of the erratic operation is the fact that grid current is not really 
zero, although it is so slight that it is generally assumed to be zero. 
A few electrons are regularly captured by the grid from the current 
flow through the grid mesh within the tube. Unless these electrons 
have an escape path to ground, they will accumulate on the grid and 
build up a bias of their own, which will interfere with proper tube 
operation. If the grid resistor is not above an acceptable value, the 
voltage drop caused by the few electrons of d-c flowing through it will 
be insignificant, so that the grid is essentially at ground d-c potential. 

WHAT HAVE YOU LEARNED 

1. Refer to Fig. 18. Resistor Rg provides a path for (O|_ 
_ to ground from the (b) _ _ If Rg is too 
large or is left out completely, the (c) _ condition 
will develop, which will cause the tube to operate erratically or 
(d) _ conducting. 

2. Assume the amplifier of Fig. 18 is to have a grid bias of —10 volts 
and the plate current is equal to 40 ma. The required Rk value is 
_ ohms. 

3. Assume the amplifier of Fig. 19 is brought to you for repair. The 
complaint is that the headphones output is normal when first turned on 
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Fig. 19 

but becomes zero shortly thereafter. Would you suspect a blocked grid? 
(o) - How would you check out this possibility? _ 

ANSWERS 

1. (a) Electron flow; (b) control grid; (c) blocked grid; (d) stop 2. 250 
3. (a) Yes; (b) Turn off the power. Measure the resistance from the control grid 
to common, which should be equal to the value of Rg. Values greater than the 
normal Rg value indicate the possibility of an open or broken grid connection. 
If you do not know the proper value of Rg, any measured value greater than one 
or two megohms should be suspected. 

16 SCREEN DROPPING RESISTOR ... Although the screen voltage 
Eh2 is usually less than the plate supply voltage Ebb, a screen resistor, Rs 
in Fig. 20, can be used to reduce Ebb to the proper value for the screen. 
In this way both the screen grid and the plate can be operated from 
a single power supply. 

WHAT HAVE YOU LEARNED? 

1. In Fig. 20 three different d-c voltage values must be applied to 
various elements of the tube in order for the tube to operate properly. 
These are <□) _ , (b; _ , 
and (c) _ _ 

2. In Fig. 20 all three voltages needed are obtained from a single 
power supply. The voltage drop across Rk provides the (a)_ 
- voltage, and the proper value for the screen grid voltage is 
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Fig. 20 

obtained by means of (b) _ . The plate voltage is lower than Ebb 
because of the voltage drop across (c)_ 

3. What is the purpose of capacitor Ch in Fig. 20? -

4. Some of the a-c component of the plate current will be captured 
by the screen grid. If this were to pass through resistor Rs, there would 
be an a-c voltage as well as a d-c voltage drop across Rs. The result 
would be a pulsating voltage applied to the screen grid, which is un¬ 
desirable. How is the a-c kept out of Rs?_ 

5. In Fig. 20 the voltage drop across Rs is ia| - volts. If the screen 
current, which is the current through Rs, is 10 ma, what value of resist¬ 
ance should be used for Rs? (b) - . 

ANSWERS 

1. (a) Plate voltage; (b) screen voltage; (c) grid bias voltage 
2. (a) Grid bias voltage; (b) Rs; (c) Rl 
3. To provide a path for the a-c component of the plate current so that only 
the d-c component will pass through Rb and provide a pure d-c bias voltage. 
4. By means of Cs, which bypasses the a-c to ground. To be effective, the react¬ 
ance of Cs should not be more than one-tenth the resistance of Rs. 
5. (a) 150 ... This resistor must reduce the voltage from 300 volts to 150, a drop 
of 150 volts. (b) 15,000 ohms ... By Ohm’s law, divide voltage drop by current 
to get resistance: 

150 voltg_ = 15 000 ohms
0.01 amp 
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Fig. 21 The beam power tube. 

(b) Location of tube elements 

THE BEAM POWER TUBE ... A power amplifier is one that is 
capable of delivering substantial power to its load. A tube which is 
specially constructed for use as a power amplifier is the beam power 
tube illustrated in Fig. 21. 

The meshwork of the control grid and screen grid are so aligned that 
the cathode-emitted electrons can easily move through these two 
grids. Furthermore, the screen grid mesh work is widely spaced in order 
to increase the ease with which electrons will move toward the plate. 

Deflection plates which are internally connected to the cathode are 
mounted between the screen grid and plate. As the heavy flow of 
electrons passes through the screen grid, the electrons are repelled by 
the deflection plates because the plates are negative owing to their 
being connected to cathode. This concentrates the moving electrons 
into “beams,” as shown in Fig. 21. Electrons which tend to bounce off 
the plate run into the oncoming stream of electrons and are thereby 
repelled back to the plate. Hence, the beam of electrons performs the 
same function as a suppressor grid. The beam power tube is said to 
have a virtual suppressor because the electron beam accomplishes the 
same thing that an actual suppressor would accomplish. 

MAXIMUM PLATE DISSIPATION ... One of the considerations 
that must be given to all vacuum tubes, and particularly to those used 
as power amplifiers, is the maximum plate power dissipation. Plate 



32 dissipation is the power used up in passing electrons from the cathode 
to the plate. Heat is created as the electrons strike the plate. Maximum 
plate dissipation at zero signal is equal to the product of Eb and lb. 
The maximum plate dissipation for all tubes can be found in any good 
tube manual. This value must not be exceeded if maximum tube life 
is to be expected. 

WHAT HAVE YOU LEARNED? 

1. If the plate current in Fig. 20 is 50 ma, the plate power dissipation 
is (a)- watts. Could a 6K6 tube be used in this circuit? A tube 
manual shows that it has a maximum plate dissipation of 8.5 watts, 
(b) -

2. A pentode has, but a beam power tube does not have, a <a>_ 
electrode. However, a beam power tube functions similarly to a pen¬ 
tode because the directed electron beam going to the plate repels 
secondary electrons back to the plate, and therefore the electron beam 
takes the place of a (b)-grid. The tube is spoken of 
as having a w_suppressor. 

ANSWERS 

1. (a) 10... P = Eb X h = 200 X 0.05 = 10 watts; (b) No 
2. (a) Suppressor; (b) suppressor; (c) virtual 

10 COMPARISON OF THE TRIODE, TETRODE, AND PENTODE 
... The triode has found popular use in low-frequency voltage amplifier 
circuits. The chief drawback of the triode is its plate-to-grid inter¬ 
electrode capacitance, which ranges from 2 to 3 pf for most triodes. 
High-g triodes can have amplification factors as high as 100. The 
triode is less noisy than the tetrode or pentode. 

Tetrodes are not in common use because of the problems associated 
with secondary emission. In order to reduce the secondary emission 
in the tetrode, the plate voltage must be kept at values considerably 
greater than the screen voltage. Because this is not always convenient 
or practical, the useful operating range of the tetrode is restricted. 

Pentodes are most easily adapted to various circuit applications. They 
can be used for low- or high-frequency work. The plate-to-control-
grid interelectrode capacitance of most pentodes ranges from 0.001 to 
0.005 pf, which is considerably lower than the typical values found 



in triodes. Because of the two basic types of control grid construction, 33 
a pentode can be selected in accordance with the type of bias employed 
by the amplifier. For example, the intermediate-frequency amplifier 
of a radio receiver employs the remote-cutoff type pentode, since the 
control grid bias is the type which varies directly with the strength 
of the a-c input signal. 

Pentodes have higher values of plate resistance than triodes, since a 
large change in Eh is accompanied by a relatively small change in lb. 
The amplification factor of pentodes is usually higher than it is for 
triodes, because of the larger rp values. For example, the remote-cutoff 
pentode 6SK7 has an rp of about 100 kilohms, and its approximate 
transconductance is 2000 gmhos (micromhos). Recall that the ampli¬ 
fication factor can be found by the formula: 

g — gmrp 

By substituting values, we have 

M = 0.002 X 100,000 
H = 200 

An amplification factor of over 100 is not unusual for pentodes, 
although the amplification factor of triodes is rarely that high. 

WHAT HAVE YOU LEARNED? 

1. What factor limits the use of triodes in high-frequency applications? 

2. Name one advantage that the triode has over multielement tubes. 

3. Name one advantage of the tetrode over the triode. 

4. Name one advantage of the pentode over the tetrode. 



34 ANSWERS 

1. The plate-to-control grid interelectrode capacitance 
2. Less noisy than the tetrode and pentode types 
3. Reduced plate-to-control grid interelectrode capacitance 
4. No secondary emission problem. 

THE GETTER ... During manufacture of a vacuum tube, minute 
traces of gas are released by the tube elements. To remove this con¬ 
taminating gas from the tube, a “getter” in the form of a small pellet 
or ribbon is placed in the tube during its manufacture. After final 
evacuating and sealing, the pellet or ribbon is vaporized, enabling it 
to “clean up” any remaining traces of gas. 

TUNGAR RECTIFIER TUBES 
AND THYRATRONS 

So far in this lesson, we have been talking about vacuum tubes, which 
must be highly evacuated to allow the free travel of electrons from 
their cathodes to plates. A drawback of vacuum tubes, particularly 
those used as rectifiers, is their rather high internal resistance. This 
internal resistance causes a considerable voltage drop which can reduce 
both rectifier output voltage and efficiency. 

In order to get around this problem, gaseous rectifiers which have a 
voltage drop of only a few volts have been developed. These tubes 
rely upon the use of ionized gas for their operation; they are partic¬ 
ularly useful at low voltages where their low voltage drop is important. 

The thyratron is a gas triode or tetrode which possesses unique prop¬ 
erties unlike any vacuum-tube triode. The thyratron is capable of 
controlling large amounts of power from a very small input signal. 
It operates very much like a switch: it is either completely on or 
completely off. 

THE TUNGAR RECTIGON RECTIFIER BATTERY-CHARGING 
CIRCUIT ... The tungar rectigon rectifier is designed to handle high 
current at low voltages. The gas in the tube is either argon or a mix¬ 
ture of argon and mercury vapor. Tungsten is used for the filament, 
which is of heavy construction so that it can emit a large quantity of 
electrons. The plate is composed of graphite. 

The tungar rectigon rectifier is commonly used for charging batteries. 
Figure 22 shows a typical circuit for a battery charger. A single-coil 



autotransformer 

common 

Fig. 22 The fungar rectigon rectifier in use as a battery charger. 

transformer, called an autotransformer, is utilized. The entire coil 
serves as the primary, to which the 120 volts a-c (ordinary line poten¬ 
tial) is applied. The lower section of the coil is tapped off, as shown 
in Fig. 22, to the desired filament voltage. During the positive half¬ 
cycle of the input line voltage, the tube conducts in the direction 
indicated by the arrows. Since this tube can pass large values of lb, 
it is a very effective battery charger. 

WHAT HAVE YOU LEARNED? 

Refer to the circuit of Fig. 22. 

1. An autotransformer has (□) - coil. The <b) - coil 
serves as the primary, and the secondary is between the w-
and common. The secondary voltage is used for the (dj - , 
and the primary voltage is applied to the (e> - of the tube. 

2. Assume you are going to charge a battery with the circuit of Fig. 
22. You find that the fuse burns out each time the circuit is closed. 
What could be wrong with the battery? 

ANSWERS 

1. (a) One; (b) entire; (c) tap; (d) filament; (e) plate 
2. Some or all of the plates in the battery have shorted out and the battery 
cannot be recharged. 

35 
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Fig. 23 The thyratron. 

THE THYRATRON GAS TUBE ... The thyratron is a gas triode, 
the circuit and symbol of which are shown in Fig. 23. The thyratron is 
fired into conduction by making the control grid less negative when 
the plate has a positive potential. Eff maintains the correct filament 
current so that the required number of electrons are emitted. By 
reducing Ecc, the grid is made less negative and the filament-emitted 
electrons travel toward the plate at higher velocities. Since these 
electrons are moving at higher speeds, they are more likely to knock 
electrons out of the gas molecules. This constitutes ionization. 

Once this ionization begins, the positive ions congregate around the 
negative control grid. This results in the control grid losing control 
over the tube current. The magnitude of the current is limited by the 
size of Rl in the plate circuit once the tube is fired into conduction. 
In order to stop tube conduction, Ebb must be reduced until the plate 
voltage is almost zero, which is called the extinction potential. It is 
important to recognize that the control grid is used only in initiating 
tube conduction and that it has no control over the magnitude of the 
plate current. 

WHAT HAVE YOU LEARNED? 

Refer to Fig. 23. 

1. Why is Ecc made variable?_ 

2. Why is Ebb made variable?_ 

3. What is the purpose of Rl!_ 

4. What is the purpose of the control grid?_ 
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Fig. 24 Basic transistor amplifier circuit, using PNP transistor. 

ANSWERS 

1. So that tube current can be started. By reducing Ea when the circuit is con¬ 
nected, the tube will be fired into conduction. 
2. In order to stop tube conduction. When the tube current is to be turned off, 
Eu> is reduced to the point where h becomes zero. 
3. Rl limits the h. If a lower h value is desired, a larger Rl is used. 
4. To be used only in starting tube conduction. 

TRANSISTOR BIASING 
22 SINGLE VOLTAGE SOURCE FOR TRANSISTORS ... Topics 

14 and 16 have shown you how a single voltage source can be used to 
supply grid-bias voltage, screen voltage, and plate voltage to a vac¬ 
uum tube, so that three separate voltage sources are not needed. We 
will now show how both collector voltage and base bias voltage for a 
transistor can be obtained from a single battery (or other voltage 
source). 

Figure 24 shows the basic transistor amplifier circuit, with which you 
are already familiar. Battery Vbb supplies the proper operating bias 
to the base, which corresponds to the grid of a vacuum tube. There 
is an important difference in the biasing of transistors as compared to 
tubes. Tubes are biased by applying a negative biasing voltage to the 
grid; transistors are biased by feeding a biasing current to the base. 
The arrows in Fig. 24 show the path of the base biasing current. You 
can’t bias the grid of a tube with a current, because the grid current 
will always be zero as long as the grid is negative, which it usually 
must be for proper operation. It is not practical to bias the base of a 
transistor in terms of voltage, because the base to emitter voltage is 
very small, perhaps 0.2 volt — you can consider it as zero for many 
practical purposes. 
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•♦’collector current, d-c 
O =bose current, d-c 
— ̂signal current, a-c 

Fig. 25 Amplifier of Fig. 24 using a single voltage source. 

Getting the proper base bias current in Fig. 24 is simple enough. Re¬ 
sistor R, is merely chosen of the correct value so as to allow the de¬ 
sired bias current to flow. If the proper base bias current lb is 
75 ¿tamp, and if we ignore the small base voltage, the proper value of 
R, by Ohm’s law will be 

Vbb _ 1.5 V 
lb 75 X 10~‘amp 

= 20,000 ohms 

Now there is no need to have separate batteries to supply the collec¬ 
tor current and the base biasing current. We can get the current for 
the base just as well from Vcc as shown in Fig. 25, so that Vbb is not 
needed. The only difference is that we are now using 12 volts for sup¬ 
plying the base bias current, where 1.5 volts was used before. As a re¬ 
sult R, will need to be much larger. 

TRANSISTOR BIAS STABILIZATION ... The simple base bias¬ 
ing method of Figs. 24 and 25, which consists in the use of a resistor 
R, to fix the d-c base current, is not satisfactory for most applica¬ 
tions. This is because the characteristics of a transistor change with 
temperature changes. The best value of base bias current for when 
the transistor is cold will not be the best value after the transistor 
warms up from the heat generated in operation. 

What is the correct value for the base bias current? In a tube, the 
correct grid bias voltage is that which will produce the proper d-c 
plate current for most satisfactory performance from the circuit. In a 
transistor, the correct base current is that which will produce the 
proper d-c collector current for most satisfactory performance from 
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Fig. 26 Amplifier of Fig. 25 with base biasing changed to provide stabilization. 

the circuit. If the base current is held at a constant value, as it is by 
R, in Figs. 24 and 25, the collector current will increase greatly as the 
transistor temperature increases. If the collector current is correct 
with the transistor cold, it will be too high with the transistor warm¬ 
ed up. 

Since reducing the base bias current will reduce the collector current, 
collector current can be kept from greatly increasing as the transistor 
warms up by the use of a base biasing circuit that will reduce the base 
current when the collector current increases. Biasing circuits for this 
purpose are called stabilization circuits, and are used in most tran¬ 
sistor amplifiers. 

Figure 26 shows one widely used stabilization method. The circuit 
differs from Fig. 25 in that R2, Re, and Ce have been added. Also, a 
different value is used for R,. Tracing the d-c base current from the 
negative side of Va, notice that after it passes through R,, it divides, 
part going through R2 and part through the transistor from base to 
emitter to form the base biasing current. In Fig. 27(a) the biasing part 
of the circuit has been redrawn, so that you can see better how the 
biasing current divides after going through R,; part going through R2, 
and part through Re. The collector current, many times greater than 
the base current, also flows through Re. In accordance with Ohm’s 
Law, the emitter current produces a voltage across Re that is propor¬ 
tional to the emitter current. Thus as the collector current, and 
therefore the emitter current, varies because of temperature changes, 
so does the voltage across Re vary. 

We can represent the voltage across Re by an equivalent battery Ve, 
as shown in Fig. 27(b). Notice that the polarity of Ve is such as to try 
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voltage across Re with polarity 
as shown 

(a) 

variable voltage battery is 
equivalent to variable 
voltage across Re

(b) 

Fig. 27 Stabilization circuitry from Fig. 26. 

to make the base-emitter current flow in the direction opposite to the 
base current direction shown in (a). That is, voltage Ve opposes the 
base current flow, so that the greater the voltage of V», the less the 
base current will be. 

When the collector current increases because of transistor tempera¬ 
ture increase, the voltage Ve increases. As a result, less of the biasing 
current through ft flows to the transistor base, and more flows 
through R2. Since the base current is thus reduced, the collector cur¬ 
rent is also reduced. If the collector current gets lower than suitable 
for proper operation, the voltage across Ve also becomes low. This 
makes more biasing current flow into the base and less through R2, 
which brings the collector current back up to proper operating value. 

Figure 25 shows that the a-c signal currents also go through the emit¬ 
ter lead. Capacitor Ce in Fig. 26 provides a path for the signal so that 
it will not go through Re. We want to bypass the signal around Re for 
the same reason that we bypass the cathode bias resistor of a tube — 
so that the base bias current will not have an a-c component. 

A variation of the above stabilization method is to omit R2 and in¬ 
crease the resistance of R,. Any increase in voltage drop across Re 
means an increase in opposition to base current flow, so that the base 
current is reduced. Unless Re is increased in size the stabilization ob¬ 
tained will not be as good as when R2 is used. 



LESSON 2404-3 41 

OPERATION OF TUBES AND TRANSISTORS 

EXAMINATION 

Circle the number of the correct answer for each question that follows. When you are finished, 

transfer the answers to the answer sheet by putting X’s in the proper squares. When the graded 
answer sheet is returned to you, correct in this book any questions you may have missed. By 

doing so, you will have a record of the correct answers to all questions for review purposes. 

1. The pairs of wires carrying a-c heater currents in audio amplifiers 
are twisted together for one of the following reasons: 
(1) to save space 
(2) in order to recognize them more readily 
(3) to reduce hum 
(4) to make the circuit neater in appearance 

2. Plate saturation is the condition when: 
( 1 ) plate power dissipation is maximum recommended for tube type 
(2) secondary emission from plate equals cathode current reach¬ 

ing plate 
(3) plate current does not further increase when grid is made 

less negative 
(4) maximum plate voltage is used 

3. In the filament-type vacuum tube it is most desirable to use an 
a-c filament supply because: 
(1) a d-c filament supply introduces hum 
(2) a d-c filament supply results in one side of the filament emit¬ 

ting more electrons than the other, which shortens tube life 
(3) a d-c filament supply has a ripple problem 
(4) a higher plate voltage must be used when a d-c filament 

supply is used 

4. The getter in a vacuum tube is: 
(1) an electrode for refinement of the signal 
(2) an electrode to reduce hum 
(3) a capsule which absorbs any gas present in the tube 
(4) a capsule which maintains the tube at a constant temperature 

5. Transmitting tube filaments should not be operated at lower than 
the recommended voltages because this could: 
(1) damage the grid and shorten tube life 
(2) cause excessive secondary emission 



(3) cause an excessive space charge 
(4) cause plate saturation to occur at low plate current, limiting 

output from tube 

6. The polarity of the filament potential of high-power vacuum tubes 
should be periodically reversed, when a d-c filament supply is 
used, to avoid: 
(1) the development of hum 
(2) having one side of the filament always emitting the most 

electrons 
(3) wearing down the d-c filament supply 

7. The space charge in a vacuum tube consists of: 
(1) a cloud of electrons surrounding the plate 
(2) a cloud of electrons surrounding the getter 
(3) a cloud of electrons surrounding the cathode 
(4) a cloud of electrons surrounding the screen grid 

8. When selecting a triode vacuum tube to be used as a voltage 
amplifier, the most important factor to be considered is: 
(1) a high amplification factor 
(2) a high transconductance 
(3) a high plate power dissipation rating 
(4) a low plate resistance 

9. Refer to the three graphs in Fig. 28. Which graph indicates how 
the plate current varies with the plate voltage in a pentode if the 
grid bias remains constant? 
(1) a (2) b (3) c 

10. Refer to the three graphs in Fig. 28. Which graph indicates how 
the plate current varies with the plate voltage in a triode if the 
grid bias remains constant? v 
(1) a (2) b (3) c 

Fig. 28 
(a) (b) (c) 



11. If the d-c collector current is too high in Fig. 26 at all tempera¬ 
tures, you could lower it by 
(1) reducing the value of Rt. 
(2) reducing the value of R,. 
(3) reducing the value of R2. 
(4) increasing the value of R2. 

12. A “blocked grid” is that condition in which the control grid: 
(1) has a short-circuit path to ground and the grid is drawing 

current 
(2) has a short-circuit path to ground and is not drawing current 
(3) plate current is zero because of the use of too high a bias voltage 
(4) has accumulated a high negative charge because of having no 

d-c path to ground 

13. Refer to circuits a, b, and c in Fig. 29. The grid bias for an indi¬ 
rectly heated cathode vacuum tube is obtained by use of a resist¬ 
ance in the cathode circuit of diagram: 
(D a (2) b (3) c

14. Refer to the circuits shown in Fig. 29. The grid bias for the tube 
is obtained by use of a fixed voltage from the power supply in 
circuit: 
(D a (2) b (3) c

Fi °- 29 (c) 
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44 15. Refer to the circuits shown in Fig. 29. The grid bias for a directly 
heated filament-type vacuum tube is obtained by use of a cath¬ 
ode resistor in diagram: 
(1) a (2) b (3) c 

16. The term “maximum plate dissipation” is: 
(1) maximum amount of heat that can be safely dissipated by 

the plate. 
(2) maximum amount of voltage that can be safely used on the 

plate. 
(3) maximum amount of current that can be safely handled by 

the plate. 
(4) maximum value of resistance that can be safely placed in series 

with the plate. 

17. The purpose of the bypass capacitor connected across the cathode 
bias resistor in a vacuum-tube amplifier is: 
(1) to develop a variable bias voltage 
(2) to provide a high-impedance path for a-c 
(3) to provide a low-impedance path for d-c 
(4) to bypass the a-c around the bias resistor and thereby main¬ 

tain a pure d-c bias voltage free of any a-c component 

18. The method for the calculation of the cathode bias resistor for a 
triode amplifier is finding the quotient of: 
(1) the plate voltage divided by the plate or cathode current 
(2) the plate voltage divided by the desired grid bias 
(3) the desired grid bias divided by the plate current 
(4) the desired grid bias divided by the plate voltage 

19. Since cathode current is equal to the sum of plate and screen cur¬ 
rent, the method for the calculation of the cathode bias resistor 
of a pentode amplifier is to find the quotient of: 
(1) the plate voltage divided by the sum of the plate current and 

screen current 
(2) the desired grid bias divided by the sum of the plate current 

and the screen current 
(3) the desired grid bias divided by the plate current 
(4) the desired grid bias divided by the screen current 

20. If a bias of —6 volts is wanted, what value of cathode resistor is 
needed, if plate current is 40 ma and screen grid current is 5 ma? 
(1) 1200 ohms (3) 133 ohms 
(2) 150 ohms (4) 743 ohms 



21. The tetrode vacuum tube consists of the following electrodes: 
(1) cathode, control grid, and plate 
(2) cathode and plate 
(3) cathode, control grid, screen grid, suppressor grid, and plate 
(4) cathode, control grid, screen grid, and plate 

22. The chief purpose of the screen grid in a vacuum tube is to: 
(1) reduce the plate-to-control grid capacitance 
(2) reduce secondary emission 
(3) reduce the control grid-to-cathode capacitance 
(4) increase the amplification factor of the tube 

23. The chief purpose of a suppressor grid in a multielement vacuum 
tube is to: 
(1) increase electron velocity 
(2) reduce secondary emission 
(3) reduce plate-to-control grid capacitance 
(4) reduce plate dissipation 

24. The beam power tube differs from the ordinary pentode in that 
its electrodes are of heavier construction and: 
(1) no control grid is required 
(2) it is physically bigger in size 
(3) it requires larger values of Rl 
(4) no suppressor grid is required because of the concentrated 

beam of electrons flowing to the plate 

25. Thyratron tube conduction is initiated by: 
(1) making the grid more negative 
(2) making the grid less negative 
(3) increasing the plate voltage 
(4) decreasing the plate voltage 

26. Conduction in the thyratron tube is cut off by: 
( 1 ) making the grid more negative 
(2) making the grid less negative 
(3) increasing the plate voltage 
(4) decreasing the plate voltage 

45 



46 27. The Tungar rectigon is a battery-charging rectifier tube which is 
capable of: 
(1) passing high current with low plate voltages 
(2) passing high current only with high plate voltages 
(3) passing only low values of current with high plate voltages 
(4) passing only low values of current with low plate voltages 

28. The effect of secondary emission is most pronounced in the: 
(1) diode (3) tetrode 
(2) triode (4) pentode 

29. The interelectrode capacitance between the control grid and plate 
is a major disadvantage of the: 
(1) diode (3) tetrode 
(2) triode (4) pentode 

30. Larger values of amplification factor are usually obtained in the: 
(1) diode (3) tetrode 
(2) triode (4) pentode 

31. The most desirable tube for high-frequency work is the: 
(1) diode (3) tetrode 
(2) triode (4) pentode 

32. The kind of vacuum tube which responds to filament reactivation 
has filaments made of: 
(1) thoriated tungsten 
(2) oxide-coated metals 
(3) pure tungsten 

33. The first step in the filament reactivation procedure is to apply: 
(1) a filament voltage for 30 min. 
(2) a filament voltage 30 per cent above normal for 20 min. 
(3) normal filament voltage for several hours 
(4) a filament voltage 75 per cent above normal for 3 min. 



Fig. 30 250 volts 

47 

34. The tube used in the amplifier circuit of Fig. 30 is a 
(1) diode. (2) triode. (3) tetrode. (4) pentode. 

35. The tube of Fig. 30 uses 
(1) a directly heated cathode. 
(2) an indirectly heated cathode with heater not shown. 

36. The — 4 volts bias shown for the control grid of Fig. 30 means that 
( 1 ) the grid is 4 volts negative with respect to ground. 
(2) the grid is 4 volts negative with respect to cathode. 
(3) the amplitude of the incoming signal is —4 volts. 

37. When a-c and d-c currents travel on the same conductor, as is 
frequently the case in amplifier circuitry, the two currents to¬ 
gether form 
(1) a sine wave. (3) a dual-purpose current. 
(2) a mixed current. (4) a pulsating current. 

(5) a direct-alternating current. 

38. What currents flow through resistor R, of Fig. 30? 
(1) A-c only (2) D-c only (3) Both a-c and d-c 

39. What currents flow through capacitor C2 of Fig. 30? (Choose 
answer from selections for Question 38. Do the same for Ques¬ 
tions 40 through 46.) 

40. What currents flow through milliammeter A, ?_ 

41. What currents flow through resistor Ä2?_ 

42. What currents flow at point B?_ 



48 43. What currents flow at point C? -

44. What currents flow at point D? -

45. What currents flow at point E? -

46. What currents flow through capacitor -

47. What are the voltages on the screen grid of Fig. 30? 
(1) D-c voltage is 100; a-c is 250 
(2) D-c voltage is 250; a-c is 100 
(3) D-c voltage is 100; a-c voltage is also 100 
(4) D-c voltage is 100; a-c voltage is low, ideally zero volts. 

48. How is the —4 volts bias to the grid in Fig. 30 obtained? 
(1) By the grid-leak action of Rg. 
(2) From the plate-cathode voltage drop. 
(3) From a separate battery or power supply, not shown in the 

figure. 
(4) By the voltage drop caused by cathode current flowing 

through R,. 

49. What is the resistance of R, in Fig. 30? (Hint: R, drops the supply 
voltage down to 150 volts at the plate.) 
(1) 2340 ohms (4) 5000 ohms 
(2) 2750 ohms (5) 8330 ohms 
(3) 3330 ohms (6) 20,000 ohms 

50. What does meter A, read in Fig. 30? 
(1) 5 ma (3) 30 ma 
(2) 20 ma (4) 35 ma 

(5) 40 ma 

51. With no input signal, the reading of meter A2 in Fig. 30 fluctuates 
between zero and 2 ma. Which of the following could be the cause? 
(1) Capacitor C2 is open. 
(2) Capacitor C, is open. 
(3) Resistor Rg is open. 
(4) Resistor R, is shorted. 

52. What value should R, be in Fig. 30? 
(1) 114 ohms (4) 1140 ohms 
(2) 134 ohms (5) 1340 ohms 
(3) 800 ohms (6) 8750 ohms 



53. What is the ideal reactance for capacitor C2 to have in Fig. 30? 41 
(1) Zero ohms 
(2) Reactance should equal the resistance of Ä, 
(3) Reactance should best be between two and three times the 

resistance of Ä,. 
(4) Reactance should be many times greater than the resistance 

of Ä,. 
(5) A reactance between 75 and 125 ohms gives best results in 

most circuits. 

Fig. 31 

54. What is the purpose of R2 — C2 in Fig. 31? 
(1) To provide bias to the base. 
(2) To improve the gain of the stage. 
(3) To equalize the amplifier so that it will have a more uniform 

gain for different frequencies. 
(4) To provide temperature stabilization. 

55. Which three of the following changes will increase the collector 
current in Fig. 31. Mark all three on your answer sheet. 
(1) Increase the resistance of Ä, 
(2) Increase the resistance of R2
(3) Increase the resistance of R3
(4) Increase the resistance of R, 
(5) Decrease the resistance of R2
(6) Decrease the resistance of R2
(7) Decrease the resistance of R, 
(8) None of the above changes will increase the gain 



50 56. What value of grid bias voltage 
a 6J5 tube using 200 volts on 
current to be 8 ma? 
(1) 0 volt 
(2) —2 volts 
(3) —3 volts 
(4) —4 volts 

would you use in order to operate 
the plate, if you want the plate 

(5) —6 volts 
(6) —8 volts 
(7) —10 volts 
(8) —12 volts 

END OF EXAM 



LETTER SYMBOLS FOR AMPLIFYING DEVICES 

Symbols used with electron 
tube circuitry 

Subscripts used with reference to tube ele¬ 
ments: 
f filament h heater k cathode 
c control grid (g for a-c component) 
s screen grid (not an IEEE standard) 
b anode or plate (p for a-c component) 

Examples: h is the symbol for plate current, 
Et is the symbol for grid bias voltage, and E, 
is the screen grid voltage. 

The grids in multigrid tubes can be distinguished 
by a numerical addition to the subscript, count¬ 
ing out from the cathode. Thus in a pentode 
tube, the subscript c, (or g,) can be used for 
control grid, c, (or g,) for screen grid, and c, 
(or g,) for suppressor grid. If no numerical sub¬ 
script is used reference to the control grid is 
assumed. Example: It, can be used to designate 
the screen grid current in a pentode tube. 

The pulsating voltage or current on plate and 
grid when a signal is being amplified consists 
of a d-c component and an a-c component (the 
signal). To distinguish between the two, b and c 
are used to indicate d-c values, and p and g to 
indicate a-c values. Examples: Eb is the d-c 
(that is average) value of the plate voltage, and 
Ep is the effective voltage value of the a-c 
signal component. 

To distinguish between peak, average, and ef¬ 
fective values, the symbols m (for maximum) 
and av (for average) are added to the sub¬ 
scripts. If nothing is added, effective values are 
implied. Examples: Ip is the effective value of 
the a-c component of the plate current, Ip* is 
the peak value, and Ipa, is the average value. 

The lower case letters e and i are used to indi¬ 
cate instantaneous values of voltage and cur¬ 
rent. Examples: ip is the amplitude of the a-c 
component of the plate current at some speci¬ 
fied instant during the cycle, eb is the instan¬ 
taneous value of the pulsating plate voltage 
(d-c plus a-c) at some specified instant during 
the cycle. 

Symbols for semiconductor devices 

Subscripts used: 
E or e emitter B or b base C or c collector 

These subscripts are used in a manner similar 
to that described for electron tubes, except for 
differences discussed below. With semicon¬ 
ductors the symbol V, rather than E, is used 
for voltage. 

Use upper case subscripts to indicate d-c com¬ 
ponent (average) values, and lower case sub¬ 
scripts to indicate a-c component (signal) 
values. Examples: Ib is the d-c bias current for 
the base, h is the a-c (signal) component of 
the base current. Vc is the d-c value of the 
collector voltage. 

The average or d-c value of voltage or current 
may be different when a signal is applied than 
with no signal. The symbol Q may be added to 
the suffix to indicate the d-c value with signal 
applied. Example: Ibq is the average value of 
the emitter current with a signal being am¬ 
plified. 

As with tubes, the lower case letters i and e 
are used to indicate instantaneous values of 
current and voltage. If the accompanying sub¬ 
script is lower case, the instantaneous value of 
the a-c component is indicated, and for an 
upper case subscript the instantaneous value 
of the pulsating wave (d-c plus a-c) is indicated. 
Examples: it is the value of the a-c component 
of the collector current at some specified 
moment of the signal cycle, ic is the value of the 
pulsating collector current (d-c component 
plus a-c component) at some specified instant 
of the signal cycle. 

Power supply symbols 

The source of voltages for operating the var¬ 
ious elements of tubes and semiconductors is 
indicated by doubling the subscript that per¬ 
tains to the element that draws the most 
power from the supply voltage. Examples: Ebb 
is the supply voltage for the plate of an elec¬ 
tron tube, and Ett is the grid bias voltage 
source. Vcc is the supply voltage to the collector 
of a transistor, and Vbb is the supply voltage 
for the Harp 
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A chat with your instructor 

Vacuum tubes and transistors have many things in common. This is 
evident from the fact that transistors are now being used to perform 
circuit functions that were once performed only by vacuum tubes. In 
terms of circuit behavior, vacuum tubes and transistors possess strik¬ 
ing similarities. Both types of control device require a d-c power sup¬ 
ply to activate the device, i.e., to set the vacuum tube or transis¬ 
tor at a zero-signal condition; and both types require a bias voltage 
for the input terminals. By use of the d-c voltages, the resistance of 
the device at rest condition is established. 

The similarity between the two devices continues even beyond this 
point. In both the transistor and the vacuum tube, the input signal is 
made to change the resistance of the device in step with the varia¬ 
tions of the input signal. This action makes it possible for these two 
devices to amplify the input signal. 

The transistor requires no heater, and that is a decided advantage 
from the standpoint of economy. Furthermore, a transistor does not 
have a “warm-up time.” Because of its small size and low power re¬ 
quirement, the transistor is preferred over the vacuum tube in many 
applications. An indication of the usefulness of the transistor under 
even adverse conditions is the fact that more than 10,000 transistors 
are used in certain guided missiles. 

The behavior of tubes and transistors is most easily understood by 
first studying the manner in which diodes function. Therefore, the 
first portion of this lesson examines both types of diode and several 
uses of them. Once you understand how the diode works and you are 
familiar with a few of its practical applications, you will be ready to 
look into the basic principles of amplification. These principles are 
carefully examined and practical examples which apply to both tran¬ 
sistors and tubes are considered. 

The last portion of the lesson deals with the use of the transistor and 
the vacuum tube as amplifiers. Although the two devices are treated 
separately, their similarities when used as amplifiers will be brought 
out. 
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How Tubes and 
Transistors Amplify 

THE VACUUM-TUBE DIODE 
1 THE USE OF THE HEATER FOR CATHODE EMISSION ... The 

vacuum-tube diode consists of two basic electrodes: (1) the cathode, 
which emits electrons when heated, and (2) the plate, which attracts 
the electrons after they are emitted by the cathode. The diode’s phys¬ 
ical construction, basis of operation, and circuit symbol are shown in 
Fig. 1. 

A heater is included in the diode to raise the temperature of the 
cathode to such point that electrons will leave the cathode surface. 
In Fig. 1, the heater is shown with its own voltage supply Eff. When 
the heater supply £#is connected, current flows through the heater 
and the temperature of the heater is raised to a desired level. 

The cathode is so constructed that it receives the heat given off by 
the heater, as shown in Fig. 1. The cathode temperature is raised by 
passing current through the heater, which enables electrons to “boil” 

(a) Electrons are "boiled"off the 
hot cathode andaré collected 
by the plate 

(b) Conventional symbol 
for the vacuum diode 

Fig. 1 The vacuum-tube diode. 



out of the surface of the cathode. These electrons are then in the 
space surrounding the cathode and are free to flow to the plate, 
which is also called the anode. 

3 

The space between the cathode and plate is at reduced pressure or 
near-vacuum condition because electrons move easier in a vacuum. 

WHAT HAVE YOU LEARNED? 

1. Almost any metal will emit electrons provided it is heated to a 
high enough temperature. The (□) - of the vacuum diode 
emits electrons because it is provided with a - to raise 
its temperature. The electrons emitted by the cathode are free to 
travel to the , or anode, of the diode because all or al¬ 
most all of the (d> _ between the cathode and anode has been 
removed. 

ANSWERS 

1. (a) Cathode; (b) heater; (c) plate; (d) air 

CURRENT FLOWS ONLY WHEN THE PLATE IS POSITIVE ... 
Since cathode emission is produced by the application of heat to the 
cathode, it is called thermionic cathode emission. Figure 2 shows a 
diode in operation. Electrons move out of the hot cathode, through 
the vacuum to the plate, through the external circuit, and then back 
to the cathode. This flow of electrons constitutes a current which 
passes through the tube and around the external circuit. The path of 
this electron flow, or current, is shown by the arrows in Fig. 2. 

Recall that electrons have a negative charge and can be attracted by 
a positive voltage because opposite charges attract. Therefore, the 

positive plate attracts electrons from cathode 

Fig. 2 Electron flow in the diode. 
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Ebb 

Fig. 3 Diode circuit for nonconduction. 

plate, which serves as a collector for the cathode-emitted electrons, is 
connected to a positive voltage in Fig. 2. In this way, the cathode-
emitted electrons feel an attraction for the plate and are pulled to¬ 
ward it, which results in a flow of current and tube conduction. 

Since the plate is not heated, it cannot emit electrons. The only elec¬ 
trons which can flow are those emitted by the heated cathode. When 
the plate voltage is made negative, as shown in Fig. 3, the cathode-
emitted electrons are repelled back to the cathode by the plate, since 
like charges repel, and no current whatsoever flows in the tube. The 
gap between the plate and cathode is then an open circuit for the 
negative plate voltage. Thus the diode has the property of passing 
current when a positive voltage, which attracts electrons, is connect¬ 
ed to the plate and passing no current when a negative voltage, which 
repels electrons, is connected to the plate. 

WHAT HAVE YOU LEARNED? 

1. When a positive voltage appears on the plate of a vacuum-tube 
diode, the tube <o) (does) (does not) conduct current. This happens be¬ 
cause the positive plate (b) - the negative electrons 
emitted by the hot cathode. 

2. If you wish the vacuum-tube diode to conduct current, the nega¬ 
tive side of the voltage must be connected to the _ of the 
tube. 

3. Figure 4 illustrates a rectifier circuit. Ebb is replaced with a sinu¬ 
soidal source of a-c voltage as shown in Fig. 4(a). The waveform of 
the voltage across the load resistor Rl is shown in Fig. 4(c). 
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Fig. 4 A vacuum-tube diode, showing input and output waveforms. 

When the source voltage is between (a) - degrees and (t) -
degrees of its cycle, the diode plate is positive with respect to the 
cathode and the tube w (does) (does not) conduct. Since Rl is in (d) 
(parallel) (series^ with the diode, the tube current also flows through 
the load resistor. Hence the potential across Rl during the half cycle 
when the plate is positive will be (e> (like the source voltage) (zero). 

When the source voltage is between m- degrees and (9)- de¬ 
grees, the diode im (does) (does not) conduct because the plate of the 
tube is negative. Hence the voltage across Rl is (¡i (like the source 
voltage) (zero). The overall action of the diode is to convert the a-c 
source voltage into a (¡i (a-c) (d-c) output voltage which appears across 
Rl. 

ANSWERS 

1. (a) Does; (b) attracts 2. Cathode 
3. (a) 0; (b) 180; (c) does; (d) series; (e) like the source voltage; (f) 180 

(g) 360; (h) does not; (i) zero; (j) d-c 

THE SOLID-STATE DIODE 
There are several basic types of diodes. You have learned about the 
vacuum-tube diode in the preceding sections. Another type is the 
solid-state diode, the name frequently used to denote diodes which 
are made of semiconductor materials. One of the most common solid-
state diodes is the PN junction diode. The sections which immediate¬ 
ly follow lead up to an understanding of how this important type of 
diode performs and what some of its most common applications are. 



6 2 N-TYPE SEMICONDUCTOR ... A semiconductor is a material 
which displays more resistance than conductors but considerably less 
resistance than insulators. Germanium and silicon are common semi¬ 
conductor materials used for diodes and transistors. 

Relatively few free electrons exist in pure semiconductor material. 
Therefore, the material displays a relatively high resistance to cur¬ 
rent, but not quite enough to be classified as an insulator. In the 
pure form, such material is not useful for diodes or transistors. How¬ 
ever, by blending in with the semiconductor material a small amount 
of a suitable impurity, the resistance of the semiconductor is lowered 
to better fit our electronic requirements. 

Two basic types of materials, known as N and P types, can be 
blended with the pure semiconductor. The blending in of an N type, 
such as antimony, results in the creation of additional free electrons in 
the semiconductor material, thereby lowering its resistance. The re¬ 
sulting material is described as N type because conduction is by means 
of free electrons, which carry a negative charge. 

Refer to Fig. 5, where a voltage is shown applied to an N-type semi¬ 
conductor. Free electrons are available for current flow. The direction 
of the current is determined by the polarity of the external voltage, 
that is, away from the negative terminal and toward the positive ter¬ 
minal, since the positive terminal attracts electrons. 

Note that the current in the N-type semiconductor is entirely due to 
the flow of the free electrons introduced into the pure semiconductor. 
The N-type crystal is also called the donor type, since it donates 
electrons. 

WHAT HAVE YOU LEARNED? 

1. A material which has its electrons so tightly bound to its atoms 
that no electrons are free to move about and carry current is called 
an (°)- A material which has most of its electrons 
tightly bound but also has a few electrons free to carry current is 
called a pure (b)- By blending in a different sub¬ 
stance which adds free electrons, this material becomes a (c)_-
type semiconductor. 

2. Current flow in the N-type crystal is the result of the flow of |O ) 
- which were added to the (b>_ 
semiconductor during the manufacturing process. This current flows 



Fig. 5 Electron flow in N-type crystal. 

from the «_ terminal to the (d>_terminal 
of the external potential. 

ANSWERS 

1. (a) Insulator; (b) semiconductor; (c) N 
2. (a) Free electrons; (b) pure; (c) negative; (d) positive 

P-TYPE SEMICONDUCTOR ... Instead of blending into the pure 
semiconductor a material which will add free electrons to the atoms 
and thus produce an N type, a different kind of substance can be 
blended in to produce the opposite effect and semiconductor type. In 
this case the material that is added will remove many of the tightly 
bound electrons and leave holes (empty spaces) where the electrons 
were. As you will see, these holes can be treated as positive charges 
within the material. This kind of semiconductor is called a P-type 
semiconductor, because conduction is by means of these positive 
charges. 

Figure 6(a) illustrates how electrons are arranged in a pure semicon¬ 
ductor. Most of the electrons are like balls in a box—tightly packed 
and unable to move. Only a few electrons are on the top layer and 

holes 

í©I©Â©l©l®lci©lcí 

(a) Pure semiconductor (b) N-type semiconductor (c) P-type semiconductor 

Fig. 6 Electrons in semiconductor material. 
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hole 

Fig. 7 As an electron moves to the right to Fill a hole, the hole moves to the left. 

free to move about. Figure 6(b) shows the N-type semiconductor with 
many more free electrons, and Fig. 6(c) shows the P-type semicon¬ 
ductor with holes where the tightly bound electrons have been 
removed. 

Because a P-type semiconductor has holes, it can conduct current. 
Figure 7 shows how the electrons and holes can move in a P-type 
semiconductor. As an electron of the material moves to the right to 
fill a hole, it creates another hole in the place it left. In fact, you 
could say that the electron moved to the right and the hole moved to 
the left. Since the hole always moves in the direction opposite to that 
of the electron that created it, it acts as if it were a positive charge in 
the material. The current which flows in a P-type semiconductor does 
not depend on free electrons as in the case of the N type, but is due 
entirely to the tightly bound electrons moving in and out of the holes 
in the material—or just as well, the holes moving through the tightly 
bound electrons. That is, conduction is by the movement of positively 
charged holes. 

WHAT HAVE YOU LEARNED? 

1. Current can flow in a P-type semiconductor because the tightly 
bound electrons of the material can move in and out of (a)_ 
in the material. Instead of saying that the tightly bound electrons 
are moving in this case, you can instead say that the (b)_ 
are moving. 

2. Since holes must always move in the direction opposite to that of 
electrons, holes have a (O)_ charge. If you connect a bat-



positive holes move toward 
the negative terminal os 
the electrons flow through 
the semiconductor 

E 
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Fig. 8 Hole current flow in P-type crystal. 

tery to a P-type semiconductor and find holes flowing from right to 
left, in which direction are the electrons moving through the semi¬ 
conductor? (b)_ 

ANSWERS 

1. (a) Holes; (b) holes 2. (a) positive; (b) left to right 

HOLE CURRENT... Figure 8 illustrates a P-type crystal with a 
potential across it. It is important that you recognize two things 
about hole current: 1. Hole current flows only in the semiconductor 
material. 2. The direction of hole current is toward the negative ter¬ 
minal of the voltage supply (since unlike charges attract). 

Notice the electron current denoted by the arrows in the terminals 
of Fig. 8. The number of electrons involved in this current is equal to 
the number of holes involved in the hole current. Moving holes in 
one direction (such as from right to left in Fig. 8) is equivalent to 
moving electrons in the opposite direction. The P-type crystal is also 
called the acceptor type crystal, since it readily accepts electrons. 

WHAT HAVE YOU LEARNED? 

1. Both N-type and P-type semiconductors conduct current. In an 
N-type material the current is due to the flow of (□>_ 
_ which have a (b)_charge. In a P-type 
material the current can be thought of as being due to (c) -
which have a (d| _ charge. 

2. Can holes flow out of a P-type semiconductor if you connect a bat¬ 
tery to it?_ 



10 3. Does a P-type semiconductor have any free electrons to speak of? 

4. Does an N-type semiconductor have any holes to speak of? -

5. The direction of hole movement within a P-type semiconductor is 
_ to the direction of electron flow in the external circuit. 

ANSWERS 

1. (a) Free electrons; (b) negative; (c) holes; (d) positive 
2. No ... Holes are associated with atoms of the material whose tightly bound 
electrons have been removed. As the tightly bound electrons of the material 
move in and out of these holes the holes rearrange themselves in the semicon¬ 
ductor but can never leave it. 
3. No... No substance has been added to the pure semiconductor to produce 
free electrons, only holes. 
4. No... Only free electrons have been added to the N-type semiconductor. 
5. Opposite 

THE SEMICONDUCTOR PN DIODE ... The semiconductor PN 
diode consists of a semiconductor material which is made to be a P-
type crystal on one side and an N-type crystal on the other side. Fig¬ 
ure 9 illustrates the semiconductor diode and its circuit symbol. 

The N-type crystal corresponds to the cathode of a diode vacuum 
tube, since it has free electrons available. The P-type crystal corre¬ 
sponds to the anode, or plate, of a tube, because it readily accepts 
these electrons. In the circuit symbol, the arrowhead represents the 
anode and points in the direction of hole flow, and opposite to the di¬ 
rection of electron flow. 

Since the N-type crystal (cathode) has free electrons, it is relatively 
easy to create an electron flow from the cathode to the anode. This 
current is called the forward current, and the diode has a low resist-

K (cathode) anode 

(b) Circuit symbol 

Fig. 9 The semiconductor diode. 



onode cathode 

low resistance to electron flow (forward) 

high resistance to electron flow (reverse) 

Fig. 10 Diode resistance to electron flow. 

anee when current is flowing in this direction. On the other hand, it 
is very difficult to establish electron flow from the P-type crystal 
(anode) to the cathode because of the scarcity of free electrons in the 
P-type material. This is called reverse current. Forward and reverse 
current flow are diagrammed in Fig. 10. 

Although the P-type semiconductor contains mostly holes, an ex¬ 
tremely small number of free electrons are present in it. Consequent¬ 
ly, the reverse current, although very small, is not zero. The diode 
has a very high resistance in this reverse direction. 

WHAT HAVE YOU LEARNED? 

1. Figure 11(a) shows a semiconductor diode connected to a battery. 
The current through the diode is (a> (high) (very low). When the bat¬ 
tery is connected like this, the diode resistance is (b)-
When the battery is connected as in Fig. 11(b), the diode current is (c) 
(high) (very low). When the battery is connected like this, the diode 
resistance is (d)-

2. The current that flows when the diode is connected as in Fig. 11(a) 
is called the (a)_current, and the current when the 
diode is connected as in Fig. 11(b) is the (b)-current. 
Vacuum-tube diodes and semiconductor diodes differ in that when you 
apply a negative voltage to the anode (plate) of a vacuum tube, w-
current flows, while a (d)_current flows when a 
negative voltage is connected to the anode of a semiconductor diode. 

11 

Fig. 11 (a) (b) 



12 ANSWERS 

1. (a) High ... A diode conducts freely when the direction of electron flow is 
opposite to the direction in which the arrow of the diode symbol points. 

(b) low; (c) very low; (d) very high 
2. (a) Forward (b) reverse ... It is also called the back current. 

(c) zero; (d) very small 

THE SEMICONDUCTOR DIODE AS A RECTIFIER ... Figure 12 
illustrates a semiconductor rectifier circuit which is being used to 
convert a-c to pulsating d-c to charge a 20-volt storage battery. The 
source voltage is stepped down from 115 volts to 20 volts by the 
transformer. The voltage applied to the diode is shown at the second¬ 
ary. During the first half-cycle shown in Fig. 12(a), this voltage 
makes the diode arrow anode (the arrow of the symbol) negative, and 
a very small value of reverse current is developed. This reverse cur¬ 
rent is usually so small that it can be neglected when analyzing the 
action of the circuit. Recall that it is small because the anode is a P-
type crystal, which has practically no free electrons. Therefore the 
output voltage applied to the storage battery, for the first half-cycle, 
is just about zero. 

large forward current 

-A. + 20 volts input voltage-"" 
applied to battery battery 

(b) Second half-cycle 

Fig. 12 Circuit for using a PN diode to charge a storage battery. 



i; During the second half-cycle of the applied voltage, Fig. 12(b), the 
anode is made positive, which causes forward current to flow. Since 
this is the low-resistance direction of the diode, the value of this cur¬ 
rent will vary exactly as the applied voltage varies. Hence the output 
voltage applied to the battery is just like the applied voltage. 

PN diodes have such a low resistance in the forward direction (a few 
ohms) and such a high resistance in the reverse direction (a few meg¬ 
ohms) that they can almost be considered as switches. When a posi¬ 
tive voltage is connected to the arrow, or anode, the resistance is very 
small and the diode is a closed switch, or almost a short circuit. On 
the other hand, when a negative voltage is connected to the arrow, 
the resistance is very large and the diode is an open switch or open 
circuit to the applied voltage. Thus in Fig. 12(a) the switch is open, 
and in Fig. 12(b) the switch is closed. 

WHAT HAVE YOU LEARNED? 

1. Diodes are often used to “steer” currents so that they follow a de¬ 
sired path. Figure 13 shows a circuit in which two diodes are used so 
that two light bulbs can be lit independently of one another through 
one pair of wires. When the switch S is thrown to the left, current 
direction is as indicated by the (a) (light) (heavy) arrows. Diode (b) 
_ conducts freely, and bulb «_ lights. The other bulb 
does not light because the other diode has a id) _ resistance 
to current flow in this direction. When switch S is thrown to the 
right, the current direction is as indicated by the (») (light) (heavy) 
arrows. Bulb in _ lights and the other bulb (9) (does) (does not) 
light. 



14 ANSWERS 

1. (a) Light; (b) A; (c) A; (d) high; (e) heavy; (f ) B; (g) does not 

AMPLIFICATION 

In the following sections you will learn about those aspects of ampli¬ 
fication which are common to all types of amplifiers. The heart of 
any amplifier is the amplifying device, which can be a transistor or 
vacuum tube. Both of these components behave in the same basic 
way, as will be analyzed in the following sections. 

WHAT AMPLIFICATION IS... In electronics, amplification means 
to produce an enlargement of an a-c current and/or voltage, as 
shown in Fig. 14. The amplifier of Fig. 14 has two terminals for the 
input a-c signal and two terminals for the output a-c signal. Because 
of the action of the amplifying device contained in the block labeled 
“amplifier,” the a-c signal passing out of the circuit is larger than the 
a-c input signal. This is the basic concept of all amplifiers. 

VOLTAGE, CURRENT, AND POWER AMPLIFIERS ... Ampli¬ 
fiers are divided into three types: ( 1 ) voltage amplifiers, which are de¬ 
signed to amplify voltage; (2) current amplifiers, which are designed 
to amplify current; and (3) power amplifiers, which amplify both cur¬ 
rent and voltage simultaneously. Figure 15 shows the difference be¬ 
tween these three types of amplifier. A microphone which produces 
a sinusoidal voltage of 0.1 volt is connected to the input of each am¬ 
plifier. In each case the microphone supplies 1 ga (microampere) of 
current to the input. 

Now, the circuit of Fig. 15(a) contains a voltage amplifier whose out¬ 
put is connected to an oscilloscope, which requires a large voltage but 
very little current for operation. The 0.1-volt input voltage is ampli¬ 
fied by the voltage amplifier so that 100 volts appears at the output 
and is applied to the scope. Note that the output current flowing into 

Fig. 14 An amplifier enlarges the input signal, but does not change its shape. 



oscilloscope microphone (a) 

microphone 

current 
amplifier 

(b) 
small speaker 

Fig. 1 5 Comparing voltage, current, and power amplification. 

15 

the oscilloscope is only 0.5 /ia, which is less than the 1-ga input cur¬ 
rent. You can see that the input current has not been amplified at 
all- in fact in this particular example, it has been reduced from 1 /ia 
at the input to 0.5 Ma at the output. Voltage amplifiers are used when 
voltage amplification is needed but current amplification is not. 

Figure 15(b) shows the opposite situation in which a current ampli¬ 
fier is used to amplify the l-/ia input current to a value of 30 
ma (milliamperes) which is supplied to a small speaker. Notice that 
the 0.1 volt which appears at the input also appears across the out¬ 
put, so that the input voltage is not amplified at all. This type of cur¬ 
rent amplifier, then, is used when the input current must be ampli¬ 
fied but the input voltage need not be. 

Finally, Figure 15(c) shows a power amplifier supplying a large bull¬ 
horn speaker. Since output power depends on the product of output 
current and output voltage, a power amplifier must amplify both cur¬ 
rent and voltage. The 0.1-volt input is raised to 100 volts by the am¬ 
plifier while, at the same time, the input current is amplified to a 
value of 30 ma. 



16 WHAT HAVE YOU LEARNED? 

1. An amplifier which is used to increase the value of an input volt¬ 
age is called a (□) _ amplifier. The amplifier (b> (is) (is not) 
used to amplify the input current at the same time. 

2. A certain radio receiver is capable of delivering 10 volts a-c at 1 
ma of current. You wish to use this receiver to trip a relay in a radio¬ 
controlled model boat. The relay you have available requires 10 volts 
at 10 ma to trip. You must then use a _ amplifier between 
the receiver and the relay. 

3. Output power is the product of output current and output voltage. 
The output power of the voltage amplifier of Fig. 15(a) is <a)_ 
watts. The output power of the current amplifier of Fig. 15(b) is (b) 
- watts. The output power of the power amplifier of Fig. 15(c) 
is (c)-Which power output is the largest and why? (d)_ 

ANSWERS 

1. (a) Voltage; (b) is not 
2. Current. . . Voltage amplification is not required because you already have 
enough voltage for the relay. 
3. (a) 0.5 X 10"... (100 volts) x (0.5 /ia) = (102 volts) X (0.5 X 10 ‘ amp) = 
0.5 X 10" watts 

(b) 3 X 10"; (c) 3 watts 
(d) The output of the power amplifier is largest because both current and 

voltage are amplified in a power amplifier. 

CALCULATING AMPLIFICATION ... The amount of amplification 
produced by a given amplifier is given by the ratio of a-c output to 
a-c input: 

amplification = a~c outPut 
a-c input 

Since there are three kinds of amplifiers, there are three kinds of am¬ 
plification ratios. For a voltage amplifier you must take the ratio of 
a-c output voltage to a-c input voltage; for a current amplifier you 
must take the ratio of a-c output current to a-c input current; and 
for a power amplifier you must take the ratio of a-c output power to 
a-c input power. 



The symbol A is frequently used to denote amplification, and a sub¬ 
script V, i, or p is added to distinguish voltage, current, and power 
amplification, respectively. The three separate formulas for amplifi¬ 
cation are written below, but you can see they are all the same: a-c 
output over a-c input. 

voltage amplification = 

current amplification = 

power amplification = 

a-c output voltage 
a-c input voltage 

a-c output current 
a-c input current 

a-c output power 
a-c input power 

The word “gain” is sometimes used instead of “amplification,” since 
these ratios tell you how much the input signal is being increased. 
For example, an amplifier giving a voltage amplification of 10 has 10 
times as much output voltage as input voltage, so you have essential¬ 
ly “gained” 10 times the input voltage in the amplification process. 
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WHAT HAVE YOU LEARNED? 

1. If a 1-volt input signal is applied to a voltage amplifier having a 
gain of Av = 5 and also to an amplifier having a gain At = 10, the 
amplifier having the gain of Av = - will have the larger output 
voltage. 

2. The voltage amplification of the circuit shown in Fig. 15(a) is 

3. The current amplification of the circuit shown in Fig. 15(b) is 

4. The power amplification of the circuit shown in Fig. 15(c) is 

ANSWERS 

1. 10 ... This amplifier has twice as much gain. 

2. 1000... Ar 
100 volts 
0.1 volts 

= 1000 



18 3. 30,000 ...Ai - 30 — = 3 X 10 amP = 30,000 
1 ga 10 ‘ amp 

4. 30,000,000... 
input power = (0.1 volt) X (1 ga) = (0.1 volt) X (10 ‘ amp) = 10' watts 
output power = (100 volts) X (30 ma) = (100 volts) X (3 X 10 ! amp) = 3 watts 

Ap = = 30,000,000 10'7 watts ’ 

AMPLIFYING DEVICES 

WHAT AN AMPLIFYING DEVICE IS ... An amplifying device is 
an electronic device which acts like a variable resistor. * The chief dif¬ 
ference between this kind of variable resistor and the ordinary type 
with which you are familiar is that its ohmic value can be changed by 
an a-c signal. Transistors and vacuum tubes are amplifying devices. 

Figure 16 illustrates the effect of the a-c input signal on the resist¬ 
ance of the amplifying device. Notice that the center arm is connected to 
the bottom of the potentiometer, thereby shorting out the resistance 
between those two points. The resistance of the amplifying device is 
that seen between the center arm and the top of the potentiometer. 
When the input signal is zero, ß, is set at point A and is constant. 
When the input signal is positive, R, is reduced, which is the same 
as moving the center arm of the potentiometer to point B. A negative 
input signal increases R,, similarly to moving the center arm of the 
potentiometer to point C. The action of the input signal on ß is con¬ 
veniently depicted by a little man (which represents the input signal) 
changing the center arm of the potentiometer with the changes of 
input signal. 

Fig. 16 Input signal varies resistance of amplifying device (tube or transistor), 
thereby causing current through headphones to vary in accordance with 
input signal variations. 

'A variable resistor is one with a sliding electrical contact that can be used to vary the 
resistance. If the variable resistor has three connections, one at each end and one at the 
sliding contact, it is called a potentiometer. 



E, is a d-c supply which the control device requires for operation, 19 
and the headphones are connected in series with E, and the control 
device. Since E is a steady d-c voltage and the headphones have a 
fixed impedance, the variations of current will be determined by the 
changes in R . Hence the a-c input signal changes produce changes 
in the headphones current, thereby causing the headphones to repro¬ 
duce the sense of the input signal. 

WHAT HAVE YOU LEARNED? 

1. A tube or transistor acts like a <o) _ , 
represented in Fig. 17 by (b) _ When an a-c signal is applied 
to the input of a tube or transistor, the resistance of the tube or tran¬ 
sistor (c)_ 

2. In Fig. 17 the current through the headphones when there is no 
input signal is 10 ma. When the sinusoidal input signal shown is ap¬ 
plied, the headphones current varies a maximum of 4 ma from the 
no-input-signal value. At point A of the input signal, the headphones 
current in milliamperes is (o) _ ma; at point B, (b> _ ; 
at point C, (cj - ; at point D, (d) _ ; and at point F, 
(e) - At point E the current is approximately m_ 
milliamperes. 

ANSWERS 

1. (a) Variable resistor; (b) R,; (c) varies 
2. (a) 10 ma . . . Input signal is zero at this moment. 

(b) 14 ma . . . Input signal is maximum positive value, reducing R the 
maximum amount. Since resistance is minimum, current is maximum, or 10 ma 
4- 4 ma = 14 ma. 

(c) 10 ma (d) 6 ma . .. Input signal is maximum negative value, making 



20 R, maximum, and current minimum. 10 ma - 4 ma = 6 má. 
(e) 10 ma (f) 8 ma .. . Input signal at moment E of the cycle is about 

halfway between maximum negative value at point D and zero value at point 
F. Hence, current is one-half of 4 ma, or 2 ma, below no-signal value. 10 ma 
— 2 ma = 8 ma. 

12 THE BASIC AMPLIFIER INPUT CIRCUIT . . . You have seen in 
Fig. 16 how the input signal varies the resistance of the amplifying 
device. The value of the variable resistance R, depends upon the in¬ 
put voltage to the amplifying device. For the tube or transistor to 
amplify best, there is a certain best range of values for R, when there 
is no input signal. By applying a suitable d-c voltage, as well as the 
signal, to the input, the range of resistance values over which R, varies 
will be that for best operation of the amplifying device. 

In Fig. 18, battery E, supplies the d-c input voltage to the amplifying 
device. Its voltage value is important, since the average value of the 
resistance of the amplifying device, R, in Fig. 16, depends upon the 
voltage of E,. The a-c signal is supplied by the microphone. Trace the 
path of both the a-c signal and the d-c voltage, and note that both are 
applied to the input of the amplifying device. 

You have previously learned how an a-c voltage and a d-c voltage 
mixed together give a pulsating d-c voltage. The composite voltage 
applied to the input is shown in Fig. 19. 

The purpose of Ci and Lt in Fig. 18 is to steer the a-c and d-c volt¬ 
ages into the desired paths. If it were not for C,, the d-c voltage V, 
would be applied to the microphone, where it might cause improper 
operation and would certainly draw unnecessary current from E,. 

If it were not for the blocking action of inductor L,, most of the a-c 
signal from the microphone would take the easier path through the 

amplifying 
device 

—— =d-c path 
Ar =a-c signal 

path 

Fig. 18 The basic amplifier input circuit. 
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Fig. 19 Composite input voltage. 

battery, rather than going* to the amplifying device. Thus a very 
weakened a-c signal would be applied to the input of the amplifying 
device. 

Notice in Fig. 19 how the a-c signal varies the composite input volt¬ 
age. When the a-c is positive, it is series-adding to Ei resulting in a 
larger positive voltage. A smaller composite voltage is obtained when 
the a-c is negative. 

WHAT HAVE YOU LEARNED? 

1. Refer to Fig. 20. Assume the input circuit of an amplifier has a 
d-c bias of 5 volts (that is, E, in Fig. 18 is 5 volts) and an a-c input 
signal of 2 volts peak value. The composite input voltage when the 
a-c is zero is (o)_ volts. At this time E in Fig. 16 is at its (b) 
(maximum) (average) (minimum) ohmic value. When the composite in¬ 
put voltage is 7 volts, the a-c signal is (c)- volts peak or (d) 
_ volts rms. At this time R, is at its w (maximum) (aver¬ 
age) (minimum) ohmic value. The amplifying device resistance is at 
its largest ohmic value when the composite input potential is (f)-
volts and the a-c input is (0)-volts (max). 

2. A device that blocks d-c but passes a-c is a (□> _ 
a device that blocks a-c but passes d-c is a _ 
d-c is kept out of the microphone in Fig. 18 by w 
of the a-c is kept out of the battery by (d) _ 

_ , and 
_ The 
, and most 

Fig. 20 



22 

Fig. 21 Basic amplifier output circuit. 

ANSWERS 

1. (a) 5; (b) average; (c) 2; 
(d) 1.414 . .. Multiply peak by 0.707 to get rms or effective value. 
(e) Minimum; (f ) 3; (g) — 2 

2. (a) Capacitor; (b) inductor; (c) C,; (d) L, 

lß THE BASIC AMPLIFIER OUTPUT CIRCUIT ... The basic am¬ 
plifier output circuit also has both d-c and a-c currents, as shown in 
Fig. 21. E is a d-c potential required for the operation of the ampli¬ 
fying device, as was explained with reference to Fig. 16. The current 
flowing through the amplifying device will have the waveform shown 
in Fig. 22. 

The variations in the output current follow the changes in R, Fig. 
16, caused by the a-c input voltage. When R, is decreased (by a posi¬ 
tive input voltage), the output current increases from 0 to A. Likewise, 
when the output current decreases from 0 to B, the R, increase (by 
a negative input voltage) causes it. The output current at point 0 is 
that value which will flow when the input signal is zero. As seen in 
Fig. 22, the output current variations “ride” on the zero-signal output 
current. 

You have learned how a pulsating current, such as shown in Fig. 22, 
is equal to a d-c current and an a-c current combined. The a-c cur-

Fig. 22 Composite output current waveform. 



rent in Fig. 22 represents the signal, which we wish to go to the loud¬ 
speaker, Fig. 21. Capacitor C2 in Fig. 21 blocks the d-c component of 
the composite output waveform while allowing the a-c signal compo¬ 
nent to go to the loudspeaker. Inductor L¡ passes the battery current 
(that is, the d-c component) to the amplifying device, but keeps most 
of the a-c component from passing through the battery and thereby 
forces the a-c component through C2 to operate the loud speaker. 
Study carefully the a-c and d-c component paths in Fig. 21. 

WHAT HAVE YOU LEARNED? 

1. Refer to Fig. 23. The zero-signal output current is «>)- milli¬ 
amperes. The signal current is (b)- milliamperes (peak) and w 
_ milliamperes rms. The change in current from 100 ma 
to 80 ma was caused by R, (d) (increasing) (decreasing) in value, and 
the change from 100 ma to 120 ma was caused by R¡ (•) -
_ Assuming ideal conditions, the current flowing through C2 

is (f)_milliamperes rms and the current through Li is (9)-
milliamperes. 

Fig. 23 

2. In Fig. 21 a signal is applied to the input of the amplifying device, 
but the output from the loudspeaker is inaudible. What are two pos¬ 
sible causes of the trouble? Assume the amplifying device and speaker 
are working properly. 

ANSWERS 

1. (a) 100; (b) 20; (c) 14.14; (d) increasing; (e) decreasing; (f) 14.14; (g) 100 
2. Inductor L2 is shorted so that the a-c component is shorting through E,, 
rather than going to the loudspeaker. The other possibility is that ( 2 is open. 

1 A REPLACING THE INDUCTOR IN THE INPUT CIRCUIT .. .In J- * most low-power circuits it is practical to replace the input circuit in¬ 
ductor L, of Fig. 18 with a high-resistance resistor, as shown in Fig. 
24. The purpose of L, in the circuit of Fig. 18, you will remember, is 
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Fig. 24 The input circuit with a resistor. 

to present a high impedance to the input in series with E,, so that 
the signal will not short through the battery. A high value of resist¬ 
ance will, of course, also keep the a-c signal from shorting through 
the battery. The resistor, however, also offers a high resistance to 
the d-c voltage, which the inductor did not. 

In Fig. 24 the d-c voltage applied to the input of the amplifying de¬ 
vice is the voltage of E, minus the voltage drop across ß,. However, 
when the amplifying device is a vacuum tube, no current from the 
battery is drawn through ß , so that the voltage drop across R, is 
zero. Hence, the d-c voltage applied to the input of the vacuum tube 
is the same as the voltage of E,. 

Inductors dissipate no power when a voltage is applied to them. Even 
though ß, is chosen large enough to present a large impedance to the 
a-c input signal, this signal will dissipate some power in ß,, which 
would not be the case if a choke were used. With large power-han¬ 
dling tubes, there may be considerable power loss with a resistor, so 
that it is better to use a choke as in Fig. 18. 

When the amplifying device in Fig. 24 is a transistor, d-c current will 
flow through R,, so that the input d-c voltage to the amplifying de¬ 
vice will be much less than E,. However, only a very low d-c voltage 
(perhaps 0.2 volt) is needed at the input to a transistor. By using a 
battery of several volts for E,, most of the voltage can be lost in R 
and there will still be enough d-c voltage left for the input needs of 
the amplifying device. 

The advantage in using a resistor in place of an inductor in the input 
circuit to an amplifying device is that resistors are cheaper, lighter, 
and take up less space than inductors. A resistor will always be used 
when the power losses are only minor. 
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transistor 
amplifier 

Fig. 25 
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WHAT HAVE YOU LEARNED? 

1. Figure 25 shows how a resistor is used to replace an inductor in 
the input circuit to a transistor amplifier. The supply Vi is 10 volts, 
but only 0.2 volt is needed to bias the input to the amplifier. The re¬ 
sistor R must then drop 10 volts — 0.2 volt = 9.8 volts. If the tran¬ 
sistor amplifier draws 10 ga through R,, then Rt must have a value 
of (o)_to produce the 9.8-volt drop. Does this value 
of R, present a high impedance to the a-c input signal from the 
microphone passing through C,? (b)-

ANSWERS 

1. (a) 980 kilohms; (b) yes 

REPLACING THE INDUCTOR IN THE OUTPUT CIRCUIT . . . 
Resistors can also be used to replace inductors in the output circuits 
of amplifiers. Figure 26 shows the amplifying device with L2 of Fig. 
21 replaced by a resistor Rl. Just as in the input circuit, RL must be 
made large enough that it presents a fairly high impedance to the a-c 
output of the amplifier, thereby forcing most of the output signal to 
take the easier path through C2. Again the resistor has the property 
that it will also present impedance to the d-c supply voltage E This 
fact must always be taken into account, since both tubes and transis¬ 
tors must draw d-c current in their output circuits. This current will 

Fig. 26 The output circuit with a resistor. 
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Fig. 27 

C2 
-o 

-=-Ebb 

vacuum 
tube 

amplifier 

Rl = IO kilohms 

^Eout 

cause a voltage drop across Rl so that the full E, voltage no longer 
appears across the amplifying device, as it does when an inductance 
is used instead of Rl. Therefore, E must be chosen large enough to 
overcome the d-c voltage drop across Rl and still provide sufficient 
d-c voltage to the amplifying device for proper operation. 

WHAT HAVE YOU LEARNED? 

1. Figure 27 shows a resistor used to replace a choke in the output 
circuit of a vacuum-tube amplifier. You find that this amplifier needs 
150 volts d-c at its output terminals and will draw 10 ma of d-c cur¬ 
rent through Rl. Since you want Rl to present a large impedance to 
the a-c output of the amplifier, you choose it to be 10 kilohms. How 
big must the supply voltage Ebb be for the amplifier to operate prop¬ 
erly? (a) _ If an inductor were used in place of Rl, the 
proper value for Ebb would be <b> _ volts. 

ANSWERS 

1. (a) 250 volts ... Since 10 ma flows through the 10,000 ohms of Rl, the re¬ 
sistor will have a 0.01 X 10,000 = 100-volt drop across it. The tube needs 150 
volts for operation, so you need 100 + 150 =250 volts supply to overcome the 
100-volt drop in Rl and still have 150 volts on the amplifier. 

(b) 150 ... The d-c voltage lost across an inductor is negligible. 

THE THREE-TERMINAL BASIC AMPLIFIER ... Up to this 
point, you have analyzed the amplifier as having four terminals; two 
input terminals and two output terminals. In actuality, only three 
terminals are used, since the bottom terminal of both the input and 
the output are connected to the common (ground) side of the circuit. 
Figure 28 illustrates how there are actually three terminals to an 
amplifier. 



_1_ common lead 
usually grounded 

Fig. 28 The three terminal amplifier. 

Notice that the terminal connected to common serves as the bottom 
terminal for both the input and output circuits. The common is the 
chassis in many cases. This is actually done in practice because both 
the transistor and the vacuum tube are essentially three-terminal 
amplifying devices. The action of the bias and input signal upon the 
amplifying device and its output is identical to what you studied in 
the preceding sections. 

THE TRANSISTOR AMPLIFIER 
The advent of the transistor started a new trend in the field of elec¬ 
tronics in the area of minimization. The external action of the tran¬ 
sistor has many similarities to the action of the vacuum tube. Among 
the many advantages of the transistor over the vacuum tube are its 
small size, instantaneous operation, and lack of need for a heater 
power supply. Computers which once required large rooms for hous¬ 
ing can now be enclosed in spaces smaller than a typical desk. Radio 
receivers are now portable to the extent that pocket-size models are 
commonplace. 

In this section, you will learn how to apply the basic concepts of am¬ 
plification to those circuits in which the control device is a transistor. 
You will note that the transistor behaves as a resistor whose ohmic 
value is varied by the a-c input signal. 

-I ry THE PHYSICAL CONSTRUCTION OF THE TRANSISTOR ... 
"*■ * The transistor is composed of three regions of semiconductor mate¬ 

rial. The two outside regions consist of the same type of crystal, while 
the middle region is the opposite type of crystal. This means that 
there are two transistor types, as shown in Fig. 29. When the two 
outside regions are N type, the middle region is the P type, and we 
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Fig. 29 The two transistor types. 

have the NPN transistor. When the two outside regions are P type 
crystal and the middle region is the N type, the transistor is the PNP 
type. Both transistor types are common. 

A lead is attached to each of the regions, as shown in Fig. 29. The 
base lead is connected to the middle region; the emitter lead is con¬ 
nected to the bottom region; and the collector lead is connected to 
the top region. The collector and emitter, although the same type of 
material, differ in that the semiconductor material of the emitter has 
more impurities than the collector material has. In the most common 
type of transistor amplifier, the emitter is the common terminal (like 
the common terminal of the three-terminal amplifying device in the 
preceding section). This is shown in Fig. 30. You will also notice that 
the input terminal is the base and the output terminal is the collector. 

WHAT HAVE YOU LEARNED? 

1. In the NPN transistor, the base is a (a) _ -type crystal, the 
collector is a (b) _ -type crystal, and the emitter is a (<) _ -
type crystal. 

collector (output) 

base (input) 

signal 
input 

-o-

N 

P 

N 

emitter (common) 

output 
load 

Fig. 30 Designation of transistor terminals. 



2. The (a) _ and _ regions are of the 29 
same type of crystal-whether N or P-in all transistors, while the (b> 
_ region is the opposite type of crystal. 

3. The input a-c signal is applied to the io) - and emitter 
terminals, and the output a-c signal is taken from the ib)-
and emitter terminals. 

ANSWERS 

1. (a) P; (b) N; (c) N 2. (a) Emitter and collector; (b) base 
3. (a) Base; (b) collector 

BIASING THE TRANSISTOR . . . When the transistor is used as an 
amplifying device, two d-c potentials, called bias voltages, are re¬ 
quired for proper operation. Figure 31 shows these two voltage sup¬ 
plies connected to the two types of transistor. Notice that the circuits 
are identical to the circuit shown in Fig. 28, except that a transistor 
is shown as the amplifying device. Vcc is the collector voltage bias 
which causes a d-c collector current Ic to flow. I he base voltage sup¬ 
ply is Vbb. This supply is connected from base to emitter, and it 
causes a d-c base current Ib to flow in the input circuit. Because the 
PNP and NPN transistors are of exactly opposite construction, the 
polarities of Vbb and Vcc for the PNP amplifier are exactly opposite 
for the NPN amplifier. In Fig. 31(a), battery Vbb supplies a negative 
voltage to the base of the PNP transistor, while in Fig. 31(b) it sup¬ 
plies a positive voltage to the base of the NPN. 

It is very easy to remember the proper polarity for Vbb. If the tran¬ 
sistor is a PNP type, the base region is an N-type semiconductor, so 

Fig. 31 Biasing the transistor. 



30 you must connect Negative voltage to it. The base region of a NPN 
transistor is P type, so Vbb must supply a Positive voltage to the base. 
Once you have determined the proper polarity of Vbb, just remem¬ 
ber that the same polarity must be connected to the collector, and 
you then know the polarity of Vcc. For example, if you connect a posi¬ 
tive voltage to the base, you must connect a positive voltage to the 
collector. The directions of Ib and Ic are reversed for the PNP and 
NPN transistors, since Vbb and Vcc are reversed. 

Transistors are temperature-sensitive devices. As the temperature 
around the transistor increases, the bias current Ic increases. For this 
reason it is important that the transistor is not made too hot during 
operation, or the collector current may increase to such an extent 
that the amplifier will not operate properly or damage will occur. 

WHAT HAVE YOU LEARNED? 

1. Vbb, the base supply voltage in Fig. 31, causes a base current Ib to 
flow in the input circuit. This voltage is connected from emitter to (o) 
-through the resistor R,. If you are given an NPN transis¬ 
tor, you must apply a (b) (+) (-) voltage to the base. (Remember the 
middle letter of NPN is P.) 

2. Vcc, the collector voltage supply in Fig. 31, causes the (a)_ 
current Ic to flow in the output circuit. This voltage is connected 
from emitter to (b)_through the resistor Rl. If you are 
given an NPN transistor, you must apply a (c) ( + ) (-) voltage to the 
collector because that polarity is <d> (same as) (different than) the 
polarity you are applying to the base. 

3. As the temperature of the transistor increases, the collector bias 
current _ _ 

ANSWERS 

1. (a) Base; (b) positive 2. (a) Collector; (b) collector; (c) positive; (d) same 
3. Increases 

jQ THE BASE CURRENT CONTROLS THE COLLECTOR CUR¬ 
RENT . . . The collector current Ic is forced to flow through the base 
region on its way between emitter and collector. The transistor is so 
constructed that the base current Ib can control the resistance around 
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(a) The a-c input 
signal is added 
to the d-c bias 

(b) Base current 
varies resistance 
around the base 
region 

(c) Collector current 
varies as input 
signal varies 

Fig. 32 Control of collector current by base current. 

the base region and thus control Ic. Regardless of the type of transis¬ 
tor (NPN or PNP), an increase in base current reduces the resist¬ 
ance of the transistor, resulting in a larger value of collector current. 
A reduction in base current increases the transistor resistance, and a 
smaller value of collector current will flow. 

Figure 32 shows what happens when an a-c input signal is added to 
the d-c bias current Is, causing it to vary. Varying the base current 
at the same rate at which the input a-c signal varies will result in the 
transistor resistance changing in the same manner. 1 he result of this 
action is a collector current varying as the a-c input signal varies. 
Hence, the “little man” in Fig. 16 is replaced by the base current in 
the transistor amplifier. 

The broken line in Fig. 32(a) and (c) represents the value of the cur¬ 
rent in the absence of the input signal (zero-signal condition). 

In most transistors, the base current is very small, less than 10 per 
cent of the collector current value. For example, a typical low-power 
transistor has a base current of 100 /za and a collector current of 5 ma. 

WHAT HAVE YOU LEARNED? 

1. The transistor is an amplifying device because the resistance from 
emitter to collector can be made to vary by varying the (a)-
current. If you increase the value of In in Fig. 31(a), you decrease the 
resistance of the transistor so that Ic (b) (increases) (decreases). The 
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(a) NPN (b) PNP 

Fig. 33 Transistor circuit symbol. 
i 

current Ib is always much « (less) (greater) than Ic, so that amplifica¬ 
tion takes place. 

ANSWERS 

1. (a) Base; (b) increases; (c) less 

THE TRANSISTOR CIRCUIT SYMBOL... Up to this point, we 
have drawn the transistor as a rectangle divided into three parts. But 
there is a circuit symbol for the transistor, as shown in Fig. 33. There 
is a very simple way in which you can distinguish the NPN and PNP 
transistors in a circuit diagram. First of all, only the emitter lead is 
designated with an arrowhead. Secondly, the arrowhead points out 
for the NPN and in for the PNP. 

When the semiconductor diode symbol was examined in an earlier 
section, you were told that the arrowhead points in the direction op¬ 
posite to electron flow. This is also true for the transistor symbol. 

WHAT HAVE YOU LEARNED? 

1. The (a)-terminal has the arrowhead. The arrow¬ 
head points (b)- the transistor for the PNP type and (C)_ 
the transistor for the NPN type. 

2. The arrowhead points in a direction which is the (□>_ 
as hole current and the |b> - as electron current direction. 

3. How can you distinguish the base lead from the collector lead in 
the transistor circuit symbol?__ 

ANSWERS 

1. (a) Emitter; (b) into; (c) out of 2. (a) Same; (b) opposite 
3. The base lead butts into the vertical line at a right angle while the collector 

lead resembles the emitter lead, but has no arrowhead. 



Fig. 34 A complete transistor amplifier. 

pl THE COMPLETE TRANSISTOR AMPLIFIER ... Figure 34 shows 
J- a complete transistor amplifier with a microphone input and a head¬ 

phone load. You should immediately be familiar with this circuit, 
since it is the amplifier circuit you have just been studying, the am¬ 
plifying device being a transistor. The a-c from the microphone passes 
through C, and is added to the d-c bias of Vbb, thereby varying Ib. 
This action in turn varies Ic, so that amplified a-c appears on the d-c 
bias of Vcc. This amplified a-c signal then passes through C2 to the 
load, which is a pair of headphones. 

WHAT HAVE YOU LEARNED? 

Refer to Fig. 34. The microphone produces a sinusoidal output of 0.1 
volt. The a-c output voltage across the headphones is 4.0 volts. The 
input voltage causes Ib to vary from 50 ga to 150 ga and Ic to vary 
from 1 ma to 3 ma. 

1. Draw the waveforms for the (a) base current and (b) collector cur¬ 
rent on Fig. 35, showing both the d-c and a-c signal components. The 
peak to peak a-c input current is w- milliamperes; the peak 
to peak a-c output current is w- milliamperes. 

150-
o 
5100 -c 
0) 

t 50-
o 

(a) Base current 

Fig. 35 

(b) Collector current 



34 2. The current amplification or current gain of an amplifier can be 
calculated from the following relationship: 

, _ a-c output current 
a-c input current 

What is the current amplification of the amplifier in Fig. 34? (□) 
- In other words, the a-c output current is |b| _ times 
larger than the a-c input current. 

3. The voltage amplification of an amplifier can be calculated from 
the following relationship: 

_ a-c output voltage 
a-c input voltage 

What is the voltage amplification of the amplifier in Fig. 34? (□) 
- In other words, the a-c output voltage is |b> _ times 
greater than the a-c input voltage. 

4. Based on the results of questions 2 and 3, does the amplifier qual¬ 
ify as a power amplifier? (yes) (no). Explain. 

ANSWERS 

1. 

Fig. 36 

(a) Base current (b) Collector current 

(c) 0.1; (d) 2 

2. (a) 20 ... A, = -^ = ^ = 20 (b) 20 

3. (a) 40... Ar =-qY= 40 (b) 40 
4. Yes... Both the input voltage and current have been amplified. 
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(a) Physical view; electrons must 
pass through the grid on their 
way to the plate 

(b) Circuit symbol 

35 

Fig. 37 The triode vacuum tube. 

THE VACUUM-TUBE AMPLIFIER 
The vacuum-tube amplifier is a natural outgrowth of the vacuum¬ 
tube diode. By introducing a third element to the diode, the basic 
vacuum tube triode was devised. For many applications vacuum tubes 
are less desirable than transistors because they require heater power 
and are larger than transistors. 

THE PHYSICAL CONSTRUCTION OF THE TRIODE ... The tri¬ 
ode vacuum tube has three elements: cathode, control grid, and 
anode (plate). As in the vacuum tube diode, a heater is required to 
bring the cathode temperature up to a desired level, thereby causing 
thermionic emission to occur. The anode is connected to a positive 
potential and therefore attracts electrons emitted by the cathode. Up 
to this point, the triode is just like the diode. The chief difference is 
the introduction of a control grid, which regulates the rate at which 
electrons flow to the plate. Figure 37 supplies a physical view of the 
triode and also its circuit symbol. 

Notice that the control grid is a grid or mesh of wire through which 
the cathode-emitted electrons must pass to the plate. 

By connecting the control grid to a negative potential (negative bias), 
the grid can be made to repel some of the electrons emitted by the 
cathode and in this way control the amount of current flowing from 
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Fig. 38 Action within a triode. 

cathode to plate. This action is illustrated in Fig. 38. The higher the 
negative grid bias Etc is made, the harder it is for electrons to flow 
from cathode to plate and the more resistance the tube presents from 
cathode to plate. By varying the negative grid potential, you vary 
the effective resistance of the tube, so that the vacuum-tube triode is 
a variable-resistance amplifying device of the kind we have been dis¬ 
cussing throughout this lesson. 

WHAT HAVE YOU LEARNED? 

1. A triode is constructed of three elements: a cathode, a plate, and 
a ,o) —■- > through which electrons emitted by the cathode flow 
on their way to the (b>_ 

2. To attract the electrons emitted by the cathode, a (□)_ 
voltage is always placed between the plate and cathode of the tube. 
1 o repel some of the cathode-emitted electrons and control the cur¬ 
rent flowing to the plate, a (t)-voltage is applied be¬ 
tween grid and cathode. If a large negative voltage were placed on 
the grid of the tube, you would measure a co (large) (small) resistance 
from plate to cathode. If you made the grid voltage less negative, the 
resistance from plate to cathode would go (d ) (up) (down). 

ANSWERS 

1. (a) Grid; (b) plate 2. (a) Positive; (b) negative; (c) large; (d) down 

^^3 BIAS FOR THE VACUUM TUBE . .. The control grid serves as the 
input terminal of the triode vacuum tube, while the plate is the out¬ 
put terminal and the cathode is the common terminal. Like the tran-



Fig. 39 Bios for the vacuum tube. 

3' 

sistor, the tube requires a bias voltage En in Fig. 39, for the input ter¬ 
minal and another bias voltage Ebb for the output terminal. The out¬ 
put bias voltage Ebb is usually called the plate supply voltage. 
In addition, the tube also requires a heater voltage supply. 

The control grid bias supply En places the control grid at a negative 
potential and establishes the tube’s resistance at zero-signal condi¬ 
tion. The a-c input signal varies the grid voltage, making it more and 
less negative, as seen in Fig. 40. 

When the a-c input signal swings positive, the grid voltage is made 
less negative. This makes it easier for electrons to move through the 
tube (because its resistance is reduced), resulting in an increase in 
plate current lb. A negative swing in the a-c input signal makes the 
grid more negative; therefore, the tube resistance is increased and the 
plate current is decreased. Figure 41 shows the changes in plate cur¬ 
rent that coincide with the grid voltage changes of Fig. 40. 

The control grid is always kept at a negative voltage so that the elec¬ 
trons will not be attracted to it. Allowing the grid to go positive will 
result in many of the cathode-emitted electrons being captured by 
the grid, an undesirable action. Since the grid does not emit elec¬ 
trons, no bias current can flow, because there is an open circuit be¬ 
tween the grid and cathode. 

0 volts 

—grid 
voltage 

a-c input signal 

zero signal level Ecc 

Fig. 40 How the a-c input signal varies the grid voltage. 
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plate 
current 

point at which the grid is least negative 

—zero signal level 
point at which the grid 
is most negative 

Fig. 41 How the input signal changes lb. 

Notice that the purpose of the control grid bias voltage is to set the 
vacuum-tube resistance at a certain value. The a-c input signal varies 
the tube’s resistance, which results in a changing plate current. The 
a-c portion of the plate current is then delivered to the load (such as 
a speaker). 

WHAT HAVE YOU LEARNED? 

Refer to Fig. 39. Assume the microphone delivers a sinusoidal signal 
of 0.5 volt (max) and that Ecc is —2 volts. 

1. When the a-c input signal is zero, the control grid potential is (a) 
-volts. When the a-c input signal is maximum positive, the 
control grid potential is (b)_volts, which (C>_the 
tube resistance, and the plate current (d) (increases) (decreases). When 
the a-c input signal is maximum negative, the control grid potential 
is (e)-volts, which (f)-the tube resistance, and 
the plate current (9) (increases) (decreases). 

2. The d-c component of the plate current is blocked from the speak¬ 
er by (a)-The a-c component of Ih is steered to the speaker 
because of the (b)-opposition of C2 and high opposition of w 
-The purpose of Ebb is to make the plate (d)_, 
thereby attracting the cathode-emitted (.)__to it. The 
load of this amplifier is the (f)_ 

3. Because the grid is kept at a negative potential which repels elec¬ 
trons, current (a) (does) (does not) flow from cathode to grid. The a-c 
input current does not flow into the grid but flows through (b)_ 
and-- Will the bias battery Ecc last a long time or will it run 
down? (c)__ 



ANSWERS 39 

1. (a) — 2; (b) -1.5; (c) reduces; (d) increases; (e) -2.5; (f) increases 
(g) decreases 

2. (a) C2; (b) low; (c) Rl; (d) positive; (e) electrons; (f ) speaker 
3. (a) Does not; (b) Rg and E«; (c) E« will last a very long time since no d-c 
current can flow out of it into either the grid or C,. 

24 COMPARING TUBES AND TRANSISTORS AS AMPLIFYING 
DEVICES... You have seen that both tubes and transistors are vari¬ 
able-resistance amplifying devices. There is one important difference 
in their operation which you should be sure to understand. In a tran¬ 
sistor the a-c input signal current actually flows into the base of the 
transistor, while in a vacuum tube no current can flow into the grid. 
This difference is shown in Fig. 42. The input signal to the transistor 
sees not only the resistance R, but also the resistance offered by the 
transistor from base to emitter. 

The base-emitter resistance of most transistors is very low, a few 
hundred ohms. No matter how large you make R„ this base-emitter 
resistance will appear in parallel with it and the total a-c input resist¬ 
ance to the transistor will be low. For this reason transistors draw a 
fairly large input current and make good current amplifiers. This is 
not the case with the vacuum-tube amplifier. Since the grid cannot 
draw current, there is an open circuit from grid to cathode and the 
input to the vacuum tube sees only the resistance R,, which is usually 
chosen very large, on the order of 1 megohm. Vacuum tubes, then, 
have a very high input resistance, draw very little input current, and 
make good voltage amplifiers. 

Fig. 42 Transistors have a low input resistance compared to vacuum tubes. 



40 WHAT HAVE YOU LEARNED? 

1. In Fig. 42(a), if R, is chosen to be 1 megohm and the base-emitter 
resistance is 500 ohms, the input signal will see these two resistances 
in parallel. In other words, the input signal will see a total resistance 
of - ohms. 

2. In Fig. 42(b) there is effectively an open circuit from grid to cath¬ 
ode. If R, is chosen to be 1 megohm, the input signal will see a total 
resistance of _ ohms. 

3. If a 0.1-volt signal is now applied to the transistor in Problem 1, 
how much input current will flow?_ 

4. If the same 0.1-volt signal is applied to the tube of Problem 2, 
how much current will flow? (□, - Which draws more cur¬ 
rent, the tube or the transistor? (b)_ 

ANSWERS 
1. 500 2. 1,000,000 3. 0.2 ma 

4. (a) 0.1 ga (b) Transistor ... The transistor draws 2000 times as much 
current as the tube. 

EFFICIENCY IN AMPLIFIERS . . . The efficiency of an amplifier is 
often as important as its amplification. You have previously learned 
that the efficiency of any device is the ratio of useful power output to 
total power input. The useful power output from a radio is the power 
delivered to the speaker. If that is 10 watts and the power drawn from 
the 115 volt wall outlet is 100 watts, the efficiency is 10/100 = 0.1 = 
10 percent. 

In the power stages of transmitters, efficiency is quite important. One 
reason is that the difference between the input and ouput power 
(which is the power lost) is dissipated as heat, primarily on the plate 
of the tube. The lower the efficiency the more the lost heat, and the 
hotter the tube will get. Lower than normal efficiency in power ampli¬ 
fiers thus means short life for tubes. The other reason high efficiency 
is desirable in high-power equipment is to reduce operating cost. 

THE USE OF GROUNDS IN ELECTRONICS . . . Most electronics 
circuitry is built up on a metal chassis. Some of the wiring leads are 
usually soldered or otherwise connected directly to this metal chassis. 
Such leads are said to be grounded. Grounding is used for one or both 
of two reasons: 
(1) To reduce the amount of wiring required by using the metal chassis 

as a conductor to replace some of the wire conductors that would 
otherwise be required. 
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common. 

,. „.«reduce the amount of wiring. 

Fig. 43 The use of 8round,n9

hum and prevent interaction with 

The simple circuí« ¥ V ? S 

identifiable, and also because 

In (b) we show the common Non” of the currents 

- which the. 
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Fig. 44 Figure 39 redrawn wiih common points grounded. 

pick up unwanted voltages, or they may pick up static from the vari¬ 
ous electrical equipment operating within the room. These picked up 
voltages are very weak to be sure at the moment they are picked up. 
However, after being amplified by the amplifier they can become 
strong enough to be heard in the output, reducing the quality of recep¬ 
tion. If the common conductor is grounded, the shielding action of the 
metal chassis will reduce the pickup of stray signals. 

In (c) of Fig. 43 the common conductor is done away with, and the 
metal chassis used instead to carry the current from the negative side 
of the battery to the lamps. The dashed arrows show the current path 
through the chassis. This method requires minimum wiring and is 
therefore widely used. In some cases, such as in a high-fidelity audio 
amplifier, the use of the chassis to carry signal currents may cause 
instability. In those cases a common conductor, grounded at a single 
point as in (b), is used instead. 

In this lesson so far we have avoided the use of grounds in order to 
make the circuitry as clear as possible. In practice, amplifier circuits 
such as shown in this lesson would usually have at least one ground in 
order to improve performance as discussed above. A circuit involving 
several tubes would likely use a number of grounds in order to simplify 
the wiring. Figure 44 is Fig. 39 on page 37 redrawn to show the same 
circuit making the maximum use of grounds. The conductive chassis 
ties all the grounded points together in the same way that the common 
conductor (the bottom horizontal line) in Fig. 39 does. The circuits of 
Fig. 39 and Fig. 44 should be considered as identical. 

2*7 DEFINITIONS FOR A FEW COMMONLY USED TERMS... 
Power Supply ... A device used for converting the electrical power 
available into a form directly suitable for operating electronic devices. 
For example a power supply might convert the 115 volts 60 cps a-c 
found in most wall outlets into 600 volts d-c for furnishing plate power 



to vacuum tubes. At the same time it might furnish 6.3 volts a-c for 
heating vacuum tube filaments. 

Supply Voltage (or voltage source) . . . This usually refers to the source 
of voltage for operating the specific part of the circuit being discussed. 
For example the plate supply voltage in Fig. 44 is the battery Ebb, and 
the grid supply voltage is £«. 

With vacuum tubes the approved practice today is to use the subscipt 
b for letter symbols associated with the plate, and the subscript c 
for symbols associated with the grid. For example, the current drawn 
by the plate would be called lb, as shown in Fig. 44. We double a sub¬ 
script to indicate the supply voltage. Thus Ebb in Fig. 44 is the supply 
voltage, while Eb is the actual d-c voltage on the plate. The value Eh 
will be less than Ebb because of the voltage drop across the resistor Rl. 
Some variation in the use of symbols will be found. Plate current and 
plate voltage is sometimes called Ip and Ep, and the plate supply volt¬ 
age terminals are often marked B+ and B —. 

Signal. . . The term signal as used in electronics refers to the a-c 
wave that represents the information that the equipment is expected 
to respond to. In an ordinary radio receiver, the signal would be the 
various voltage waves that appear in the receiver as a result of radio 
waves striking the antenna. The usual purpose of an amplifier is to 
increase the strength of the signal. If the amplifier is a tube, the signal 
is the a-c wave coming in to the grid and which is amplified by the tube. 

Stage ... A unit of an amplifier consisting of one tube or transistor 
and the associated circuitry used with the tube or transistor to make 
it operate properly. An amplifier consists of one or more stages con¬ 
nected in tandem. 

Load. . . Generally speaking, the load is the impedance to which the 
power output from a device is delivered. The load in Fig. 15(b) is the 
speaker, since it is to the speaker that the output from the amplifier is 
fed. The load on a battery used to power a radio would be the radio. 

When discussing how a tube or transistor operates, the term load usu¬ 
ally refers to all the impedance in the plate or collector circuit. Thus 
in Fig. 39 the load would consist of Rl and the loudspeaker impedance. 
The resistor Rl is the plate load resistor and the loudspeaker is the 
useful part of the total load. 
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44 LESSON 2403-3 

HOW TUBES AND TRANSISTORS AMPLIFY 

EXAMINATION 

Circle the number of the correct answer for each question that follows. When you are finished, 
transfer the answers to the answer sheet by putting X’s in the proper squares. When the graded 

answer sheet is returned to you, correct in this book any questions you may have missed. By 

doing so, you will have a record of the correct answers to all questions for review purposes. 

1. The elements of a triode vacuum tube are: 
(1) collector, base, emitter (2) anode, plate, cathode 
(3) anode, cathode, base anode, control grid, cathode 

2. Electron emission occurs in the cathode of a vacuum tube because: 
( 1 ) the plate pulls the electrons out of the cathode. 

the heated cathode “boils” electrons out of its surface. 
(3) the control grid pulls the electrons out of the cathode. 
(4) the heater warms up the anode. 

3. The triode vacuum tube is an amplifier because: 
the plate voltage variations are larger than the grid voltage 
variations. 

(2) the plate voltage variations are smaller than the grid voltage 
variations. 

(3) the plate current variations are the same as the cathode cur¬ 
rent variations. 

4. The direction of electron flow in the plate circuit of the vacuum 
tube amplifier is: 
(1) from plate through grid to cathode. 
(2) out of the plate into the negative terminal of Ebb. 

out of the plate into the positive terminal of Ebb. 
(4) out of the plate into the positive terminal of E#. 

5. The purpose of C, in Fig. 44 is 
Q) to keep the voltage of Ea off the microphone. 
(2) to shift the phase of the signal from the microphone. 
(3) to build up the signal from the microphone and thus reduce 

noise. 
(4) to make it possible to ground one side of the microphone. 



6. The diagrams below illustrate a vacuum-tube circuit with a re¬ 
sistance load. Only one of these diagrams has the correct direc¬ 
tion for electron flow. Select it. 

7. The physical structure of the PNP transistor is: 
P-type emitter and collector, N-type base. 

(2) P-type emitter, N-type base and collector. 
' ' (3) P-type collector, N-type base and emitter. 

(4) P-type base, N-type emitter and collector. 

8. The physical structure of the NPN transistor is: 
(1) N-type base, P-type emitter and collector. 
(2) N-type emitter, P-type base and collector. 
0 N-type emitter and collector, P-type base. 
(4) N-type base and collector, P-type emitter. 

9. In both types of transistor, the relationship between base cur¬ 
rent and collector current is: 
(1) the base current is controlled by the collector current. 
© the base current controls the collector current. 
(3) the base and collector currents are independent of each other. 
• the base current and collector current are both controlled by 

the emitter current. 

& 
10. In both types of transistor, amplification results because the 

transistor’s resistance is varied by: 
(1) the collector current 
(2) the emitter current 

the base current 

11. The purpose of the Vbb supply of a transistor amplifier is: 
to establish the desired zero signal base and collector currents. 

(2) to establish the minimum value of base and collector currents. 
(3) to establish the maximum value of base and collector currents. 
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46 12. The load on the transistor of Fig. 34 would be: 
(1) the current drawn by the collector. 
(2) the base current. 

z- (3) the capacitor C2. 
Rl together with the headphones. These comprise the com¬ 
plete load, with the headphones being the useful part of the 
load. 

(5) the microphone and the headphones. 
(6) the battery Vcc. 

13. The purpose of the bias voltage Etc on the grid of an amplifier 
tube is: 

to limit thermionic emission. 
to set the zero signal resistance of the tube. 

(3) to set the plate current at its maximum value. 
(4) to set the plate current at its minimum value. 

14. The term grounded in electronics may refer to a connection made 
to earth, such as by clamping to a water pipe. However, more often 
the term means: 
( 1 ) a short circuit between two conductors. 
(2) an open circuit. o a connection made to the metal chassis on which the electronic 

parts are mounted. 
(4) a connection made to the cathode of a tube or the emitter of a 

transistor. 



Fig. 46 

15. Which diagram of Fig. 45 (if any) shows a simple one-tube ampli¬ 
fier correctly wired? 
(1) (a) (2) (b) (c) @ (d) (5) None of them 

16. In Fig. 46(a), lead A of the transistor is known as the: 
(1) ejector /d) collector 
(2) emitter (6) base 
(3) remitter (7) cathode 
(4) anode (8) getter 

17. In Fig. 46(a) lead B of the transistor is known as the: (Choose 
answer from selections for Question 16). ¿ . 

18. In Fig 46(a) lead C is known as the: (Choose answer from selec¬ 
tions for Question 16). . 

I What type of transistor is used in the circuits of Fig. 46? 
(tn* NpN (2) PNP 

20. In which diagram of Fig. 46 are both bias batteries connected with 
correct polarity? 

(2) (b) (3) (c) ^>(d) 

21. By comparing Figs. 34 and 39 we can learn that the elements of a 
tube corresponding to base, collector, and emitter of a transistor 
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48 are respectively: 
(1) anode, grid, cathode. 
(2) anode, cathode, grid. 
0  grid, anode, cathode. 

(4) grid, cathode, anode. 
(5) cathode, anode, grid. 
(6) cathode, grid, anode. 

22. If a higher-voltage bias battery Vbb was used in Fig. 34 the col¬ 
lector current would: 

increase. (2) decrease. (3) not change. 

23. If a higher-voltage bias battery E» 
current would: 
& increase. decrease. 

was used in Fig. 39, the anode 

(3) not change. 

Fig. 47 

In which diagram of Fig. 47 do the arrows correctly indicate the 
current path? 
(D (a) (2) (b) 0 (c) (4) (d) 

25. Suppose the polarity of the battery in Fig. 47 is to be reversed to 
that shown. Trace the current path to determine the current direc¬ 
tion through Ri.. 
CD It is the same as before. 
(2) The current through Rl is reversed when the battery polarity 

is reversed. 



26. One important reason why nearly all vacuum tube and transistor 
circuits use capacitors is that: 
(1) capacitors give the phase shift required for proper operation. 
(2) capacitors are cheaper to use than inductors. 
(3) by using suitable size capacitors, circuit currents can be kept 

at desired amplitudes. 
capacitors keep d-c current from flowing in parts of the circuit 
where a-c is wanted but not d-c. 

27. Conduction takes place by the movement of positive charges in: 
{j) P-type semiconductor material. 
(2) N-type semiconductor material. 
(3) the positive plates of batteries. 
(4) some types of vacuum tubes. 
(5) uranium. 

Fig. 48 

£ 
28. The output signal from the record player in Fig. 48 is 3 ma at 0.2 

volt. The signal voltage across the speaker is 2.5 volts. Other data 
is given in the figure. What is the voltage amplification between 
record player and speaker? 

(1) 0.08 ® 12.5 
(2) 0.5 (5) 45 
(3) 1.8 (6) None of the above. 

29. What is the current amplification between record player and 
speaker in Fig. 48? 

(1) 24 (4) 360 
(2) 33.3 (5) 600 
@ 40 (6) 1200 

(7) None of the above. 

30. What is the power used by the speaker in Fig. 48? 
(1) 0.03 watt 
(2) 1.8 watts 
(3/ 300 milliwatts 

(4) 30 watts 
(5) 300 watts 
(6) None of the above. 

49 



50 31. What is the power gain between record player and speaker in 
Fig. 48? 

(1) 0.3 (3) 200 
& 50 (4) 500 

(5) None of the above. 

32. The efficiency of an amplifier is the ratio of: 
© useful signal power output to signal power input. 
(2) useful voltage output to signal voltage input. 
(3) useful signal current output to signal current input, 

useful signal power output to total power input. 

33. The total d-c power input (which can be assumed to be the power 
furnished by the two batteries) for the stage of Fig. 48 is 

(1) 206 milliwatts (4) 10.5 watts 
(2) 1.809 watts. (5) 1809 watts. 
(J) 2.163 watts. (6) None of the above. 

34. The efficiency of the amplifier stage of Fig. 48 is: 
0.5 per cent. (4) 20 per cent. 
2 per cent. (5) 50 per cent. 
16.6 per cent. (6) 60 per cent. 

(7) None of the above. 

35. What is the purpose of Rl in Fig. 48? 
ZD It controls the value of the collector current. 

It is a cheap substitute for an inductor, keeping the signal out 
of the power supply, and forcing it to take the path through C2. 

(3) Transistors are very sensitive, and may be damaged by sud¬ 
den current or voltage changes unless protected by Rl. 

(4) It reduces distortion in the output. 

End of Exam 



DIFFERENT MANUFACTURERS HAVE DIFFERENT WAYS OF IDENTIFYING 

THE LOCATION OF EMITTER, BASE, AND COLLECTOR. 

Base, emitter and collector terminals may be identified by numbers, 
letters, keys, color codes, or by their spacing and position. One popu¬ 
lar practice is to use a red dot to identify the collector as shown in 
the figure. In the round base transistor of (b) if you keep the red dot 
on your right the other two leads will be as shown. The transistor in 
(c) has the collector off by itself. The power transistor in (d) has the 
collector connected internally to the case. If the transistor is held 
with its prongs facing you so the two leads are below center, the 
emitter is to your left. In (e) a key is used to identify the leads. When 
held as shown, the leads are emitter, base, and collector as you move 
in a clockwise direction from the key. 

Bottom View 
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A chat with your instructor 

Besides the ordinary semiconductor diode which you have already 
studied, there are now many important special types of diodes and 
other semiconductor devices. Of these, you will study in this lesson 
zener diodes, tunnel diodes, varistors, stabistors, thermistors, and 
varactor diodes. Special types of diodes are normally used for pur¬ 
poses other than rectification. For example, the tunnel diode is used 
as an amplifier and the varactor as a variable capacitor. 

The first part of the lesson is devoted to a careful study of how the 
ordinary diode works. Since all semiconductor products work on many 
of the same basic principles, you will have little trouble understand¬ 
ing and intelligently using transistors and other semiconductors after 
you have learned the operating principles of the ordinary diode. This 
is the age of semiconductors. The future will undoubtedly see a vast 
increase in the number of semiconductor devices on the market, and 
an equal increase in the use of these devices. If you know general 
semiconductor theory well, as given in this lesson, you should not 
have much trouble learning to use new products as they come out in 
the future. 

The Theory of the 
Semiconductor Diode 

This section of your lesson is important because if you understand 
how the semiconductor diode works, you will be readily able to under-
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Nucleus Made Up Of 
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Fig. 1 The structure of a few atoms. 
Lead 

stand more complex semiconductor products, such as transistors. Since 
the rectifying and amplifying action takes place among the atoms of 
the semiconductor material, we must explore the nature of the atoms 
a little before you can understand how semiconductor devices work. 

THE NATURE OF THE ATOM 
THE PARTS OF THE ATOM . . . The atoms of several different 
elements are shown in Fig. 1. Every atom has a relatively heavy core, 
called the nucleus, made up of protons and neutrons. Electrons revolve 
around the nucleus, like the planets around the sun. 

Figure 1 shows that an atom of helium has (i )_protons, (2)_ 
neutrons, and p)-electrons. An atom of carbon hasp)_ 
protons, (5)-neutrons, and (6)_electrons. An atom of copper 
has (7)-protons, p)-neutrons, and (9)_electrons. Anatom 
of hydrogen (the simplest atom) has (io>_protons, (ii)_ neu 
trons, and (i2>_electrons. 

(1) 2; (2) 2; (3) 2; (4) 6; (5) 6; (6) 6; (7) 29; (8) 34; (9) 29; 
(10) 1; (11) 0; (12) 1; 



A proton carries a positive charge. A neutron carries no charge at 
all. An electron carries a (13) - charge. 

Like charges repel each other; unlike charges attract each other. A 
positively charged ball will (u) - a negatively charged 
ball. A negatively charged atom will <15) - another negatively 
charged atom. A positively charged atom will attract another atom 
if the other atom is (16>_ charged. One plate of a capaci¬ 
tor carries a positive charge and the other a negative charge. There¬ 
fore the two plates of a capacitor (iz)- each other. 

The negative charge on an electron is equal in strength to the positive 
charge on a proton. This means that the force of repulsion between 
two electrons is equal to the force of attraction between an electron and 
a proton. Also, the force of attraction between a proton and an electron 
is equal to the force of repulsion between two protons or between two 
electrons. The strength of a charge formed by 10 electrons is 10 times 
the charge of one electron. The strength of a charge formed by 
1,000,000 protons is ps)_ times the charge of one proton. 

Suppose a charge of 1,000,000 electrons attracts a certain positively 
charged ball with a force of one pound. Then a charge of 1,000,000 
protons will repel this ball with a force of o»)- pound (if the same 
distance away). If a charge consists of 1,000,000 protonsand 1,000,000 
electrons, the protons will tend to <2o> - the positively charged 
ball with a force of one pound, and the electrons will tend to 
(2i) _ the positively charged ball with a force of one pound. 
Since the pushing force equals the pulling force, the net result is that 
the ball is neither attracted nor repelled. 

3 

CHARGED BODIES ... A body that neither attracts nor repels 
another body is said to be neutrally charged (or uncharged). A body 
is neutrally charged when the number of protons in the body is 
,22)_ to the number of electrons. A body that has more pro¬ 
tons than electrons is (23)- charged, and a body that has 
more electrons than protons is (24) - charged. The num¬ 
ber of protons in the carbon atom of Fig. 1 is (25)- and the num¬ 
ber of electrons revolving around the nucleus is (26) -
Therefore the carbon atom is (2Z) - charged. If the car¬ 
bon atom were to lose one or more of its electrons, it would be |28) 
_ charged. 

(13) negative; (14) attract; (15) repel; (16) negatively; (17) attract; 
(18) 1,000,000; (19) one; (20) repel; (21) attract; (22) equal; (23) positively; 
(24) negatively; (25) 6; (26) 6; (27) neutrally; (28) positively; 



4 All the atoms shown in Fig. 1 have the same number of electrons as 
protons, and are therefore without a charge (neutrally charged). It is 
the normal condition for all atoms to have the same number of elec¬ 
trons as protons. Therefore all atoms are normally (29)_ 
charged. 

Under certain circumstances an atom may lose one of its electrons. 
The atom is then (3oi- charged, because it has one more 
proton than it has electrons. Sometimes an atom will pick up an elec¬ 
tron. The atom is then on_ charged. 

Atoms that are positively or negatively charged through the loss or 
gain of electrons are called ions. A positive ion haso2)_ elec¬ 
trons than protons, and a negative ion has (33) _ electrons 
than protons. 

SOME PROPERTIES OF AN ATOM ... Figure 1 shows that the 
revolving electrons exist in a number of orbits, called rings or shells. 
The electrons of the silicon atom are in three shells. The shell closest 
to the nucleus of a silicon atom holds (34) _ electrons. The next one 
further out has (35) - electrons, and the outside orbit has (36) 
_ electrons. 

A more detailed view of the copper atom is given in Fig. 2. The 
shaded areas are the shells within which the electrons move. The 
white area between the shells is a “no-man’s land” in which neither 
an electron nor anything else can exist. 

There is a maximum number of electrons that can exist in a shell. The 
number of electrons in the first, or K, shell (the one nearest the nu¬ 
cleus ) cannot exceed two. The second, or L, shell can have a maximum 
of eight electrons, the third (M) shell a maximum of 18, and the 
fourth (N) shell a maximum of 32. However, the outer shell can never 
have more than eight electrons. Thus the N shell could not have over 
eight electrons unless the atom has another shell outside of the N 
shell, like the lead atom in Fig. 1. 

We have mentioned that atoms will sometimes gain or lose electrons 
to become ions. This gain or loss nearly always occurs in the outer 
shell. The electrons in the inner shells are too tightly bound to the 
nucleus to be removed, except by forces greater than are normally 
ever encountered. 

(29) neutrally; (30) positively; (31) negatively; (32) less; (33) more; 
(34) two; (35) eight; (36) four; 
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In electronics there are three common sources of energy which can 
break valence electrons away from their atoms. These sources are heat, 
light, and voltage. The heat of ordinary room temperature is sufficient 
to cause some free electrons to form in most metals. Light shining on 
some materials, particularly semiconductor materials, will cause addi¬ 
tional free electrons to form. This is evidenced by the resistance of 
some semiconductors decreasing when exposed to light. All photo¬ 
electric devices operate on this principle. 

Applying a voltage across a material will increase the number of free 
electrons. The positive terminal of the voltage attracts the oppositely 
charged valence electrons while the negative terminal repels them, 
causing many more to break away from their own atom than would 
otherwise be the case. 

WHAT HAVE YOU LEARNED? 

1. The electrons in the outer orbit of an atom are called (O)_ 
electrons. The maximum number of valence electrons an atom can 
have is (b>__ 

2. When a valence electron is detached from an atom as a free elec¬ 
tron, the atom becomes a_charged__ 

3- Three sources of energy that can break valence electrons away 
from their atoms are (°)_, (b)_, and w_ 

4. When a voltage is applied to a conductor, the number of free elec¬ 
trons (does) (does not) increase. 

ANSWERS 

1. (a) valence electrons; (b) eight... This is the maximum number of electrons 
that an atom can have in its outer orbit. 

2. positively (charged) ion. 

3. (a) heat; (b) light; (c) voltage . .. any order correct. 

4. does ... voltage is one of the three sources of energy that will break valence 
electrons from their orbit. 



VALENCE ELECTRONS DETERMINE CONDUCTIVITY. . . 
The fewer the electrons in the valence ring the less these electrons 
are bound to the nucleus. In the copper atoms of Figs. 1 and 2 there 
is only one electron in the outer orbit (the N shell) and it is far re¬ 
moved from the nucleus. Consequently, it requires only the slightest 
force to dislodge this electron from its atom. In fact, the heat energy 
picked up by the electrons in the N shells of the atoms in a piece of 
copper at room temperature is sufficient to dislodge practically every 
outer orbit electron from its shell and send them wandering about as 
“free electrons”, not attached to any atom. It is because of this great 
number of free electrons that copper is an excellent conductor. 

The more electrons there are in the outer shell, the (3»)-
these electrons are bound to the nucleus. Iron has two electrons in its 
outer orbit. Therefore, outer orbit electrons in iron (4o> (can) (cannot) 
become free electrons as easily as in copper. Iron then is a (41 >-
conductor than copper. Silver is the best conductor known. Therefore 
silver has (42) _ electron in its outer shell. Aluminum has three elec¬ 
trons in its outer shell and gold has one. Therefore aluminum is a 
(43) _ conductor than gold. Metals have relatively few 
electrons in their outer orbit. Therefore metals are conductors. 

The maximum number of electrons in the outer orbit of an atom is (44) 
_ When the number of outer shell electrons is near this maximum 
number, they are held too tightly to the nucleus to break away readily 
to form free electrons. Therefore materials in which the atoms have 
close to the maximum number of electrons in the outer orbit are 
usually poor conductors or insulators. Because it has six electrons in 
its outer orbit sulfur is an (45)-

EXCHANGE OF ELECTRONS BETWEEN ATOMS . . . When 
the outer shell of an atom holds the maximum number of eight elec¬ 
trons, it cannot take on additional electrons, and it will not readily 
depart with any of the eight which it has. When the outer shell has 
a few less than eight, it attracts other electrons, if they are available, 
into its outer orbit until it has a full complement of eight. 

Figure 3(a) shows a sodium and a chlorine atom close together. The 
sodium atom has (46>_ electron in its outer orbit. The chlorine 
atom lacks (47,_ electron of having its full complement of eight 
electrons in its outer orbit. The lone electron in the outer shell of the 
sodium, being poorly held to its nucleus, is attracted to the chlorine 
atom to complete its complement of eight in the outer shell. After 

(39) tighter; (40) cannot; (41) poorer; (42) one; (43) poorer; (44) eight; 
(45) insulator; (46) one; (47) one; 
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Sodium lons( + ) Chlorine lons(-) 

The Oppositely Charged Ions 
Are Attracted To Each Other 

Dots(*) Represent Chlorine Ions 
Circles (o) Represent Sodium Ions 
(c) 

Fig. 3 (a) When a sodium and chlorine atom are brought together, the sodium 
loses an electron to the chlorine. 
(b) The oppositely charged ions attract each other, forming sodium chloride 
(ordinary table salt). 
(c) Structure of salt crystal. 

this transfer has taken place, the sodium atom is (48)_ 
charged, and the chlorine atom is (4»)_ charged. Atoms 
carrying charges are called (so,_ _ The oppositely charged 
ions are attracted to each other as in Fig. 3(b). The two ions bound 
together form a particle of sodium chloride, which is ordinary table 
salt. 

If the metal sodium in powdered form is brought into contact with 
the gas chlorine, the two will react vigorously. This reaction will be 
accompanied by much heat as the outer orbit electrons of the sodium 
pass over to fill the vacant spaces in the outer shell of the chlorine 
atoms. The result of this reaction will be cubical crystals of sodium 
chloride. Because of the attraction between oppositely charged ions, 
they rigorously arrange themselves with respect to each other as 
shown in Fig. 3(c). Notice how each ion is adjacent to an oppositely 
charged ion on every side. 

(48) positively; (49) negatively; (50) ions; 
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Chlorine Chlorine 
Atom Atom 

Chlorne Molecule 

(b) 

Fig. 4 (a) Chlorine atoms have seven valence electrons. 
( b ) Here electrons are shared so that the outer orbit of both atoms has eight 
electrons. 

Because the atoms of table salt are bound together into a rigid crys¬ 
talline mass by the electrostatic attraction between oppositely 
charged ions, sodium chloride is referred to as an electrovalent com¬ 
pound. There is another method, called covalence, by which atoms 
are bound together. In a covalent compound the outer shell electrons 
are shared by two atoms without any of the electrons leaving their 
own atom. 

An example of the binding together of two atoms by covalence 
is shown in Fig. 4. A chlorine atom has only seven outer orbit elec¬ 
trons. Therefore it tries to collect an additional electron from some near¬ 
by atom to complete its complement of eight electrons. It can’t pull the 
extra electron it needs from another chlorine atom nearby because 
the outer orbit electrons of chlorine are tightly bound to their own 
atoms. However, the chlorine atoms can combine into a molecule as 
in Fig. 4(b) in which, through the sharing of electrons, both atoms 
now have eight outer orbit electrons. 

CHARGE CARRIERS 
MOVEMENT OF POSITIVE CHARGES FORMS CURRENT. . . 
Most electrical current is made up of the movement of negatively 
charged particles in the form of free electrons. A current flow might 
also consist of the movement of negative ions. This is not so common 
because the heavy weight of an ion as compared to the electron makes 
the former much less mobile. 
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Na — Positive Sodium Ion 

Fig. 5 Showing current conduction through a salt solution. 

An electrical current may also consist of the movement of positive 
particles, such as positive ions. The concept of conduction through 
the movement of positive charges is important in studying semicon¬ 
ductors. An example of conduction by the movement of positive 
charges is current flow through a solution of salt water. Salt water is 
a good conductor, but it does not conduct by the movement of free 
electrons. Instead it conducts by the movement of positive sodium 
ions and negative chlorine ions, as shown in Fig. 5. Because opposite 
charges attract, the positive sodium ions move toward the (sij 
_plate. Also, the positive sodium ions are pushed toward 
the negative plate by the positive plate because <S2)_charges 
repel each other. The negative chlorine ions move towards the (S3) 
_plate. Ignoring small current flow due to ionization of 
the water itself, the moving sodium ions and the moving chlorine 
ions each carry one-half of the total current. The battery current in 
Fig. 5 is 10 amperes. Therefore the sodium ions carry (54)_ 
amperes and the chlorine atoms (ssj_amperes. 

Particles that form a current by carrying charges from one point to 
another are called charge carriers. The ions of Fig. 5 are charge car¬ 
riers. In ordinary conduction through a wire, the free electrons are 
(56)-In Fig. 5 the positive charges are 
carried in the (5z>_direction to the negative charges. A 
current of (sb) _amperes is carried in each direction. The two cur¬ 
rents of opposite directions do not cancel each other because one cur¬ 
rent consists of positive charges and the other of negative charges. 

(51) negative; (52) like; (53) positive; (54) 5; (55) 5; (56) charge carriers; 
(57) opposite; (58) 5; 



If two groups of negative charge carriers, each group carrying five 
amperes, both move in the same direction, the total current is (S9)-
amperes. If one of the groups of negative charge carriers moves in the 
opposite direction to the other negative charge carrier group, the total 
current is <óo)_ amperes, since the two opposite currents cancel 
each other. 

If two groups of positive charge carriers, each group carrying five 
amperes, move in the same direction, the total current is (6i>-
amperes. If they move in opposite directions, the total current is 
(62) _ amperes. 

If a group of positive charge carriers carrying five amperes moves in 
the same direction as a group of negative charge carriers also carry¬ 
ing five amperes, the total current is (63) - amperes, because the 
two currents cancel each other. If the two oppositely charged groups 
move in opposite directions the total current is (64)- amperes. 

11 

CURRENT DIRECTION ... Since in Fig. 5 current flow in the salt 
water consists of equal charges moving in opposite direction, what is 
the current direction? In this course we define current direction as 
the direction of movement of the free electrons. When a current con¬ 
sists of charge carriers other than free electrons, the current direction 
is the direction that free electrons would move in the circuit if they 
were the charge carriers. For example, if in Fig. 5 conduction through 
the salt water were by electron flow, the direction of movement would 
be from negative plate to positive plate. Hence, the current direction 
through the salt water in Fig. 5 is from (6s>-to (66)-

Said another way, current direction as used in this course is the direc¬ 
tion of movement of negative charge carriers, and is opposite to the 
direction of positive charge carriers. You should keep in mind that 
many text books and engineers define current direction as the direc¬ 
tion of movement of positive charge carriers and opposite to the direc¬ 
tion of negative charge carriers. This is known as the conventional 
current direction. The conventional current direction is opposite in 
all cases to current direction as defined in this course. 

WHAT HAVE YOU LEARNED? 

1. Conduction within a vacuum tube is by the movement of (a) 

(59) 10; (60) zero; (61) 10; (62) zero; (63) zero; (64) 10; (65) right; 
(66) left; 



12 _ charges. The charges are conveyed from (b)_ 
to_ by means of w_acting as charge carriers. 
The current direction through the tube, as current direction is defined 
in this course, is from id)_to _ . 

2. Conduction within a mercury vapor rectifier tube is accomplished 
in part with positive charge carriers (positive mercury ions). The 
direction of movement of the positive ions is from (o)_to 
_ The current direction through the tube is from (b) 
_to_ 

ANSWERS 

1. (a) negative; (b) cathode (to) plate; (c) electrons; (d) cathode (to) plate. 

2. (a) plate (to) cathode; (b) cathode (to) plate. 

SEMICONDUCTOR MATERIALS . . . With respect to conductivity 
it is convenient to divide materials into three classes: conductors, 
semiconductors, and insulators. Conductors have a (67)_ 
resistance, insulators a very (6s> _ resistance, and semicon¬ 
ductors a resistance value somewhere in between. Silicon, a typical 
semiconductor, has a resistance a billion times as great as copper, but 
only one-billionth as great as a good insulator. 

A conductor has |6»> _ free electrons. An insulator has ex¬ 
tremely few (70)_ A semiconductor has only a few 
free electrons, but more than an insulator. Materials in which the 
atoms have only one or two valence electrons usually have izi )_ 
free electrons. Materials in which the atoms have seven or eight elec¬ 
trons in their outer orbit usually have extremely few (72)_ 
_ Materials in which the atoms have four valence elec¬ 
trons probably have some free electrons, but not nearly so many as 
a good conductor has. Silicon and germanium, the two most important 
semiconductors, have four valence electrons. 

A silicon or germanium atom will try to fill up its outer orbit by add¬ 
ing additional electrons until there are (73)_ electrons in its outer 
orbit. This is done by covalence as shown in Fig. 6. In this figure and 
hereafter we show only the outer shell of electrons, because the inner 
shells do not play an active part in semiconductor action, and there¬ 
fore need not be considered. Each of the four outside atoms shares 

(67) low; (68) high; (69) many; (70) free electrons; (71) many; (72) free electrons; 
(73) 8; 
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o-Electrons Attached To Center Atom 
• -Electrons Attached To Outside Atoms 

Fig. 6 Covalence in germanium. Only the valence ring of electrons is shown for 
each atom. 

its electrons with the center atom, but without any of the electrons 
becoming detached from their own orbit. Thus the center atom has 
eight electrons associated with its outer shell. Nearly every atom with¬ 
in a piece of pure germanium or silicon is within the center of four other 
atoms to which it is bound with covalent bonds as in Fig. 6. This is 
shown in Fig. 7, where the black dots are the outer orbit electrons, 
and the line between each electron and a nucleus means that that 
electron is attached to that nucleus. Two electrons close together 
(paired electrons) means that they are shaped by the associated 
nucleuses. A set of paired electrons form a covalent bond. Because 
of the sharing of electrons, each atom has the use of eight elec¬ 
trons in its valence ring. 

So that covalence can take place, each silicon or germanium atom is 
held in a rigid position with respect to the other atoms, forming a 
crystal in the shape of a cube. 

CURRENT FLOW IN PURE SEMICONDUCTORS ... At very 
low temperatures, say below —80° F, all the outer orbit electrons in 
germanium and silicon are held tightly to their own atoms with the 



14 Covalent Bond 

Fig. 7 Structure of a germanium or silicon crystal. 

help of the covalent bonds. In other words there are practically no 
free electrons at very low temperatures, so that silicon and germanium 
are insulators. At higher temperatures a few electrons break away to 
become free electrons. The number of free electrons increases as the 
temperature increases, and consequently the resistance of the semi¬ 
conductor material is (Z4)_when the temperature is in¬ 
creased. Because the resistance varies with temperature, semicon¬ 
ductors are said to be temperature sensitive. The amount of current 
that will flow through a semiconductor when a given voltage is applied 
(75)_when the temperature increases. The reverse 
current through a semiconductor diode for a given back voltage izó) 
-when the temperature increases. As the temper¬ 
ature increases the forward voltage drop across a diode carrying 100 
ma will (zz)-This is because the forward resist¬ 
ance of the diode has (Z8)_. 

CURRENT MOVEMENT IN 
SEMICONDUCTORS 

HOLES ARE POSITIVE CHARGE CARRIERS ... In Fig. 8 
ignore for the moment the voltage shown across the crystal. Electron 
A has broken away from its atom and become a free electron wander¬ 
ing through the crystal structure. The vacant spot in the covalent 

(74) reduced; (75) increases; (76) increases; (77) decrease; (78) decreased; 



Fig. 8 Semiconductor crystal with an electron broken loose from its bond. 

structure formed by the departure of this electron is called a hole. 
The atom with the hole is positively charged because it has lost an 
electron. For convenience, we think of this charge on the atom as 
being concentrated at the hole. Therefore we say that a hole has a 
positive charge. 

A hole exerts a strong attraction on the valence electrons of adjacent 
electrons in an effort to fill up the valence ring of its atom. This at¬ 
traction is strong enough to break adjacent covalent bonds. For 
example in Fig. 8, electron C might be broken from its bond and pulled 
over to fill the present vacancy. Then the hole has moved from its 
original position to point C. When the hole is at C it may break away 
electron F, thus moving the hole to position |7»i-

Holes thus wander around through the material the same as free elec¬ 
trons do. Because both free electrons and holes are mobile and carry 
charges, they are both charge carriers. As far as semiconductor elec¬ 
tronics is concerned, the only significant difference between an elec¬ 
tron and a hole is that an electron is a (so) - charge car¬ 
rier and a hole is a (en_ charge carrier. It is helpful 
if you think of a hole as being exactly like a free electron except that 
it carries a positive charge. 

(79) F; (80) negative; (81) positive; 



16 12 CURRENT FLOW THROUGH SEMICONDUCTORS... We have 
mentioned that free electrons and holes wander around randomly in 
a semiconductor material. When a voltage is applied across the mater¬ 
ial, as in Fig. 8, where the material is clamped between two charged 
metal plates, the electrons and holes start drifting in a general direc¬ 
tion. The negatively charged electrons drift towards the |82)_ 
-plate and the positively charged holes move towards the (S3)_ 
-plate. The holes and the electrons move in (84)._ 
-—directions. Because they carry charges, their movement in a 
specific direction forms a (85)-Because they are oppo¬ 
sitely charged carriers moving in opposite direction, the total current 
is the (86)-of the hole current and the free electron current. 

Refer to Fig. 8. The way the hole moves to the negative plate is as 
follows. Electron (87)-breaks from its bond and moves into where 
the present hole now is. Then the hole is at point D. Next, electron 
(as)-moves up leaving the hole at point (89)_. Next an electron 
from the negative plate moves over to fill up the hole at point E. The 
hole then no longer exists. At the same time as this is going on, the 
free electron A drifts on until it reaches the positive plate, which ab¬ 
sorbs it out of the semiconductor. Both the free electron and the hole 
have now disappeared. The material would now be an insulator ex¬ 
cept for the fact that other free electrons and holes are continually 
formed in the material by energy the bound electrons pick up from 
the heat in the material. 

13 IMPROVING THE CONDUCTIVITY OF SEMICONDUCTORS 
... The conductivity of pure germanium or silicon is very poor because 
only a relatively few holes and free electrons form at ordinary room 
temperature. Also, unfortunately, a drifting electron frequently comes 
close to a hole, and when this happens it is pulled into the hole. This 
makes two charge carriers less, the free electron and the hole both 
disappearing. 

The conductivity of the semiconductor materials must be improved 
for use in diodes and transistors. This is done by adding a very small 
amount of an impurity of the right type to the semiconductor material. 
This greatly increases the conductivity by increasing the number of 
charge carriers. The process of adding impurities to a semiconductor 
is more popularly referred to as doping. For a given applied voltage, 
doped silicon will pass (voi-current than pure silicon. 

(82) positive; (83) negative; (84) opposite; (85) current; (86) sum; (87) D-
(88) E; (89) E; (90) more; ' ’ 



The impurity added is one of two basic types: (1) donor type impur¬ 
ities and (2) acceptor type impurities. Donor impurities add or 
donate extra electrons to the material. We will consider this type first. 

17 

HOW DONORS INCREASE CURRENT FLOW . . . Atoms of 
arsenic and antimony have five electrons in their outer shell. Figure 
9 shows how atoms of arsenic impurity affect the electrical proper¬ 
ties of a semiconductor. The two arsenic atoms replace germanium 
atoms in the crystal structure. Four of the outer shell electrons of each 
arsenic atom form covalent bonds with adjoining germanium atoms. 
The fifth outer shell electron from each impurity atom is left over, 
not tied to anything. It is therefore only very loosely held to its 
atom. It takes only the slightest energy from heat, light, or an ap¬ 
plied voltage to break it loose, making it a free electron. 

The effect of arsenic impurity is then to add extra free electrons to 
the material. Since antimony also has five valence ring electrons, it 
will do the same thing. Arsenic and antimony are therefore (?i) 
_ type impurities. 

When a voltage, as shown in Fig. 9, is applied across a semiconductor 
with donor type impurities, the free electrons provided by the donors 
(electrons A and B) drift to the (»2)- plate. With elec-

Fig. 9 Semiconductor crystal with donor impurities. 

(91) donor; (92) positive; 



18 trons A and B gone, the two arsenic impurity atoms are now (»3) 
- charged because they are each short one electron in 
their outer orbit. All the other atoms are neutrally charged. There¬ 
fore, with electrons A and B drawn out of the material onto the 
plate, the material taken as a whole is positively charged. The posi¬ 
tive charge of the material will draw electrons from the negative 
plate into the material in sufficient number to maintain a neutral 
charge on the material. In other words, when in Fig. 9 the two free 
electrons are drawn to the positive plate, two electrons at the same 
time enter the material from the negative plate. Hence, there is at all 
times two free electrons in the material to balance the positive charges 
on the two arsenic impurity atoms. Since the free electrons within the 
material continually drift to the positive plate to be replaced by elec¬ 
trons coming up from the negative plate, this is a continuous current 
flow as long as a voltage is applied to the plates. 

DONORS FORM N-TYPE MATERIAL ... Current flow through a 
semiconductor material to which donor impurities have been added is 
from two sources. One source is from the breaking up of some of the 
covalent bonds to form free electrons and holes as charge carriers. 
The other source is free electrons provided by donor impurity atoms 
as charge carriers. In doped material as used in semiconductor prod¬ 
ucts, charge carriers from the latter source are by far the greater in 
number. Therefore conduction in doped material is primarily by charge 
carriers provided by (?<) _ atoms. 

Consider further the charge carriers formed by the breaking up of 
covalent bonds. For each free electron formed when a bond is broken, 
a (»5)- is also formed. Therefore when charge carriers are 
formed by breaking covalent bonds, the number of free electron 
charge carriers is - to the number of hole charge carriers. 
That being the case and considering only current due to the breaking 
of covalent bonds, one half of the current is delivered by positive car¬ 
riers (holes) and one half by negative carriers (free electrons). 

The current provided by donor impurity atoms is made up entirely 
of (’7)- carriers. The total semiconductor current then is 
carried primarily by negative carriers. 

Doped semiconductor materials using donor impurities are called N-
type semiconductors because conduction is primarily by Negative 
charge carriers. In N-type materials the negative charge carriers are 

(93) positively; (94) donor (or impurity); (95) hole; (96) equal; (97) negative; 



called majority carriers because they carry most of the current. In 1£ 
N-type material, the free electrons are the (»sj - carriers. 
The holes are minority carriers in N-type materials, because they 
carry only a small part of the current. 

WHAT HAVE YOU LEARNED? 

1. Arsenic and antimony have (a)-valence electrons. 
Germanium has <b>_valence electrons. If some of the atoms 
in a germanium crystal are replaced with arsenic atoms, free electrons, 
which are (c)_charge carriers, are formed in the crystal, 
one for each (d)_atom. These charge carriers can (.) 
_ electricity through the crystal. In semiconductor ma¬ 
terials with donor impurities used in diodes and transistors, m (most) 
(some) (little) of the conduction is by means of the charge carriers 
formed by the impurity atoms. For each negative charge carrier 
formed by a donor atom, there (9) (is) (is not) a corresponding positive 
charge carrier in the material. 

2. Besides the charge carriers formed by impurity atoms, a few charge 
carriers will be formed by the breaking of the covalent bonds of the 
germanium atoms in the crystal. The number of negative charge 
carriers is (a) (more than) (equal to) (less than) the number of positive 
charge carriers formed in this manner. The positive charge carriers in 
semiconductor materials are the (b>-- The negative charge 
carriers are the (d_electrons. The positive and negative 
charge carriers move in (d)_directions when conducting 
current through the crystal. The total current through the crystal is 
the (•>_of the current carried by the negative charge carriers 
and by the positive charge carriers. 

3. Semiconductor materials with donor type impurities are called (□) 
_ -type materials because most of the conduction takes place with 
(b)_charge carriers. The negative charge carriers in this 
type material are called the (c>-carriers. Since the (di 
_ charge carriers carry very little of the current in this 
type material, they are known as the w-carriers. 

ANSWERS 

1. (a) five; (b) four; (c) negative; (d) arsenic (or impurity); (e) conduct; (f) most; 
(g) is not. 

(98) maioritv; 



20 2. (a) equal to; (b) holes; (c) free; (d) opposite; (e) sum. 

3. (a) N-(type); (b) negative; (c) majority; (d) positive; (e) minority. 

ACCEPTORS FORM P-TYPE MATERIAL ... Atoms of gallium 
and indium have three electrons in their valence ring. The result of 
adding an indium atom to a semiconductor crystal is shown in Fig. 
10. The three indium valence electrons form covalent bonds to three 
adjoining semiconductor atoms. This leaves electron A without an 
electron with which to bond. As a result, electron A can readily be¬ 
come a free electron. When a voltage is applied across the crystal as 
shown, electron A is pulled away from atom (1) and drifts out of the 
crystal onto the positive plate. This leaves a hole at A with a (9?)_ 
_charge. This hole drifts through the crystal to the nega¬ 
tive plate, to which it is attracted. Since the hole is a charge carrier, 
this constitutes a current flow. 

+ o Indium Impurity Atom 

¿ ¿ •• o 

-o-

Fig. 10 Semiconductor crystal with acceptor impurities. 

To more specifically study the positive charge movement, the hole at 
A attracts some nearby electrons, such as B, which moves over to A. 
This moves the hole down to B. The hole in a similar manner migrates 
to C, to D, to E, and finally to F. At F an electron is attracted from 
the negatively charged plate to fill the positively charged hole. Cur¬ 
rent continues to flow because as soon as electron B moved over to 

(99) positive; 
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22 material the majority carriers are the (ioz>_ 
and the minority carriers the (ios)_ 

A picture of conduction in N- and P- type materials is given in Fig. 
11. Although the majority charge carriers in (a) move in a direction 
opposite to that in (b) of Fig. 11, the direction of electron flow in the 
external circuit is the (io»)_ in both figures. 

WHAT HAVE YOU LEARNED? 

1. When a voltage is applied across a crystal of P-material, the prin¬ 
cipal direction of charge movement within the crystal is from the (a, 
_ side of the applied voltage to the (b)_ 

2. In a semiconductor in which the holes are the majority carriers, 
- type impurities are used. 

ANSWERS 

1. (a) positive; (b) negative. 

2. acceptor. 

HOW SEMICONDUCTOR DIODES WORK 
^*7 THE REGIONS OF A DIODE ... Most semiconductor electronic 

devices, including diodes and transistors, require the use of both N-
type and P-type materials. A semiconductor rectifier consists of a sec¬ 
tion of N-type and a section of P-type material joined together as in 
Fig. 12. They are not however two separate slabs clamped together. 
Instead they are fused or blended together so that the whole unit is 
a single crystalline structure. The unit is a single crystal with donor 
type impurities in one half and acceptor type impurities in the other. 
The division line (called the junction) in Fig. 12 does not break the 
crystalline structure, but is merely used to separate the crystal area 
with P-material from the area with N-material. Because the crystal¬ 
line structure is not broken, holes and free electrons wandering in the 
material can move across the junction as readily as they can move 
anywhere else in the material. 

(107) free electrons; (108) holes; (109) same; 
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Fig. 12 The majority charge carriers in the P-material of a diode are holes, and in 
the N-material free electrons. 

As Fig. 12 shows, there are holes on one side and free electrons on the 
other side of the crystal. However, these opposite charges are not 
attracted to each other because each region of the crystal is neutrally 
charged. Remember that when an electron breaks away from its atom 
to become a free electron it leaves an atom behind that is short one 
electron and hence is a (1 io>_-charged ion. The free 
electrons in the N-type material are balanced by an equal number of 
positive ions. The positive ions (ni) (are) (are not) free to move about. 
Similarly, the holes in the P-type material are balanced by an equal 
number of (112)-ions. 

WHAT HAVE YOU LEARNED? 

1 If the free electrons in the N-material of Fig .12 were to move over 
and fill in the holes in the P-material, then the N-material would be 
(o)_ charged and the P-material (b>_-
charged. 

2. If the holes in the P-material were to move over and combine with 
the free electrons of the N-material, the N-material would become e» 
_ charged and the P-material (b).-
charged. 

3 The action described in Problem 1 would never occur in total be¬ 
cause as soon as a few of the free electrons in the N-material had 
moved over to the P-material, the positive charge forming on the N-
material would w_-the remaining free electrons so that 
they would not move over to the P-material. Furthermore, the nega¬ 
tive charge of the P-material would (b)-the free elec¬ 
trons causing them to stay in their own area. 

(110) positively; (HI) are not; (112) negative; 



24 ANSWERS 

1. (a) positively; (b) negatively. 

2. (a) positively; (b) negatively. 

3. (a) attract; (b) repel. 

ACTION AT THE JUNCTION . . . Since the holes and free elec¬ 
trons are continually wandering about at random (it is assumed that 
no voltage is applied to the crystal), some free electrons will wander a 
short distance into the P-region and some holes will wander into the 
N-region. Figure 13 shows what happens when they do. In the N-
region of the figure there are three impurity atoms, identified as m3) 
-and-These (being donor impurities) normally have 
du)-electrons in their valence rings. However, the fifth 
ones, not having any covalent bonds, break away as free electrons A, 
B, and C, leaving the impurity atoms as (i is)_ 
charged ions. 

In the P-region of Fig. 13 there are three acceptor impurity atoms, 
J, K, and L. Acceptor atoms normally have (nó) _electrons 
in their valence ring. To complete their covalent bonds with adjacent 
atoms, the ones in the figure have four valence electrons, and are 
hence in?)-charged. They obtained the extra 
electrons by forming holes G, H, and I. These holes are ins)_ 
_charged. 

Electron C from the N-region has wandered into the P-region to the 
position shown. Here it comes close to hole H, and is pulled into that 
hole, eliminating both the hole and the free electron. A hole will bag 
an electron passing nearby like an open manhole in the street will bag 
an unsuspecting pedestrian. 

Hole I from the P-region has wandered into the N-region to the posi¬ 
tion shown. Here it comes close to free electron B. The latter is pulled 
into the hole, eliminating both hole I and free electron B. 

After the two sets of electrons and holes have been eliminated as de¬ 
scribed above, there will be three negative charges in the P-region, 
formed by ions J, K, and L. There will be one positive charge in the 
P-region formed by hole G. The section of the P-region shown in Fig. 
13, taken in its entirety, will then be u i»)_charged. 

(113) D, E, and F; (114)5; (115) positively; (116)3; (117) negatively; 
(118) positively; (119) negatively; 
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Region Of P-Material Region Of N- Material 

© = Donor Impurity Atom 

0 = Acceptor Impurity Atom 

• = Electron 
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Fig. 13 Movement of charge carriers near junction. 

Consider now the N-region. There will be three positive charges in 
this region, represented by ions D, E, and F. There will be one nega¬ 
tive charge, represented by electron <i 2o>-The section of the N-
region shown in Fig. 13, taken as a whole, will then be (121)-
charged. 

After the above action has taken place, hole G in wandering around 
the$crystal structure is not likely to wander into the N-region because 
the positive charge of the hole is (i 22)-by the positive 
charge that the N-region has taken on. Similarly free electron A is 
not likely to wander into the P-region because the negative charge of 
the electron is repelled by the (123)-charge of the P-
region. 

THE DEPLETION REGION ... In summary there are two impor¬ 
tant things that occur in the region where P-type and N-type mater¬ 
ials come together in a crystal: 

1. The N-material near the junction becomes (i 24)-
_ charged and the P-material (125)- charged. 
The voltage between the two charged areas is about 0.1 volt. This 

(120) A; (121) positively; (122) repelled; (123) negative; (124) positively; 
(125) negatively; 

25 



26 P- Region N - Region 

Uncharged 
Region With 
Normal Hole 

Density 

Uncharged 
Region With 
Normal Free 

Electron 
Density 

Depletion 
Region 

Fig. 14 The depletion region. 

voltage is called the barrier potential. When that différence in 
charge is reached, the repelling force of like charges will be sufficient 
to keep further free electrons from entering the P-material and further 
holes from entering the N-Material. 

2. Because holes and free electrons combine in the junction 
region, the number of holes and free electrons are much less near the 
border line than in the rest of the crystal. For this reason the region 
near the junction between N- and P-materials is called the depletion 
region. 

The depletion region is shown in Fig. 14. Of course there is no sharp 
division between the depletion region and the rest of the crystal. As 
you move out from the junction between the P- and N-regions the 
charge density becomes less and less, and the number of charge car¬ 
riers more and more. And of course, the voltage resulting from 
the charges becomes less as the charge diminishes. 

If you placed one probe of a voltmeter at one end of the crystal and 
were able to pass the other probe along toward the other end within 
the crystal as shown in Fig. 15(a), you would get the voltage varia¬ 
tion shown in Fig. 15(b) as the probe moved the length of the crys¬ 
tal. Figure 15 shows that the voltmeter will read (126> _ volts 
when the moving probe is at the junction between the P- and N-region. 
When the probe is at a point a little to the right of the junction, the 
voltmeter will read a maximum of (12Z)_ volts. When the 
probe is a little to the left of the junction, the voltmeter will read a 
maximum of (> 28) - volts. At points outside of the depletion 
region, the voltmeter reading is nearly (i 2»)_ volts. 

A voltage difference between two dissimilar materials brought to-

(126) zero; (127) +0.05; (128)-0.05; (129) zero; 



Fig. 15 A voltage is developed within the depletion region, called the barrier 
potential. 

gether is not peculiar to the semiconductor only. Thermocouples 
work because of a difference in potential between two dissimilar 
metals. Dry cell batteries operate because there is a difference in po¬ 
tential between their plates when connected by a suitable electrolyte. 

DIODE CONDUCTION. IN THE FORWARD DIRECTION ... A 
diode is forward biased when the (uoi- terminal of a battery 
is connected to the P-region of the diode, and the other battery ter¬ 
minal to the N-region. A forward biased diode (131) (will) (will not) 
conduct. You can see why by referring to Fig. 16. The positive po¬ 
tential applied to the P-region repels the holes toward the junction 
where they meet up with free electrons being repelled by the negative 

© = Holes 

0 = Free Electrons 

2' 

Fig. 16 Diode conduction with forward bias. 

(130) positive; (131) will; 



28 potential applied to the N-region. At the junction the free electrons 
are pulled into the holes to form neutral atoms, so there is no pile up 
of charge carriers at the junction. Neither is there a reduction of the 
total charge carriers in the diode. New free electrons from the bat¬ 
tery are continually injected into the N-region at the negative ter¬ 
minal to make up for those lost through recombinations at the junc¬ 
tion. Also, new holes are continually formed in the P-region at the 
positive terminal by electrons breaking their covalent bonds and 
moving out of the semiconductor material into the wire going to the 
battery. 

There is an obstacle that keeps the diode from being an ideal low-
resistance conductor in the forward direction. That obstacle is the in¬ 
ternal voltage across the diode junction, discussed in the last topic. 
This voltage acts like a tiny battery, opposing current flow through 
the diode. Its effect is to increase the forward resistance of the diode. 

Silicon diodes will not conduct for applied voltages less than approxi¬ 
mately 0.4 volt. This is because the heat energy provided at room 
temperature is not sufficient to break covalent bonds and create holes 
and electrons. The addition of a small voltage of about 0.4 volt must 
be applied to give sufficient energy to the atomic structure to enable 
the breaking of covalent bonds. For this reason silicon diodes are not 
suitable for use in circuits where the signal voltage is low. 

In germanium the covalent bonds break from the energy of ordinary 
room temperature, so that there is no minimum signal voltage that 
cannot be rectified. This makes germanium suitable for use at low sig¬ 
nal levels such as in the r-f mixer circuit of a microwave receiver. 

THE REVERSE BIASED DIODE ... A diode is reverse biased 
when the (i32a)-terminal of a battery is connected to 
the P-region of the diode, and the other battery terminal to the N-
region, as shown in Fig. 17. The figure shows that the holes in the P-
region and the free electrons in the N-region move away from the 
junction under the attraction of the opposite charges provided by the 
battery. The result is to greatly widen the depletion region. 

A continuous current through the diode requires the continuous 
movement of charge carriers across the diode from one battery ter¬ 
minal to the other. Since both the holes and free electron charge 

(132a) negative; 
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© = Holes 

O = Free Electrons 

Fig. 17 Why with reverse bias there is no conduction by majority carriers. 

carriers in Fig. 17 tend to move away from the depletion region, the 
charges shown in Fig. 17 do not move through the depletion region. 
Hence there is no current flow. 

22 REVERSE CURRENT FLOW BY MINORITY CARRIERS ... 
The charge carriers shown in Fig. 17 are the majority carriers. Doped 
semiconductor materials also have a few minority charge carriers, which 
are not shown in Fig. 17. The minority charge carriers in the P-region 
are (i32bj_, and in the N-region (t 33)_ 

Because of the minority charge carriers, a semiconductor diode will 
conduct a small current when reverse biased. Refer to Fig. 18 and 
compare with Fig. 16. You will see that from the point of view of the 

2 = Minority Carriers , Free Electrons 

Fig. 18 A reverse biased diode has a leakage current consisting of the minority 
carriers. 

(132b) free electrons; (133) holes; 



30 minority carriers, the diode of Fig. 18 is forward biased, and conse¬ 
quently conduction by the minority carriers occurs the same way as 
by the majority carriers in Fig. 16. Fortunately, the fact that there 
are few minority carriers limits reverse current to a small amount. 

OQ REVERSE BREAKDOWN VOLTAGE AND AVALANCHE CUR¬ 
RENT ... Increasing the reverse voltage across a diode increases the 
number of minority carriers, because the extra voltage provides extra 
energy for breaking covalent bonds. Hence, the reverse resistance of 
a diode (i 34) _ with an increase in reverse voltage. Also, 
the higher voltages increase the speed at which the charge carriers 
move. When the voltage becomes high enough, the charge carriers 
move fast enough to knock apart other covalent bonds, making addi¬ 
tional charge carriers. The newly formed charge carriers help break 
more bonds, so that the effect is cumulative. The result is a very 
rapid increase in reverse current after a certain reverse voltage, called 
the breakdown voltage is reached. This is called the avalanche cur¬ 
rent. Good use is made of the avalanche current in the zener diode, 
to be studied in the next topic. 

Provided overheating does not occur, a diode is not harmed by a high 
reverse voltage resulting in breakdown. 

Important Special 
Semiconductor Devices 

ZENER DIODES 
Good use can be made of other properties of a diode besides its abil¬ 
ity to rectify. Today diodes are used as switches, amplifiers, capacitors, 
voltage regulators, transducers, and for many other purposes not 
even remotely associated with rectification. The important special 
uses for diodes will be discussed in this section of your lesson. 

THE ZENER DIODE ... Zener diodes, also called avalanche diodes 
or silicon regulators, are most commonly used as voltage regulators 
and voltage limiters. They make use of the reverse voltage break¬ 
down and avalanche current principles discussed in the last topic. Zener 
diodes differ from ordinary diodes in that they are specifically 
designed for sudden breakdown when the designed reverse voltage is 
reached. 

(134) decreases; 
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10 volt zener 

(b) Basic circuit for measuring 
zener breakdown 

(c) Equivalent circuit 

Fig. 19 Measuring zener diode breakdown characteristics. 

A curve showing reverse current vs. reverse bias voltage for a typical 
zener diode is graphed in Fig. 19(a). Forward biasing need not be 
considered because zener diodes are normally not used with forward 
biasing. The curve shows that the reverse current is close to zero 
until the reserve bias voltage reaches 10 volts. When this voltage is 
reached, the zener breaks down and becomes a conductor for any 



32 voltage above breakdown. Figure 19(b) shows the circuit used to 
measure the zener characteristics plotted on the graph. Starting with 
zero resistance between points X and Y, there is zero volts applied to 
the zener. Now as R, is varied so that the resistance between points 
X and Y increases, the voltage across the zener increases, but the cur¬ 
rent through the zener, as read on ammeter A is very small. The 
resistance between X and Y is gradually increased and the zener cur¬ 
rent remains small until the breakdown voltage of the zener is 
reached, which in this instance is 10 volts. Once this point is reached, 
a further increase of voltage between X and Y does not increase 
(except slightly) the voltage across the zener, but merely causes the 
current through the zener to increase rapidly. 

Figure 19(c) shows the equivalent circuit of the zener in this exam¬ 
ple. Variable resistor Rz represents the resistance of the zener. Before 
the zener breakdown voltage is reached, Rz is a very high resistance 
compared to the series resistance of Rs, so essentially all of the volt¬ 
age between X and Y appears across Rz. Now when breakdown occurs 
at 10 volts, the resistance of Rz decreases so as to keep the voltage 
across it constant at 10 volts. As the voltage between X and Y con¬ 
tinues to increase, the resistance of Rz continues to decrease. The 
voltage across Rz then remains constant, so the amount of voltage 
above 10 volts that appears between X and Y must be dropped across 
Rs. Resistor Rs limits the current through the zener to a safe value. 
If Rs were not used, the current through the zener would rise exces¬ 
sively as the voltage between X and Y rose above the zener break¬ 
down voltage and the zener would be ruined. Never use a zener diode 
without a series resistor. 

The important specifications for a zener diode are Ez, the zener 
breakdown voltage; Lt, the minimum zener current for good regula¬ 
tion; and Lm, the maximum safe current that the zener can handle. 

Recommended Symbols 

Fig. 20 Symbols used to represent a zener diode. 



Specifications do not always list Lm, but it can be computed from the 33 
wattage rating of the zener diode, using the formula Lm = P/E. The 
maximum safe current for a 50 watt zener diode with a breakdown 

tn w 
voltage of 10 volts is = 5 amperes. 

Figure 20 shows schematic symbols used to represent zener diodes. 

WHAT HAVE YOU LEARNED? 

1. Refer to Fig. 19(b). When the voltage between points X and Y is 6 
volts, the voltage cross the zener diode as read on the voltmeter is (a) 
(zero) (less than 6 volts) (6 volts) (10 volts). When the voltage between 
X and Y is 11 volts, the voltage across the zener diode is (b) (zero) (10 
volts) (11 volts). 

2. If the current through the zener in Fig. 19(a) is 1 ma, the voltage 
across the diode is o (less than 10 volts) (10 volts) (greater than 10 
volts). When the current through the zener is increased to 90 ma, 
the voltage across the diode increases to (bi-volts. So the 
voltage across the zener increases only slightly with an increase in 
zener current, thus it may be considered essentially constant for many 
applications. 

3. Using Kirchhoff’s law in Fig. 19(b), what will be the voltage across 
Rs when the voltage between points X and Y is 12 volts? w-
volts. What will the current through the zener diode be at this time, 
assuming that Rs is 80 ohms? (b)-ma. 

ANSWERS 

1. (a) 6 volts; (b) 10 volts. 

2. (a) Less than 10 volts; (b) 10.2 volts... See the graph of Fig. 19(a). 

3. (a) 2 . .. Starting at point Y and walking up through R„ we have a voltage 
rise of 12 volts. Then walking through Rs we have an unknown voltage drop, 
plus a drop of 10 volts across the zener diode and we are back to point Y. The drop 
across R< must be the difference between the 12 volt rise and the 10 volt drop, 
or 2 volts. 

(b) 25 ma ... By Ohm’s law, the current through Rs must be I = E/R = 
2/80 = 25 ma. 



34 25 MINIMUM VALUE OF L .. . An important characteristic of the 
zener diode is the minimum value of zener current Izk. This is the 
value of zener current at the knee of the curve [point labeled Izk in 
Fig. 19(a)]. This curve shows that there is a minimum current that 
must flow through the zener for the voltage across the zener to be a 
nearly constant value Ez [10 volts in Fig. 19 (a)].- If the current 
through the diode is allowed to drop below Izk, the voltage across the 
zener will be less than Ez. The value of Izk is usually a small fraction 
of the maximum safe zener current Lm and can be found on the 
curves available from the manufacturer for any specific diode. The 
value of Lt is generally on the order of a few milliamperes for zeners 
with an Izm value of about 1 ampere. 

2g THE ZENER DIODE AS A VOLTAGE REGULATOR ... You have 
seen how the zener diode keeps the voltage across itself constant with 
variations in current flow through it. This property is very useful as a 
voltage regulator. In the circuit of Fig. 21, a 6 volt zener diode is used 
to obtain a constant 6 volts across the load Ri for variations of input 
voltage between 8 and 10 volts. The voltage corresponds to the volt¬ 
age between X and Y in Fig. 19(b). In addition to maintaining a con¬ 
stant output voltage for variations in input voltage, the zener also 
maintains the voltage constant for changes in load current, that is, 
for changes in load resistance Rl. For varying values of Rl, the zener 
diode resistance automatically adjusts itself to keep the voltage 
across it constant. Remember, it can do this only as long as the cur¬ 
rent through it remains above the value of Izk. 

We can better understand by an example how the voltage remains 
constant across a zener diode while the load current varies. Refer to 
Fig. 21. Let’s say, for example, that the input voltage E, is constant 
at 8 volts. Let’s also assume that Izk = 5 ma for the zener we are 
using, and that resistor Rs was so chosen that the current through 
the diode is 35 ma with no load resistor connected. As long as E, re¬ 
mains 8 volts, and E2 is 6 volts, the current through R¡ will remain 35 
ma. If we now connect a resistor Rl in parallel with the zener, part of 

Rs 
+ 0-VW 

d-c Input Voltage 
(E l) 

(Varies Between 
8 and 10 Volts) 
— o-

Zener Diode 
(E2=6V) 

Regulated 
Output 
(e£) 

(Constant 
|IZ 6 Volts) 

Fig. 21 Using a zener diode as a voltage regulator. 



she 35 ma will flow through the zener and part through Rl. The volt¬ 
ige across Rl will remain 6 volts as long as the portion of current 
flowing through the diode remains above Li, which is 5 ma. Or, in 
ather words, we could draw up to 30 ma through Rl, and the voltage 
across it would remain 6 volts. By drawing no more than 30 ma 
through Rl, we are insuring that the current through the zener never 
drops below Li. 

So we see that the zener diode can be used as a voltage regulator be¬ 
cause it keeps the voltage across itself constant with changes in input 
voltage as well as for changes in load current. 

WHAT HAVE YOU LEARNED? 

1. Refer to Fig. 21. Assume that Rs is 50 ohms, and Li is 3 ma. When 
E, is 9 volts and no load resistor is connected, the current through 
the zener diode is _ ma. 

2. Refer to Question 1. If a 200 ohm resistor Rl is placed in parallel 
with the zener, how much current will flow through Rl! i«)_ 
ma. How much current will then be flowing through the zener diode? 
b)_ ma. 

3. Refer to Question 1 and 2. Suppose that the 200 ohm resistor is 
still connected across the zener. If the input voltage E, decreases to 8 
volts, how much current will flow through series resistor R¡1 (a)_ 
ma. What will be the voltage across the zener? <b)_ volts. 

4. Refer to Questions 1, 2,,and 3. With E, at 8 volts, if resistor Rl is 
decreased to 140 ohms, the voltage E2 will (remain at 6 volts) (drop 
below 6 volts). 

ANSWERS 

1. 60 ma ... Since the zener current is higher than Li, we know that the voltage 
across the zener is 6 volts. The voltage across the series resistor Rs must then 
be 9 — 6 — 3 volts. The current through Rs is found by Ohm’s law to be I = 
E/R = 3/50 = 60 ma. Since all of the current through Rs must flow through 
the zener, the current through the zener is also 60 ma. 

2. (a) 30 ma ... The voltage across the diode is 6 volts, so the voltage across Rl 
must also be 6 volts. The current through Rl will be I = E/R = 6/200 — 30 
ma. 

(b) 30 ma ... The current through the zener is the difference between the 
current through Rs and the current through Rl, or 60 — 30 = 30 ma. 

35 



36 3. (a) 40 ma.. . The voltage across Rs will now be 8 — 6 = 2 volts. The cur¬ 
rent through Rs is then I = E/R = 2/50 = 40 ma. 

(b) 6 volts... The load resistor Rl draws 30 ma with 6 volts across it, so 
that means that there must be 10 ma flowing through the zener. Since this is 
above the value of Izk, the voltage across the zener is 6 volts. 

4. Drop below 6 volts... To get six volts across Rl, the current through Rl 
would have to be I = E/R = 6/140 — 42.8 ma. But we already found that the 
current through Rs was only 40 ma with E, = 6 volts. So the current through 
the zener would drop below Izk and the voltage across it would drop below 6 volts. 

DESIGNING A ZENER REGULATOR... Now that we know how 
the zener operates as a voltage regulator, all we need to know is how 
to calculate the value of the series resistor Rs and we can design a regu¬ 
lated supply. 

Let’s assume that we need an output voltage E2 of 10 volts in this de¬ 
sign. Also assume that the maximum value of current that the load 
will draw is 45 ma, and the minimum value is 20 ma. The value of series 
resistor Rs must be low enough that there is sufficient current through 
it when the unregulated input voltage E, is at its lowest value to sup¬ 
ply the maximum load current plus the required zener current. Let’s 
say that E, can vary between 12 and 15 volts. So when E, is 12 volts 
and E2 is 10 volts, the current through Rs must be the 45 ma load 
current plus the required minimum current for the zener. The actual 
value of Izk will depend on the specific zener diode used, but we can’t 
choose a diode until we know how much power the zener will have to 
dissipate. So we assume a value of Izk of 5 ma, since this is typical of 
1 watt and 10 watt zeners, although it may be less for smaller watt¬ 
age zeners. 

Assuming Izk is 5 ma, and knowing that the maximum load current is 
45 ma, the current through the series resistor Rs will be 45 + 5 = 50 
ma to insure good regulation. The minimum input voltage E, is 12 volts, 
so the minimum voltage across Rs will be 12 - 10 = 2 volts. Then, 
using Ohm’s law, we find the value of Rs to be R = E/I = 2/0.050 = 
40 ohms. Resistor Rs cannot be larger than 40 ohms because if it 
were, the current through the zener would drop below Izk when the 
load current was maximum. 

We now determine the necessary wattage rating of the zener. To do 
this, we must find the maximum current through the zener. Maximum 
zener current occurs when the input voltage E, is at its highest value 
and the load current is at its lowest value. The problem is solved in 
the What Have You Learned? section that follows. 



WHAT HAVE YOU LEARNED? 37 

1. In the design just described, we are using a 10 volt zener, the in¬ 
put voltage E, varies between 12 and 15 volts, the maximum value of 
load current II is 45 ma, and Rs is 40 ohms. Now when E, increases 
to 15 volts the voltage across Rs will be (o)-volts. The cur¬ 
rent through R> at that time must be (b)-ma. If the load cur¬ 
rent is at its maximum value of 45 ma, how much current will be 
flowing through the zener? (c)-ma. 

2. With E, at 15 volts, how much current will flow through the zener 
when the load current drops to its minimum value of 20 ma? (a)-
ma. How much power will be dissipated in the zener at this time? (b) 
_ watts. You find by searching through your catalogues that 
a certain manufacturer supplies zeners in wattage ratings of 14 watt, 
1 watt, 10 watts, and 50 watts. What wattage rating zener would you 
use for this supply? (c) _ watts. 

ANSWERS 

1. (a) 5 volts... The voltage across the zener E 2 will still be 10 volts, so the 
voltage across Rs will be E, — E2 = 15 — 10 = 5 volts. 

(b) 125 ma ... The voltage across R, is 5 volts, and the resistance of Rs is 40 
ohms, so the current through Rs is I = E/R = 5/40 = 125 ma. 

(c) 80 ma . . . The zener current is the difference between the current 
through Rs and the current through the load resistor Rl, or It = 125 — 45 = 
80 ma. 

2. (a)105 ma... The current through Rs will still be 125 ma, so the current 
through the zener will be the difference between the current through Rs and 
the current through Rl, or 125 — 20 = 105 ma. 

(b) 1.05 watts ...P=ExI=WX 0.105 = 1.05 watts. 
(c) 10 watts... Since the maximum power that the zener will have to dissi¬ 

pate is 1.05 watts, a 1 watt zener would be too small to use. Since the next 
higher wattage rating available is 10 watts, you would have to use the 10 watt 
zener. Now that you have chosen a zener, you should look at the curves for that 
zener to make sure that Lk is less than the 5 ma we used in the design. If it 
should be slightly higher, you will have to calculate Rs again using the new 
value of Lk. On the other hand, if the value of Lk is less than the 5 ma assumed, 
you may want to calculate Rs again so that a slightly higher value of resistor 
can be used and thereby reduce the wasted power in the zener. This would be 
especially useful in battery-powered equipment where conservation of power is 
important. 



38 28 EFFECT OF TEMPERATURE ... Zener diodes are obtainable for 
almost any breakdown voltage from a very few volts up to several 
hundred volts. Thus it is possible to design a simple regulated power 
supply for any desired output voltage within this range. Zener diodes, 
like resistors, vary somewhat from their stated values. They are 
available with breakdown voltage tolerances of 5, 10 and 20 percent. 
For example, the actual breakdown voltage of a 20 volt unit with 10 
percent tolerance might be anywhere between 18 volts and 22 volts. 

Like for all semiconductor materials, the characteristics of zener 
diodes are considerably affected by temperature changes. For break¬ 
down voltages above six volts, the breakdown voltage increases with 
temperature increase (positive temperature coefficient). For zeners 
with breakdown voltages below 5 volts, the breakdown voltage de¬ 
creases with temperature increase (negative temperature coefficient). 

For breakdown voltages between five and six volts, the temperature 
coefficient may be positive, negative, or zero, depending upon the re¬ 
verse current strength. However, it is small in any case. Since the 
temperature coefficient of zeners with breakdown voltages above 10 
volts is high, regulation that is much less temperature sensitive can 
be obtained by connecting a suitable number of 5-volt zeners in series. 
For example, 6 five-volt zeners in series would have a breakdown 
voltage of (ui) -volts with almost zero temperature coefficient, 
while the voltage breakdown point of a 30-volt zener unit will 
increase about 3 volts with a 20 ° F change in temperature. 

Advantages of the use of zener diodes over other voltage regulating 
devices include small size and light weight. It has a longer fife expect¬ 
ancy because of mechanical ruggedness and does not suffer from de¬ 
terioration under storage. There is little aging during its operating 
life. 

29 OTHER USES FOR ZENER DIODES ... A zener diode is an 
excellent source of grid-bias voltage because it has a constant voltage 
drop independent of current. Figure 22(a) shows conventional cathode 
bias using a cathode resistor R and by-pass capacitor C. Figure 22(b) 
shows how a zener diode can be used in place of R and C to produce 
the desired voltage. The zener diode is biased to breakdown by the 
plate supply voltage. The plate current through the zener diode 
should be somewhere between Izk and Lm. A by-pass capacitor is not 
necessary in (b) because the zener itself offers a low impedance to the 
signal. The advantage of using the zener is that the bias voltage re¬ 
dil) 30; 



Fig. 22 A zener diode is used in (b) as a replacement for the conventional cathode 
bias circuit of (a). 
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mains a constant 6 volts for any value of plate current, Ip. In Fig. 
22(a) the bias voltage will not stay at 6 volts if Ip changes. 

The use of a zener diode as a voltage regulator is extended in Fig. 23 
to form a voltage divider where every output voltage is regulated. 
The voltage between E4 and ground is it«)-volts. The voltage 
between E, and ground is (U3|-volts. The voltage between E 2 

and ground is imi_volts, and the voltage between E, and ground 
is (us)_volts. 

Figure 24 shows the use of a zener diode as a meter scale expander. 
It is desired to read accurately a voltage which varies between 10 and 
12 volts. On a 0—15 volt scale, the part of the scale between 10 and 
12 volts is only 13 percent of the entire scale. In Fig. 24 the 10 to 12 
volt part of the scale is expanded to occupy the entire length of the 

Fig. 23 A voltage divider constructed from zener diodes. 

(142) 10; (143) 30; (144) 80; (145) 88; 
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Fig. 24 Using a zener diode for meter scale expansion. 

scale, so that a much more accurate reading is possible. A zener diode 
with a breakdown voltage of 10 volts is connected in series with an 
ordinary d-c voltmeter with a full-scale deflection of 2 volts. You 
have learned that a zener diode must always be operated with a iuó) 
- in series to limit the current. This is provided in 
the circuit of Fig. 24 by the resistance of the (uzi_ 

In Fig. 24, E = Ez + (ua; - If the voltage being measured is 10.5 
volts, then the voltage across the meter is (u?) _ volts. If E is 12 
volts, then E» is (iso) - volts. Thus you can see that if E varies be¬ 
tween 10 and 12 volts, the voltage across the meter varies from 0 to 
2 volts. By recalibrating the scale, the voltmeter can be made to read 
E directly. An example of the use of a scale expanding circuit would 
be for measuring the condition of charge of a storage battery. The bat¬ 
tery voltage will not vary enough between charge and discharge to be 
read readily on an ordinary voltmeter, but the condition can be easily 
determined by the expanded scale circuit of Fig. 24. 

Zener diodes may be used to limit the peak voltage value in a-c circuits 
by connecting them back-to-back, as in Fig. 25(a). No matter what the 
polarity of the voltage across the two diodes in series, one of them 
will be forward biased with a voltage drop of approximately 0.5 volt, 
and the other reverse biased with a voltage drop equal to the voltage 
rating of the zeners, which is 10 volts in Fig. 25(a). Hence the two 
diodes will conduct when the voltage across the two in series exceeds 
10.5 volts, and will not conduct for lower voltages. When the diodes 
conduct the action is the same as in Fig. 21, the current drawn by the 
diodes and the load causing a voltage drop across Rs that keeps the 
output voltage from exceeding 10.5 volts. 

Figure 25(a) shows an a-c signal with 15 volts peak value applied to 
the circuit. During the time of the positive and negative peaks, where 
the instantaneous value of the incoming signal is greater than 10.5 
volts, the diodes conduct, so that the output peaks are clipped off at 
10.5 volts as shown. 

(146) resistance; (147) voltmeter; (148) E«; (149)0.5; (150)2; 
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42 OTHER SEMICONDUCTOR DEVICES 

30 THE STABISTOR ... Zener diodes are not available with break¬ 
down voltages much less than 3 volts. In applications where a lower 
voltage is needed, stabistors may be used. In contrast to zener diodes 
which are connected in the circuit so as to be reverse biased, stabis¬ 
tor diodes are forward biased. The stabistor diode has a very high re¬ 
sistance in the forward direction until a certain “breakover” voltage 
is reached. The stabistor resistance then drops to a very low value 
and conduction occurs freely. The action of the stabistor diode is thus 
very similar to that of the zener, the essential difference being that 
the stabistor is used in the forward direction. Since breakover occurs 
at a very low voltage, the stabistor is frequently shunted across 
meter movements for overload protection. 

Fig. 26 A multirange voltmeter using stabistors to protect against meter overload. 

A practical multi-range voltmeter using stabistors for meter protec¬ 
tion is shown in Fig. 26. Resistor Rs is chosen of suitable value that 
the voltage drop across the stabistor diodes with full scale current 
(500 ga) is just below the breakover voltage of the stabistors. The 
breakover voltage of the SG-22 stabistors used is a little over 0.5 volt. 
Assuming the internal resistance of the meter movement as 200 
ohms, the voltage across the diodes at full-scale deflection is (issj 
- volt. When Im is greater than 500 /lamp, diode (is?) _ con¬ 
ducts. The purpose of the other diode is to protect the meter against 
reverse current of over 500 /lamp through the meter, which would oc¬ 
cur if the test leads were reversed to the voltage being read. 
(158) 0.5; (159) D,; 



31 THE TUNNEL DIODE ... The tunnel diode is a two element semi¬ 
conductor made of silicon, germanium, or gallium arsenide. It differs 
from other diodes in that it can be used to amplify or to oscillate, and 
this is its important attraction. As an amplifier or oscillator it has a 
number of important advantages over the transistor. The tunnel 
diode can be used at much higher frequencies than the transistor. Its 
characteristics do not change with temperature as do the characteris¬ 
tics of a transistor. It uses extremely little power—much less than the 
little power used by a transistor. It is lighter and smaller than 
a transistor and has a lower noise level. Unlike transistors, it is 
affected little by radiation, making it important for military applica¬ 
tion in this age of the atomic bomb. 

These important characteristics have opened up a host of new appli¬ 
cations which were not previously practical. This does not mean, 
however, that the tunnel diode will be the ultimate in amplifying de¬ 
vices. Since it has but two terminals, satisfactory circuit design is 
tricky and applications restricted. 

The tunnel diode derives its name from the fact that the charge car¬ 
riers “tunnel” through the barrier potential. The energy needed to 
tunnel through is much less than that required to climb over the bar¬ 
rier potential at the junction as does the ordinary diode. It is as if 
while driving your automobile you came upon a tunnel through the 
mountain and as a consequence were able to get to the other side 
faster and with less effort than if you had to climb the mountain. 

In the tunnel diode the barrier is made especially thin by extremely 
heavy doping. Charge carriers approaching the narrow barrier sud¬ 
denly disappear and then another charge carrier reappears on the 
other side of the barrier. This action takes place at the speed of light. 
The capacitive effect which hinders operation of ordinary diodes at 
high frequencies is not present in the tunnel diode. Consequently, 
tunnel diodes can be operated at frequencies up to thousands of 
megacycles. 

The feature of the tunnel diode that makes it possible to use it as an 
amplifier or oscillator is its negative resistance. In other diodes, an 
increase in bias voltage brings about an increase in diode current. In 
the tunnel diode an increase in bias voltage over a certain range 
brings about a decrease in diode current. Conversely, a decrease in 
bias voltage increases the diode current. Any device exhibiting these 
phenomena is said to have negative resistance. Any device with nega¬ 
tive resistance can be used to amplify or to oscillate. However, the 
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44 use of the tunnel diode as an amplifier or oscillator is not within the 
range of this lesson, and so will not be discussed at this time. 

32 

33 

VARACTOR DIODE ... We have already mentioned how the capac¬ 
itance across the barrier of a junction diode limits high-frequency op¬ 
eration. This capacitance is put to use in a class of diodes known as 
varactor diodes. In these diodes the capacitance is not a constant 
value but varies with the voltage. Thus the varactor is a variable 
capacitor in which the amount of capacity is varied by varying the 
bias voltage. 

The varactor finds uses in automatic frequency control systems, fre¬ 
quency modulation, sweep generators, remote tuning control, and fre¬ 
quency multiplying circuits. It is also used in a class of amplifying 
and frequency converting devices known as parametric amplifiers. 
Parametric amplifiers are microwave amplifiers having as their basic 
element a reactance that can be varied periodically by an a-c voltage. 
We do not consider the varactor important enough at this time to 
most readers to require a discussion more than this brief mention. 

PHOTODIODES ... We have stated before that light (like heat) can 
supply enough energy to a semiconductor to break covalent bonds. 
There are three èlectrical effects that light shining on a light sensitive 
device can have. 

a. Photovoltaic effect— When light falls on a rectifying con¬ 
tact or junction, an emf is generated across the terminals of the de¬ 
vice. Commercial photovoltaic cells are also called photocells. 

b. Photoconductive effect—In this case light shining on a 
semiconductor device reduces its resistance. The energy of the light 
breaks covalent bonds making additional charge carriers available. 
The outward effect is a reduction in resistance. So, by varying the 
light the resistance is varied, thereby varying the output current. 

c. Photoemissive effect— When light falls on a photoemissive 
material electrons are emitted from the surface of the illuminated 
material. Emission from a cathode of a vacuum tube is the most com¬ 
mon commercial use of this effect. Semiconductor devices employing 
the photoemissive effect are not yet commercially available. 

Junction diodes exhibit both photovoltaic and photoconductive prop¬ 
erties. Selenium also exhibits both properties. The selenium cells re¬ 
semble the selenium metallic cells. The apparent difference between 



(a) (b) 

Fig. 27 Simple cvcuits using a photovoltaic cell in (a) and a photoconductive cell 
in (b). 

cells used for their photoconductive or photovoltaic characteristics is 
that photoconductive cells are used with a bias battery while photo¬ 
cells are not. Photocells do not need batteries since the cells them¬ 
selves act like batteries when exposed to light. 

Photocells find application in photometric equipment and light meas¬ 
uring devices such as photographic light meters, and colorimeters (a 
device used for determining color or measuring the intensity of color). 
Industrial applications are in photoelectric relays, counters, and con¬ 
trol devices. Photocells using the sun as a light source are called solar 
cells. Solar cells, using silicon as the semiconductor, are used almost 
exclusively as voltage supplies for satellites. 

In Fig. 27(a) a photovoltaic cell is used with a sensitive relay, because 
the current generated by the light input is sufficient to operate the 
relay. Figure 27(b) shows the photoconductive cell used with an a-c 
signal (formed by the fluctuating light input). A bias voltage is re¬ 
quired with the (160)___cell, but not with the (i6i) 
_ cell. 

Q/| THERMISTORS ... Thermistors are thermaWy sensitive resistors. 
They are devices in which the resistance varies widely with changes 
in temperature. They can be made from a variety of P-type semicon¬ 
ductors. One common type is made from manganese, nickel and co¬ 
balt oxides mixed in accurate proportions. Some thermistors are so 
temperature sensitive that their resistance will double with a temper¬ 
ature change of as little as 25 degrees Fahrenheit. In a typical type 
the resistance will change by 5 percent for each degree Centigrade 
change in temperature. 

(160) photoconductive; (161) photovoltaic; 
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Fig. 28 A simple circuit using a thermistor for measuring temperature. 

Most thermistors have a negative temperature coefficient. This means 
that as the temperature rises the resistance goes down. However, 
thermistors with a positive temperature coefficient, sometimes called 
sensitors, are also available. With sensitors the resistance <1021 
-when the temperature increases. 

One use for thermistors is, of course, in circuits for recognizing or 
measuring temperature changes. Figure 28 shows a simple remote 
reading thermometer using a thermistor. The thermistor is located at 
the point where it is desired to read the temperature, and the voltmeter 
(which is used to read the temperature) at any convenient location. 
Any change in temperature varies the resistance of the thermistor, and 
consequently the current through R and also the voltage across R. The 
voltmeter can be calibrated to read the temperature directly. If the cir¬ 
cuit is to be accurate, the voltage E must be held constant. For that 
purpose you can use a (163)_diode. 

The current flowing through the thermistor makes the change of 
resistance with ambient temperature change more pronounced. When 
the ambient temperature increases the resistance of most thermistors 
(’*4)-As a result the current through the thermistor 
will in most circuits increase. This raises the temperature of the 
thermistor still further which further reduces the resistance of the 
thermistor. This causes the current to raise still further. The process 
does not continue indefinitely, however, but stops when the thermis¬ 
tor temperature raises high enough above the ambient temperature 
that the heat radiated from the thermistor equals the heat generated 
within. 

A liquid will conduct away heat faster than air. As a result a thermis¬ 
tor immersed in a liquid will operate at a (105)_tempera¬ 
ture than the same thermistor operated in air at the same temper¬ 
ature as the liquid and at the same applied voltage. The thermistor 
while in a liquid will have a (i<s6)_resistance than when 
(162) increases; (163) zener; (164) decreases; (165) lower; (166) higher; 



it is in air. This principle is used in the circuit of Fig. 29 to auto¬ 
matically control the level of the liquid in the tank. When the liquid 
level goes down so that the thermistor is exposed to air, its resistance 
(uz) _This (168)_the current through the 
relay coil, causing the relay to operate. The contacts of the closed 
relay turn on a motor which pumps additional fluid into the tank. 
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Fig. 29 Thermistor circuit for maintaining liquid level. 

When tl current increases through a thermistor, the thermistor does 
not reach its minimum resistance until some short time later it has 
had time to reach its maximum temperature. This time delay char¬ 
acteristic of a thermistor can be used in many ways. In the time delay 
relay of Fig. 30, the relay does not operate when the switch S is closed 
because the high resistance of the thermistor limits the current 
through the relay to too low a value for the relay to operate. After 
the thermistor heats, its resistance is reduced, allowing more current 
to flow, which operates the relay. The time delay for when the relay 
operates can be varied by variable resistor R. 

One of the most important uses of thermistors is to compensate for 
changes in resistance in electrical circuits due to temperature changes. 
For example, the internal resistance of transistors change with tem¬ 
perature. A thermistor in series with the transistor lead of a critical 
circuit can be used to compensate for internal resistance changes, so 
that circuit operation does not change with temperature changes. 

Fig. 30 The use of a thermistor to delay the closing of a relay. 

(167) lowers; (168) increases; 



48 35 VARISTORS ... Varistors are variable resistors. They differ from 
thermistors in that their resistance varies with the applied voltage 
rather than with temperature changes. When the voltage across a 
varistor is increased its resistance is lowered. 

Varistors were first used as lightning arrestors. When the high volt¬ 
age of a lightning discharge hit the varistor, its resistance dropped 
to a low value so that it passed the high current of the lightning bolt. 
Varistors have since found many applications in the general field of 
surge suppression, and voltage stabilization. They are manufactured 
by pressing some suitable semiconductor material with a ceramic 
binder under a high pressure and temperature. With respect to 
polarity it does not matter which way a varistor is connected into a 
circuit. Its characteristics are independent of the polarity of the ap¬ 
plied voltage. 

LESSON 2402-2 

OPERATION OF SEMICONDUCTOR DEVICES 

EXAMINATION 

Circle the number of the correct answer for each question that follows. When you are finished, 
transfer the answers to the answer sheet by putting X’s in the proper squares. When the graded 

answer sheet is returned to you, correct in this book any questions you may have missed. By 

doing so, you will have a record of the correct answers to all questions for review purposes. 

1. Resistors are always used in series with 
(1) silicon diodes. (4) zener diodes. 
(2) germanium diodes. (5) tunnel diodes. 
(3) metallic diodes, especially copper-oxide. 

2. The semiconductor device that takes the place of the zener diode 
for applications below three (3) volts is the 
(1) stabistor. (3) varactor diode. 
(2) tunnel diode. (4) non-polarized silicon diode. 

3. One of the circuits in Fig. 31 is used to limit the swings of the 
secondary voltage to maximum values of 6.3 volts. This voltage is 
used as the filament supply for a precision test equipment, where 
an increase in filament voltage would affect the accuracy of the 
instrument. Assume all the zener diodes to have an Ez of 6.3 volts, 
with negligible voltage drop when conducting in the forward direc¬ 
tion. Which circuit will restrict the voltage swing to 6.3 volts? 
(1) (a) (2) (b) (3) (c) (4) (d) (5) (e) 



4. Semiconductor materials are bound into crystalline form by 
(1) ionization. (3) electrovalence. 
(2) covalence. (4) donors and acceptors. 

5. Reverse current flow through the N-type material of a diode is 
by means of 
(1) free electrons. (4) ions. 
(2) holes. (5) majority carriers. 
(3) both free electrons and holes. 

6. A voltage is applied across a diode. As a result, the majority charge 
carriers in the P-region move toward the N-region. The diode is 
(1) forward biased. 
(2) reverse biased. 
(3) not biased at all. 
(4) normally forward biased, but sometimes reversed biased. 

7. The lowest voltage that can be rectified with a silicon diode is 
(1) 0 volts. (3) 0.2 volt. (5) 0.7 volt. 
(2) 0.1 volt. (4) 0.4 volt. (6) 1.1 volts. 

8. In which of the following is conduction greatly aided by positive 
charge carriers? 
(1) Battery plates. 
(2) Mercury-vapor rectifier tube. 
(3) N-type semiconductor materials. 
(4) A material with many free electrons. 
(5) Any material with few free electrons. 



50 9. A suitable diode for rectifying weak signals might be made of 
(1) a gold and silver alloy. (3) silicon. 
(2) selenium. (4) germanium. 

10. A suitable diode for use as a rectifier where the surrounding tem¬ 
perature is 125°C might be 
(1) selenium. (2) silicon. (3) germanium. 

11. An atom that has fewer electrons than protons is called a 
(1) positive ion. (3) depleted atom. 
(2) negative ion. (4) covalent atom. 

12. A type of diode that can be used as an amplifier or an oscillator 
would be a 
(1) zener diode. 
(2) tunnel diode. 
(3) metallic diode. 

(4) germanium diode. 
(5) photodiode. 
(6) No diode can be used as an amplifier. 

13. To obtain a 20-volt regulated output that is subject to minimum 
variation from temperature changes, you could best use 
(1) a zener with a 20-volt breakdown. 
(2) four 5-volt zeners connected in series. 
(3) temperature stabilized zeners. 
(4) a thermistor in series with a 20-volt zener to compensate for 

temperature effects on the zener. 

Fig. 32 

The next 8 questions refer to Fig. 32. 

14. In Fig. 32 the load requires a regulated 8 volts and draws a cur¬ 
rent that varies between 80 and 100 ma. The d-c output voltage 
from the unregulated power supply (E) varies between 14 and 15 
volts. When the power supply voltage is 14 volts, the voltage 
drop across Rs is 
(1) 6 volts. (4) 
(2) 7 volts. (5) 
(3) 8 volts. (6) 

14 volts. 
15 volts. 
not determinable from the information given. 



15. If you were building this regulator, what value would you use for 
Rs? Assume Lt = 5 ma. 
(1) 57.1 ohms (4) 70.6 ohms 
(2) 60.0 ohms (5) 75.0 ohms 
(3) 66.7 ohms (6) 82.5 ohms 

16. When the power supply voltage is 15 volts, the voltage drop 
across Rs is _ (Choose your answer from the 
selections for Question 14.) 

17. When the power supply voltage is 15 volts, the current through 
Rs will be 
(1) 22 ma. (3) 85 ma. (5) 122 ma. 
(2) 42 ma. (4) 105 ma. (6) 200 ma. 

18. When the power supply voltage is 15 volts and the load current 
Il is at its minimum value, the current through the zener will be 
_ (Choose your answer from the selections for 
Question 17.) 

19. When the power supply voltage is 15 volts and the load current 
Il is at its maximum value, the current through the zener will be 
_ (Choose your answer from the selections for 
Question 17.) 

20. Now that you know the highest value of current that will flow 
through the zener and the voltage across the zener, you know 
that the most power that the zener will ever have to dissipate is 
(1) 0.18 watt. (5) 3.4 watts. 
(2) 0.34 watt. (6) 8.5 watts. 
(3) 0.85 watt. (7) 17.6 watts. 
(4) 1.4 watts. 

21. In searching through your catalogues you find that a certain 
manufacturer supplies zeners in wattage ratings of 0.25 watt, 1 
watt, 10 watts, and 50 watts. The smallest wattage zener you 
could safely use would be 
(1) 0.25 watt. (3) 10 watts. 
(2) 1 watt. (4) 50 watts. 

22. A diode that exhibits a capacitance that varies with the voltage is a 
(1) photoemissive diode. (4) varactor diode. 
(2) high-frequency germanium diode. (5) varistor. 
(3) tunnel diode. 
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52 23. If light shining on a semiconductor causes its resistance to be re¬ 
duced, the material is 
(1) photovoltaic. (3) photoconductive. 
(2) photoemissive. (4) thermaconductive. 

24. You would use a bias supply with a 
(1) photovoltaic cell. (2) photoconductive cell. 

25. Figure 33 shows a simple temperature monitoring circuit. As the 
temperature of the liquid in the tank changes, so will the resistance 
of the thermistor. This will change the current through it, and 
also the current through the 10 ohm resistor Rx. The voltmeter, 
which is calibrated directly in degrees centigrade will measure 
this change. If the circuit is to be accurate, we must have a con¬ 
stant voltage across points A and B. Therefore, we use a zener 
diode. At 0°C the voltage drop across Rx is 0.125 volt. What is 
the resistance of the thermistor? 
(1) 9.87 ohms 
(2) 79 ohms 
(3) 342 ohms 

Fig. 33 

(4) 790 ohms 
(5) 800 ohms 
(6) None of the above 

26. At 150°C, the voltage drop across Rx is 5.5 volts. Does this ther¬ 
mistor have a positive or negative temperature coefficient? 
(1) Positive (2) Negative 
(3) Could be either positive or negative, but is probably negative. 

27. Assuming that the maximum temperature variation is between 0° 
and 150°C, what should the value of R, be if the input voltage 
varies between 14 and 17 volts? Assume Lk = 10 ma. 
(1) 7.14 ohms (4) 125 ohms 
(2) 17.7 ohms (5) 177 ohms 
(3) 71.4 ohms (6) 714 ohms 

28. The maximum power will be dissipated in the zener when 
(1) the input voltage is 14 volts, and the temperature is 0°C. 
(2) the input voltage is 17 volts and the temperature is 150°C. 
(3) the input voltage is 14 volts and the temperature is 150°C. 
(4) the input voltage is 17 volts and the temperature is 0°C. 

End of Exam 



Notes 

"If you're made of the right material, 
a hard fall results only in a high bounce. " 
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tiretuition or build a fine reference library.. .and there is almost no work 
involved! 

That sounds too good to be true ? Sure it does, but it can't be said any other 
way because those are the facts. Take a look at the simple procedure in¬ 
volved and see if you don't agree it is the easiest way to earn money that 
you know about. 

1. Make up a list of friends or fellow workers that you think could 
benefit from a CIE Course. 

2. Explain to them how CIE lessons are easy to understand; the small 
study units; the clear print; and the use of many illustrations. 
With new programmed methods of instruction, studying is made 
easy. ..it's actually fun! You can study anywhere... any time. 
There are no classes to attend.. .no other books or equipment to 
buy. 

3. Have them send a post card to the CIE Registrar and ask for full 
information - MAKE SURE YOUR NAME and STUDENT NUM BER 
ARE ON THE CARD. (This insures your proper credit). 

4. We will see to it that he gets the complete CIE story (of course 
your encouraging comments will help). When the enrollment is 
received you will receive your award. 

To make your job a bit easier, we will send you a supply of printed post 
cards that don't even require postage stamps. Send a card or letter to 

Registrar 
Cleveland Institute of Electronics 
1776 East 17th Street 
Cleveland, Ohio 44114 

and you will promptly receive a supply of Student Referral Cards. 

Don't forget, a separate award for each and every new student that enrolls 
as the result of your identifiable referral. Make sure your prospects men¬ 
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A chat with your instructor 

This lesson deals with simpler methods of working problems that 
involve either very large or very small numbers. You will find the 
methods particularly useful in electronics, because you will work with 
values as small as 0.000,000,000,001 and as large as 1,000,000.000. 
Such values are easier to write, to comprehend, and to work with 
when written as powers of 10, often referred to as scientific notation. 
The subject of this lesson is how to make your work easier and your 
accuracy greater by using powers of 10. 

You will find this lesson easy if you study it in order, topic by topic, 
as it is presented and work all the practice problems as you come to 
them. Any attempt to hurry and skip will make the lesson difficult 
and will increase the time required to complete it satisfactorily. 

Carefully checking and rechecking your work is a must for success 
with mathematics. The majority of wrong answers in examination 
problems are due to carelessness, and they can be avoided. Don’t be 
satisfied with just knowing the correct method of working a problem; 
insist upon obtaining the correct answer. The correct answer is the 
only answer of any practical value. 



2 

Easy Ways of Figuring 
Electronic Problems 

SCIENTIFIC NOTATION 

An engineer would write a big number like 264,000,000,000,000 as 
264 X 10 12, where the exponent 12 indicates the number of zeros that 
belong after 264. Similarly, the very small number 0.000,000,000,000,-
000,211 can more conveniently be written 0.211 x 10 l5, where the 
exponent -15 indicates the number of zeros that belong between the 
decimal point and 211. This short method of writing very large and 
very small numbers is called scientific notation. It is very useful in 
figuring electronic problems. 

EXPRESSING LARGE NUMBERS IN SCIENTIFIC NOTATION 
. . . Besides being a convenient shorthand, scientific notation has a 
mathematical meaning that simplifies many calculations. You will 
remember that 102 means 10 x 10 and that 103 means 10 x 10 x 10, 
etc. By using powers of 10, we can construct the following table: 

3450 x 101 = 3450 
345 x 102 = 345 
34.5 x 103 = 34.5 
3.45 x 104 = 3.45 
0.345 x 105 = 0.345 

x 10 
x 10 x 10 
x 10 x 10 x 10 = 
x 10,000 
x 100,000 

= 34,500 
345 x 100 = 34,500 
34.5 x 1000 = 34,500 

= 34,500 
= 34,500 

This table shows that 34,500 can be written in scientific notation in 
several ways. For each way, the exponent is equal to the number of 
places the decimal point was moved. Thus the decimal point in 34,500 
is moved 4 places to the left to become 3.45; so 34,500 becomes 3.45 
x 104. (Remember that when the decimal point is not shown, it is 
understood to be at the end of the number.) 

Rule ... In writing in scientific notation, the exponent is equal to the 
number of places the decimal point is moved. 

WHAT HAVE YOU LEARNED? 

1. Fill in the blanks with the proper powers of 10. 



(a) 481,000 = 481 x_ 3 
(b) 29,000 = 29 x_ 
(c) 71,000,000 = 71 x _ 
(d) 4,300,000,000 = 43 x_ 
(e) 610,000 = 6.1 x_ 
(f) 248,000 = 24.8 x_ 
(g) 167.3 = 1.673 x_ 
(h) 10,000,000 = 1 x_ =_ 
(i) 100,000 =_ 
(j) 100,000,000,000 =_ 
(k) 100 = _ 
(1) 10 =_ 

2. Change the following numbers in scientific notation to ordinary 
form. (Hint: Move the decimal point to the right the number of places 
indicated by the exponent.) 
(a) 23 x 102 =_ 
(b) 288 x 105 = _ 
(c) 28.8 x 105 =_ 
(d) 1.456 x 107 =_ 
(e) 1.456 x 102 =_ 

(f) 100 x 104 =_ 
in3

(i) io2 =_ 
(j) 10' =_ 

ANSWERS 

1. (a) 103. . . Decimal point moved three places: 481 000. 
(b) IO3; (c) 106; (d) 10”; (e) 10s; (f) 104
(g) 102. . . Decimal point moved two places: 1 ^67.3 

(h) 107; 10’ . . . 1 x 107 = 10’ (i) 10s. . . 1 x 105 = 105
(j) 10"; (k) 102; (1) 10' 
2. (a) 2300 . . . Move decimal point two places to right: 23.00, 

(b) 28,800,000; (c) 2,880,000; (d) 14,560,000; (e) 145.6; (f) 1,000,000 
(g) 1000. . . 10a - 1 x 10* - 1000 
(h) 100,000,000... 10’ = 1 x 10" = 100,000,000 (i) 100 (j) 10 

O ADD EXPONENTS WHEN MULTIPLYING. . . The product of 
10,000 multiplied by 1000 is 10,000,000. Since 10,000,000 may be writ¬ 
ten as 107, 10,000 may be written as 104, and 1000 may be written as 
103, we have 

or 

1000 x 10,000 = 10,000,000 

103 x 104 = 107



4 Notice that, in 103 x 104 = IO7, the exponent in the product equals 
the sum of the exponents in the powers of 10 being multiplied (3+4 
= 7). 

Rule . . . To multiply powers of 10, add the exponents. 

Example . . . Multiply 21.3 x 102 by 4 x 103. 

Solution . . . 21.3 x 102 x 4 x 103 = 85.2 x 10s, ans. 

Explanation . . . The powers of 10 are multiplied by adding their exponents 
(102 x 103 = 10s). The numbers 21.3 and 4 are multiplied by ordinary arithme¬ 
tic (4 x 21.3 = 85.2). 

WHAT HAVE YOU LEARNED? 

1. Convert 21.3 x 102 and 4 x 103 of the preceding example to ordi¬ 
nary numbers and then multiply them. Show that the answer obtained 
is equal to 85.2 x 10s when written in scientific notation. 

2. 103 x 103 = _ (Check answer by converting to ordinary no¬ 
tation and multiplying.) 

3. 2 x 103 multiplied by 4 x 103 = - (Check answer by con¬ 
verting to ordinary notation and multiplying.) 

4. 7 x 103 multiplied by 103 =-

5. (6.2 x 103) x (2.1 x 102) = _ (This means 6.2 x 103 multi¬ 
plied by 2.1 x 102.) 

6. (25 x 107) x (12 x 109) = -

7. 10” x 10 10 =_ 

8. 102 x 103 x 104 =_ 

9. (2 x 102) x (4 x 103) x (5 x 104) =-

10. 107 x 10 12 x 103 =_ 

11. 10‘ x 103 = _ 

12. 10 x 103 =_ 



13. (0.8 X IO2) X (5 X IO8) X (0.5 x IO7) =_ 

14. To change millihenrys to microhenrys, multiply by 103. 3.8 x 102 

millihenrys is equal to how many microhenrys? 

15. (a) Write one billion (1,000,000,000) as a power of 10. (b) There 
are 6.24 x 109 billion electrons in a coulomb. Write the number of elec¬ 
trons in a coulomb in scientific notation without using the word 
“billion.” 

16. To change kilowatts to watts, multiply by 103. If a broadcasting 
station uses 75 kilowatts of power, what power in watts does it use? 

ANSWERS 

1. 21.3 x 102 = 2130; 4 x 103 = 4000 ; 2130 x 4000 = 8,520,000 = 85.2 x 105. 
2. 106 . . . To multiply powers of 10, add their exponents. 3 + 3 1 6 To 
check, 10" = 1000; 1000 x 1000 = 1,000,000 = 106. 
3. 8 x 10‘ . . . Add the exponents and multiply the ordinary numbers as in 
regular arithmetic. 103 x 103 = 106, and 2 x 4 = 8. As a check, 2000 x 4000 
= 8,000,000 = 8 x 106. 
4. 7 x 106. . . To check, 7000 x 1000 = 7,000,000 = 7 x 106
5. 13.02 x 105 6. 300 x IO 16 7. IO'8
8. 10’ . . . Add the three exponents: 2 + 3 + 4 = 9, the exponent of the 
product. 
9. 40 x 109 . . . Add the exponents and multiply the ordinary numbers 2 
x 4 x 5 = 40, and 2 + 3 + 4 = 9. 
10. 10 22 11. 104 12. 104 . . . Remember that 10 becomes 101 when 
written in powers of 10 (see Problem 1(1) of the preceding What Have You 
Learned? section). 10' x 103 = 104. 
13. 2 x 10 17 . . . 0.8 x 5 x 0.5 = 2; 2 + 8 + 7 = 17. 
14 . 3.8 x 105. . . 3.8 x 102 x 103 = 3.8 x 105
15. (a) 10’ (b) 6.24 x 10 18 . . .6.24 xlO9 x 109 = 6.24 x 10 18

16. 75 x 103 watts, or 75,000 watts 

ß SUBTRACT EXPONENTS WHEN DIVIDING ... We have 
learned that powers of 10 are multiplied by adding their exponents. 
Since division is the opposite of multiplication, we divide powers of 10 
by subtracting the exponent of the divisor (the denominator) from the 
exponent of the dividend (the numerator). For example, consider di¬ 
viding 10,000,000, which is equal to 107, by 1000, which is equal to 103: 

10,000,000 
1000 10,000 

or 107

103
= 104



6 Notice that, when working the problem with powers of 10, the expo¬ 
nent of the answer is obtained by subtracting the exponent of the 
denominator from the exponent of the numerator: 7 - 3 = 4. If ordi¬ 
nary numbers as well as powers of 10 are involved in the division, 
they should be handled as in ordinary division. 

V 32 X 10 12 , Example . . . —-—5- = ? 
4 X 10 

32 X 10 12 . „_ 
Solution . . .-— = 8 x 10 = 8000 

4 x 109
Explanation . . . 12 - 9 = 3, the exponent. The ordinary numbers, 32 and 4, 

. 32 
are divided as in ordinary arithmetic: — = 8. 

Example . 24 x 107 x 18 x 109

9 x 10’ x 6 x 102

4 2 
o 24 x 107 x 18 x 109 ,. 1O
Solution . . . —-—,---773- = 8 x 10 

9 x 10 x 8 x 10 

Explanation . . . Since the ordinary numbers are handled by regular 
arithmetic, cancellation may be used, as shown. To find the exponent for the 
power of 10, add the exponents in the numerator and subtract the exponents 
in the denominator. 7 + 9 = 16; 16 - 4 = 12; 12 — 2 = 10. 

WHAT HAVE YOU LEARNED? 

1 10^ 6 31.6 x 105 _ 
103 103

2 21 x 10 11 _ 7 107 =

3 x 105 ' 4 x 10s

3 21 x 10u _ 107

6 x 10'° 10 

4 3 x 10’ 9 7.41 x 10 11

6 x 102 ’ 10 10

5 3.5 x 109 _ 10 107 x 104 = _ 
18 x 104 105



n IO 12 X io9 _ 
103 X 104

12 20 X 10® X 105 =
105 X IO3

6 x 10® x 3 x 107
iu. - = _ 

2 X IO4

. . 48 X 10 15 X 16 X 10814. -= _ 
16 X IO7 X 8 X 10® 

5 x IO7 x 4 x 103
lo. -= _ 

7 X IO2 X 9 X IO4

16. To change hertz to megahertz, divide by 10®. If a station is oper¬ 
ating on a frequency of 2.472 x 10® hertz, what is the station fre¬ 
quency in megahertz? 

17. To change meters to kilometers, divide by 103. Radio waves in 
space travel at 3 x 10® meters per second. What is their velocity in 
kilometers per second? 

18. The moon is 0.384 x 10® kilometers away. A radio wave in the 
form of a radar beam is transmitted toward the moon. Upon striking 
the moon it is reflected and returns to earth. How much time elapses 
between the transmission and the reception of the signal? 

ANSWERS 

1. 102,orl00 2. 7 x 10® or 7,000,000 

3. 3.5 x 104, or 35,000. . . ^ = 3.5 4. 0.5 x 10®, or 500,000,. . . ? = 0.5 
b 6 

5. 0.194 x 10s, or 19,400 6. 31.6 x 102, or 3160 

7. 0.25 x IO2, or 25 . . . The problem is equivalent to * x | = 0.25. If 

there is an ordinary number in the denominator but none in the numerator, 
divide the denominator number into 1 (take its reciprocal). 
8. 10®, or 1,000,000 . . . Remember that 10 in scientific notation is equal to 

10'. Hence, — - — = 10®. 
10 10* 

9. 7.41 x 101, or 74.1 10. 10®, or 1,000,000 
11. 10 14 . . . 12 + 9 = 21; 21 - 3 = 18; 18 - 4 - 14. 
12. 20 x 105, or 2,000,000 13. 9 x 109 14. 6 x 10'° 



8 15. 0.317 X IO4, or 3170. . 0 317

16. 247.2 megahertz . . . 2-472 x 10 _ 2.472 x 102 - 247.2 
106

17. 3 x 106, or 300,000, kilometers per second s

18. 2.56 seconds . . . From Problem 17, waves travel at 3 x 105 kilometers per 
second. The distance to the moon and back again is 2 x 0.384 x 10 

kilometers 2 x °-384 x 10 = 0.256 x 10‘ = 2.56 seconds 
3 x 105

A SUBTRACTING POSITIVE AND NEGATIVE NUMBERS . . . 
In the next topic you will discover that exponents can be either posi¬ 
tive or negative. Thus in working with powers of 10, you will have to 
add and subtract signed numbers (numbers that may be either posi¬ 
tive or negative). In a preceding lesson you learned the rules for 
adding signed numbers. If you are at all hazy about how to add signed 
numbers, you should review those rules right now, before going any 
further. 

Subtraction with signed numbers is about as simple as addition, and it 
uses the same rules. To subtract one number from another, merely 
change the sign of the number being subtracted and then proceed as in 
addition. 

Example . . . Subtract -7 from -5. 

Solution . . . Since -7 is the number to be subtracted, its sign must be 
changed. The problem then becomes one of adding +7 and -5, which gives 
+2, the answer. 

WHAT HAVE YOU LEARNED? 

1. In the following problems subtract the lower number from the up¬ 
per one. Remember that a number without a sign in front of it is a pos¬ 
itive number. Thus both 4-6 and 6 mean positive 6. 

(a) 

(b) 14 
- 3 

(c) 3 
14 

(d) -14 
3 

(m) +23 
-18 

(n) -45 
-12 

-12 
+ 6 



ANSWERS 

1. (a) 11; (b) 17; (c) -11; (d) -17; (e) -11 
(f) 11; (g) -17; (h) 17; (i) 5; 0) -5 
(k) 5; (1) 2; (m) 41; (n) -33; (o) -18 

MEANING OF A NEGATIVE EXPONENT ... By remember¬ 
ing that to divide powers of 10 we subtract the exponent of the denom¬ 
inator from the exponent of the numerator, we find the value of 
102— by subtracting 3 from 2, which gives -1 for the exponent. Thus, 
103

— = 10 To see what is meant by 10 ', we note that^-= —— 
103 103 1000 
= 0.1. Hence, 10 1 = 0.1. The following calculations show us what is 
meant by other powers of 10 with negative exponents 

100 n , 102- = 0.1, or -
1000 103

100 „ 102- = 0.01, or — 
10,000 104

100 „ nni 102-= 0.001, or — 
100,000 105

——-- 0.0001, or — 
1,000,000 106

10 *; hence, 10 1 = 0.1 

10 ’; hence, 10 2 = 0.01 

10 3; hence, 10 3 = 0.001 

10 4; hence, 10 4 = 0.0001 

Numbers less than 1 are written as powers of 10 by using negative 
exponents, whereas positive exponents are used for numbers greater 
than 1. For numbers less than 1, the negative exponent of the 10 is 
equal to the number of digits to the right of the decimal point. Thus 
to write 0.000,001 as a power of 10, note that there are 6 digits to the 
right of the decimal point. Hence, 0.000,001 is equal to 10 6. 

ß EXPRESSING SMALL NUMBERS IN SCIENTIFIC NOTA¬ 
TION ... In Topic 1 we discussed how to write large numbers 
in scientific notation. Writing small numbers is just as easy: move the 
decimal point the other way, and indicate this by using a minus sign in 
front of the exponent. Thus if you move the decimal point five places 
to the right, as in writing 0.00021 as 21 x 10 5, the exponent is 

You can, of course, write a number in many different ways by using 



10 powers of 10. For example, 

or 
or 

or 

0.000581 =581 X 10" 6

0.000581 = 58.1 X 10“5

0.000581 = 5.81 X 10“ 4

0.000581 = 0.581 X 10“ 3

Notice that in each case the exponent is equal to the number of places 
that the decimal point has been moved. When no decimal point is 
shown in a number, it is at the end of the number; thus in 581 it is 
after the 1. Here are a couple of examples to show you how we count 
the number of places the decimal point is moved: 

0!0,02035485li.6 = 581 X 10 6

o!ÖÄ<81 = 5.81 X 10’4

WHAT HAVE YOU LEARNED? 

1. Fill in the blanks with the proper powers of 10. 
(a) 0.000045 = 45 x -
(b) 0.000045 = 4.5 x -
(c) 0.00212 = 21.2 x -
(d) 0.00000000004 = 4 x -
(e) 0.0000000518 = 5.18 x -
(f) 0.000000236 = 23.6 x -
(g) 0.00000000000472 = 472 x -
(h) 0.00000000076 = 0.76 x -
(i) 0.0000000000000031 = 0.031 x -
(j) 0.00456 = 4.56 x -
(k) 0.00039 = 390 x -
(1) 0.00000000000746 = 7.46 x-
(m) 0.0002 = 2 x -
(n) 0.0001 = 1 x - = -
(o) 0.00001 = _ 
(p) 0.00000001 = _ 

2. Change the following numbers in scientific notation to ordinary 
form. (Hint: Move the decimal point to the left the number of places 
indicated by the exponent.) 
(a) 9.38 x 10 4 = -



(b) 
(c) 
(d) 
(e) 
(f) 
(g) 
(h) 
(i) 
(j) 

64.7 X 10 4 . 
0.921 X 10"6
83.5 X 10 5
68.2 X 10" 9
294 X 10’" = _ 
5.32 X 10“ = _ 
10’3 = 1 X 10" 3 = _ 
10 6 = _ 
10’’= _ 

3. In changing an ordinary number to scientific notation, the expo¬ 
nent of the power of 10 is w (negative) (positive) if the decimal point 
is moved to the right and (b)_ if the decimal point is 
moved to the left. 

4. In changing a number written in scientific notation to ordinary no¬ 
tation, move the decimal point to the w_ if the exponent 
is negative and to the o» _if the exponent is positive. 

ANSWERS 

1. (a) 10 6. . . Decimal point moved six places: 0^000045^ 

(b) IO* 6; (c) 10 4; (d) 10 (e) 10 ’; (f) 10“’ (g) 10 14

(h) 10’’; (i) IO '3; (j) IO“ 3; (k) 10"’; (1) 10’ 12; (m) 10"’ 
(n) 10" 4; 10" 4. ..lx 10" 4 = 10" 4 (o) 10 * (p) 10"’ 
2. (a) 0.000938; (b) 0.00647; (c) 0.000000921; (d) 0.000835 
(e) 0.0000000682; (f) 0.00000294; (g) 0.0000000000532; (h) 0.001 
(i) 0.00001 . . . 10 5 = 1 X 10" 5 = 0.00001 (j) 0.0000001 
3. (a) Negative; (b) positive 4. (a) Left; (b) right 

RULES FOR CONVERTING BETWEEN ORDINARY AND 
SCIENTIFIC NOTATION . . . By this time you no doubt under¬ 
stand clearly enough that the exponent of the power of 10 equals the 
number of places the decimal point has been moved, or is to be moved. 
The point we want you to get straight now is which direction of deci¬ 
mal point movement is associated with a positive exponent and which 
with a negative exponent. These two rules cover the matter: 

Rule 1 . . .In changing from ordinary notation to scientific notation, 
the exponent is positive if the decimal point has been moved to the left 
and negative if the decimal point has been moved to the right. 

Rule 2 . . .In changing from scientific notation to ordinary notation, 
move the decimal point to the right if the exponent is positive and 
move the decimal point to the left if the exponent is negative. 

11 



12 WHAT HAVE YOU LEARNED? 

1. (a) Changed to ordinary notation, 6.43 x 10 7 =-
(b) Changed to scientific notation, 0.000000643 = 6.43 x-

2. In the following problems, change to the notation opposite to that 
given. 
(a) 520.97 = 5.2097 x_ 
(b) 6.5201 x 104 =_ 
(c) 3,000,000 = 3 x_ 
(d) 48,652,000,000,000 = 4.8652 x_ 
(e) 6.5 x 10’3 =_ 
(f) 625.1 x 10’ 4 =_ 
(g) 500,000,000,000 = 5 x_ 
(h) 0.0000432 = 43.2 x_ 
(i) 0.67 = 67 x_ 
(j) 10 6 =-
(k) 105 =_ 
(1) 560,000 = 0.56 x_ 
(m) 10’ 2 =_ 

ANSWERS 

1. (a) 0.000000643; (b) 10 7
2. (a) 102; (b) 65,201; (c) 106; (d) 10” 
(e) 0.0065; (f) 0.06251; (g) 10"; (h) 10 6; (i) 10 2
(j) 0.000001. . . Write as 1 x 10 6, and then move decimal point. 
(k) 100,000; (1) 106; (m) 0.01 

MULTIPLICATION BY USING POWERS OF 10 . . . Multipli¬ 
cation of powers of 10 when some of the exponents are negative is no 
different from multiplication when all the exponents are positive, on 
which you have already had practice. Specifically, multiply powers of 
10 by adding the exponents. However, you must observe the usual 
rules for adding positive and negative numbers. 

Example . . . Multiply 3.2 x 104 by 4.8 x 10 ’. 

Solution . . . (3.2 x 104) x (4.8 x 10 s) = 3.2 x 4.8 x 104 x 10 5
= 3.2 x 4.8 x 10 1
. 15.36 x 10 ' = 1.536, ans. 

Explanation . . . The powers of 10 are multiplied by adding their exponents 
[4 + (-5) = -1]. The numbers 3.2 and 4.8 are multiplied by ordinary 
arithmetic. 



Example . . . Multiply 9.1 x 10" by 4.7 x 10”. 

Solution . . . (9.1 x 10") x (4.7 x 10 ’) = 9.1 x 4.7 x 10" x 10 9
= 42.77 x 102 = 4277, ans. 

WHAT HAVE YOU LEARNED? 

1. (1.9 x 102) x (4.2 x 10”) =_ 

2. (6.6 x 10”7) x (2.1 x 10”) = _ 

3. (4.6 x 106) x (40.3 x 10”) = _ 

4. (2.2 x 104) x (9.8 x 106) =_ 

5. (2.58 x 10”) x 106 =_ 

6. (4 x 10”) x (0.025 x 105) =_ 

7. (2.4 x 10”) x (4.8 x IO7) =_ 

8. 9.2 x IO7 x 6.8 x IO3 =_ 

Solve Problems 9 to 12 by converting to scientific notation before 
multiplying. 

9. 0.00000000052 x 19,000,000 = _ 

10. 3,500,000,000,000 x 200,000,000,000 =_ 

11. 0.000000000000000000009 x 0.00000000000000003 = _ 

12. 9.6 x 103 x 0.0000000000047 = _ 

13. The time constant (in seconds) of a circuit is the product of the 
resistance in ohms and the capacitance in farads. If the resistance is 
2 x 107 ohms and the capacitance is 0.4 x 10 ” farads, what is the time 
constant? 

14. To change henrys to microhenrys, multiply by 10s. If a coil has an 
inductance of 0.00062 henry, what is its inductance in microhenrys? 
(Hint: First change 0.00062 to scientific notation.) 

ANSWERS 

1. 7.98 x 10” = 0.0798 2. 13.86 x 10”3



14 3. 185.38 X IO’ 2 - 1.8538 4. 21.56 xlO'° 
5. 2.58 X 10* 6. 0.1 X IO1 = 1 
7. 11.52 X 10' - 115.2 8. 62.56 x IO 10

9. 5.2 x IO 10 x 1.9 x 10’ - 9.88 x IO’ 3
10. 7 x 1023 11. 27 x 10’ 38 12. 45.12 x 10 9
13. 8 seconds. . . (2 x 10’) x (0.4 x 10 6) = 0.8 x 10' = 8 
14. 620 microhenrys . . . 0.00062 = 62 x 10 62 x 10 x 10 = 62 x 10 
= 620 

Q DIVIDING AND MULTIPLYING BY USING POWERS OF 
10 ... As you already know, division with powers of 10 is accom¬ 
plished by subtracting the exponent of the denominator from the ex¬ 
ponent of the numerator. However, if one or more of the exponents is 
negative, be sure to observe the rules for subtracting with signed num-

105bers For example, = 108 because -3 subtracted from +5 gives 
10’ 3

4-8—the sign of the —3 is first changed (which makes it a +3), and 
then +5 and +3 are added. 

6 x 10! x IO’ 8

27 x 10 4 x 10’ x 10~ 5 _ 27 x 10~ 2 

6 x 102 x IO' 8 6 x 10"* 
= 4.5 x 102 = 450, ans. 

. . First add the exponents in the numerator: - 4 + 7- 5= -2. 
Hence, the combined power of 10 in the numerator is 10 . Next add the 
exponents in the denominator: +2 — 6 = —4, so that the combined power of 10 
in the denominator is 10 -4. We now divide 10 2 by 10 4, which we do by 
subtracting -4 from -2. Changing the sign of -4, we have -2 + 4=2, the 

27 
exponent of the power of 10 in the answer, -g- = 4.5, the ordinary-number 

part of the answer. 

Example . . . 

Solution . . . 

Explanation . 

WHAT HAVE YOU LEARNED? 

1. (a) 
106
10 10

6.9 x 10 3 x 104
3 x 102 x 106

(c) 
8 x IO 6

10“ 10

.3.4 x 10’6
(d) -77-

10 10



3. 
4 X IO 4

4. 19L>LJO^x 102 
io%nF%n3= — 

5. J^jo^ 
!°OO X 10 2 =--

(a) L222¿ooo 
10,000 = -. 

(b) 
o.ooooi = --

(c) 2^0000186 
0.00006" = -_ 

(d) l5:00^ 
100,000 -= __ 

(e) 2^012^32^00 
0.048 ’ = -

«« convert the values to

15 

7 

'° h«z, multiply by 10. e s® al “'length? To chan^ í”"’1
” lcKdnertz 

4 X 10 4

- 102

x 10'° 
5- 10,000. 

6- (a) 100. . . 
103
10s 

’104

90,75 * 10' = 907.5 

103 
nator reads IO 12 ■ 

4. 100. . IO5

100 (Don ’t forget that 10 = jo 1 

X 10'.) 
X IQ3 jq5 
X 10- 2 " íõ7 ” 10< = 10,000 

= 102 = 100 

answers 
(c) ÏvW’ °T ° 0001 ’ (b) IO' 6 
7 8 X 10.0'80.000; ¿>3Ï X1„.,. 
2- 2-3 X 10 ’. 6.9 X IO1

= 2 3 x 10 ~’ 
3. 907.5. . _ 363_x_10 3

so that the denomi. 



16 (b) IO7. . . — = 1O7
1O’ 5

(c) 0.031. . . 186 x 10 * = — x 10 3 = 31 X 10 * - 0.031 
6 X 10 5 6 

(d) 0.0125. . , 25 x 10' x 5 x IP" _ Igö^ 
105 106

= 125 x 10 4 - 0.0125 
8 

800 »xlQ-x^. 
48 x 10 3 10 3
4 

= 8 x 102 = 800 

7. 120 meters . . . 2.5 megahertz = 2.5 x 106 hertz 

3 x 10 ■ = 1.2 x 102 - 120 
2.5 x 106

MEANING OF 10° . . . In working electronics problems by using 
powers of 10, you will often come up with the value 10°. What is this 
equal to? To find out, let’s divide 1000 by 1000 by using scientific 
notation: 

woo io^ = ioo = j 
woo ” io3 -

Remembering that we divide by subtracting exponents, 10 3 divided by 
103 must equal 10°, since 3-3 = 0. Hence, 10° must be equal to 1, 
since 1000 divided by 1000 is equal to 1. It is important that you re¬ 
member that 10° = 1. 

Example . . . Multiply 5 x 10* by 3 x 10 *. 

Solution . . .5 x 10* x 3 x 10‘ 4 = 15 x 10° 
= 15 x 1 = 15, ans. 

WHAT HAVE YOU LEARNED? 

1. 4 x 105 x 6 x IO’3 x IO’ 2 =-

2. 4.1 x IO -2 x 2 x IO'3 x 105 x 1.1 x 102 =-

Work Problems 3 and 4 by first changing to scientific notation. 

3. 23,000,000 x 0.000031 =_ 

4. 213,000 x 0.00003 x 0.000001 =_ 



. 32 X IO3 X IO6o. -= _ 
8 X 109

_ 7 X 106 X 2.1 X IO’ 12
o. -— = _ 

14 X IO -8

7. The time constant (in seconds) of a circuit is the product of the 
resistance in ohms and the capacitance in farads. If the resistance is 
2.5 X 106 ohms and the capacitance is 4 x 10 6 farads, what is the 
time constant? 

ANSWERS 

1. 24 ... (4 x 6) x (10s x 10’ 3 x 10 2) = 24 x 10° = 24 
2. 902.. . (4.1 x 2 x 1.1) x (IO 2 x 10’ 3 x 10s x 102) = 9.02 x 102 = 902 
3. 7 1 3. . . 23 x 106 x 31 x 10 6 = 713 x 10° = 713 4. 6.39 x 10 6
5 4 32 x 10s x 106 32 x 109 . , Ao. 4 . . . --- = -— = 4x10 = 4x1=4 

8 x 10’ 8 x 109
„ 7 x 106 x 2.1 x IO" 12 14.7 x 10“ 6

• ■ 14 x 10 8 ‘ = lï ’x 10 6
= 1.05 x 10° = 1.05 x 1 = 1.05 

7. 10 seconds . . . 2.5 x 106 x 4 x 10 6 = 10 x 10° = 10 

11 SIMPLIFICATION OF POWERS OF 10 IN FRACTIONS . . . 
The following rule is very handy in solving problems involving powers 
of 10. 

Rule . . . Any power of 10 in a fraction may be moved at will from 
the numerator to the denominator (or from the denominator to the 
numerator) by changing the sign of the exponent. 

Example . . . Rewrite x 10 ) x (3 x 10—) go a । exponents are 
(2 x IO’ 7) x 10 

positive. 

Solution . . 16 x 10* x 3 x IO-* 
2 x IO’ 7 x 103

16 x 3 x 10‘ x 10’ 
2 x 10’ x 103

Explanation ... By moving IO' 6 from the numerator to the denominator it 
becomes 106, and by moving 10 ' from the denominator to the numerator it 
becomes 10’. You should evaluate this expression in both the original form 
and the form with the negative exponents removed in order to see that both 
forms are equal to 2400. 

17 

In the above example, notice particularly that only the powers of 10 are 
moved, and not any ordinary numbers associated with the powers of 



18 10. For example, one of the values in the original expression is 3 x 
10 6. When the 10 6 is moved to the denominator to become 106, the 3 
is left in the numerator. 

Example. . . Find the value of-:
4 x 10 +4

Solution. . .——— = 52 10-1.3 x 10’ 4 = 0.00013, ans. 
4 x 10 +4 4 

Explanation . . . It is puzzling to try to work this problem by the methods 
in preceding topics. You have been taught to subtract the denominator ex¬ 
ponent from the numerator exponent, but there is no numerator exponent! 
However, if 104 is moved to the numerator, where it becomes 10 4, there is 
no longer any need to subtract. Completing the problem is then simple. 

WHAT HAVE YOU LEARNED? 

1. Rewrite the following problems so that all the exponents are posi¬ 
tive, and then solve. 

2 x 10’7 7 x 10 J
. IO" 2 x 103 , „ 1.4 x 108 x 3 x IO 12(b) - (d) -;-;-

IO 4 x 105 4 x 10~5 x io4

2. Rewrite the following problems so that all exponents are in the 
numerator, and then solve: 
, . 1.4 x 10e x 3 x 10 12
(a) -----

4 x IO’6 x 104
... 10 2 x 103(b) 

10 x 105

3. Find the value of 
, a 56

a 7 x 106

(b) -
9 x IO*6

1. (a) 6 x 107 - 3 x 10 ' = 
2 x 108

, , 8.43 
<c) 10’ 

(d) -; 
10 x 10“9

, . 0.00413 
(c) 

10’ 4 

, 2600 (d) 
104

ANSWERS 

°-3 —A jU 
* 



(b) 

(c) 

104 X 103 = 101 = loo = t
102 X 105 107

210 £ 10 = 30 X 103 = 30,000 

(d) 14 x 108 X 3 X 105 _ 1 05 x 10 3 
4 X 10* X 10 12

2. (a) 1-4 — 3 x I»8 x IO.?2 x 10* x 10 4 _ 1 05 x 10-s
4 

(b) 10' 2 x 103 x 104 x 10' 6 = 10° - 1 
(c) 8.43 x 10’ 
(d) 765 x 10 1 x 10’ = 765 x 108 . . . Remember that 10 is 
and therefore becomes 10 1 when transferred to the numerator. 
3. (a) 8 x 10 6; (b) 0.8 x 10s, or 80,000 
(c) 41.3. . .0.00413 x 104 - 41.3 
(d) 0.26. . .2600 x 10 4 = 0.26 

equal to 10‘ 

IQ CHANGING DECIMAL POINT POSITION IN SCIENTIFIC 
NOTATION ... It is often desirable to change the decimal point 
position in numbers written in scientific notation. For example, given 
the value 4.86 x 10 ', you may want to move the decimal point so 
that it is after the 6. To do this, ignore the 10 -7 for a moment and 
write 4.86 in scientific notation with the decimal point where you want 
it: 4.86 = 486 x 10 “2. Now add on the 10 7, and you obtain 486 x 
10 2 x 10 '. When you combine the powers of 10, you have as a final 
result, 4.86 x 10 ‘ = 486 x 10 ~9. 

Example . . 8.41 x 10 6 

346 x 10“’ 
9 

Solution. . .M12LÆ2 . g“ x..™ .2 x 10 6
346 x 10 6 346 x 10~ 6

= 841 x 10 = 2.43 x 10 3 = 0.00243 
346 x 10 5

Explanation . . . The reason for changing 8.41 x 10 6 to 841 x 10“ 8 is that 
in dividing 841 by 346 it is very easy to see where the decimal point goes. On 
the other hand, considerable care is required to get the decimal point right in 
dividing 8.41 by 346. 

This problem, like most problems involving powers of 10, can be 
worked in different ways. In this and in other problems to follow we 
show one good way. If you work a problem somewhat differently than 
we do, your way is not necessarily a poorer one. 

in* 
Example . . . vn = ? 

19 
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- 2.5 X IO6, ans. 

Example . . . Find the reciprocal of 2.75 x 10 6. 

2.75 

= 3.64 x 105, ans. 

WHAT HAVE YOU LEARNED? 

1. Fill in the blanks with the proper powers of 10. 

2. 

3. 

4. 

(a) 
(b) 
(c) 
(d) 
(e) 
(f) 
(g) 
(h) 

Explanation ... To work out this problem, we must first have a number 
to divide the 40 into. To get that number, we rewrite 108 as 1 x 108. Since 
dividing 1 by 40 takes care in order to get the decimal point in the right place, 
we prefer to rewrite 1 as 100 x 10 -2 . 

Explanation . . . The reciprocal of a number is 1 divided by that number. 
After moving 10 6 to the numerator, where it becomes 106, you could, if you 

preferred, find the value of 0 -- , which is 0.364. Then the answer becomes Z. / o 
0.364 x 106. Move the decimal point one place to the right to show that this 
answer is equal to the answer above of 3.64 x 105. 

1 x 106 10 x 10'* x 10' 

0.0437 x 10 8
0.00021 x 10 5

2.75 
10 x 101
2.75 

100 X 101
40 

6.75 x 108
225 x 105

100 x 10 2 x 10' 
40 

Solution . . . ---
2.75 x 10 

391 x 10’6 = 3.91 x _ 
391 x 10 +6 = 3.91 x _ 
0.0045 x 109 = 4.5 x _ 
78.6 x 10’3 = 786 x _ 
0.00004 x 105 = 4 x _ 
0.0545 x 10’ 4 = 5.45 x 
0.007 x 10" 4 = 70 x _ 
75 x IO’ 12 = 0.75 x_ 

0.0036 x 10 6
9 x 10“ 10



c IO5
5‘ 250 

6 107200,000 -

7 0,0001 X io " = _ 
■ 0.000001 X 10“ 10

8. Find the reciprocals of the following values: 
(a) 2.5 X 10'3 (d) 0.000005 
(b) 8 X 105 (e) 250,000 
(c) IO 12

(f) io7
(g) 13.4 X IO 12

9. Given the formula Xc = 

f = 106, and C = 35 x 10'*2. 

1 
2irfC 

Find the value of Xc if tt 3.14, 

ANSWERS 

Let us repeat once more that problems involving scientific notation can 
generally be worked in many ways. In our solutions we show a good way. If 
your way of working a problem is different than ours, it is not necessarily a 
poorer way. 

1. (a) 10 

- 10 (f) 10 6; (g) 10 '; (h) 10 

2. 30. . 225 

3. 4. . 9 
4 

4. 0.208. . 

5. 400. . 

6. 50. . 
2 x 10' 

10 4 x 10‘ 104 = 10,000 7. 10,000. . 

8. (a) 400. . 

(b) 1.25 x 10 
8 8 x 101

(b) 108. 
(c) 10e; 

675 x 10 2 x 10" x 10 

2.5 x 10 
B _1 

(d) 10 ‘4; (e) 10°; 
6.75 x 10" x 10 

10 5 x 10 
1 x 105 1 000 

21 x 
105 

•250 " 
107

= 3 
0.0036 x 10’ 6 x 1O‘° 

437 x 10 4 x 10 

225 
x 101 = 30 
36 x 10 4 x 10 6 x 1O‘° 

10“ 6 x 10 ‘° 
1 

9 
x 10° - 4 

¡000 = 400
2.5 

20.8 x 10 2 = 0.208 

10 x 10- x 10^ = 1.25 x 10-

X 250 3 = 4 x 1°’ " 400

10° = 50 

'. . .3.91 x 102 x 10- - 10 
. 3.91 x 102 x 106 = 108

2 
10 12

’ 10 16

103 =
2.5 ” 

250 
102

2 

21 



22 (c) IO 12 (d) 2 X 105. . .--- 10 X 10 1 X 106 = 2 X 10s
5 X IO* 6 5 

(e) 4 X IO 6 . . .-1 ■* 10 2 X 10 4 = 4 x 10 e (f) 10-7 
25 x 104 25 

(g) 7.46 x 10 14 . . .---— = x 10 2 x 10 = 7 46 x 10 u 
13.4 x IO 12 13.4 

9. 4550. . .Xc = ---
2 x 3.14 x 106 x 35 x IO’ 12

= _1_10^ 
” 6.28 x 35 x 10 6 ~ 220 

103 x 103 1000 x 103
220 ’ 220 

= 4.55 x 103 = 4550 

UNITS OF MEASURE 
PREFIXES USED IN ELECTRONICS . . . Some of the basic 
units used in making measurements in electronics are the volt (V), 
ampere (A), ohm (Q), watt (W), henry (H), farad (F), and hertz (Hz) 
or cycles per second (cps or c/s). The terms “hertz” and “cycles per 
second” mean the same thing, and they can be used interchangeably. 
Quantities measured by the units used in electronics embrace an ex¬ 
tremely wide range of values. For example, at the input of a TV re¬ 
ceiver, we deal in millionths of a volt, whereas the picture tube may 
require 10,000 volts for operation. 

To express these wide ranges of values in a manner easy to compre¬ 
hend, larger and smaller units than the basic units mentioned above 
are also used. You can visualize 25 microvolts much easier than you 
can visualize 0.000025 volts, its equal value, so prefixes such as micro 
are used to form larger and smaller units from basic units. The prefixes 
and their meanings are given in Table 1. For example, kilo means 1000, 
so one kilovolt is equal to 1000 volts. Similarly, since milli means one¬ 
thousandth (0.001), one millivolt is equal to one-thousandth of a volt. 

The prefix micromicro (abbreviated gg) is often used in place of pico, 
particularly in older literature. For example, 3 micromicrofarads 
(3 ggf) and 3 picofarads (3 pF) mean the same thing. Each is 3 x 10 12 

farad. The use of micromicro in place of pico is not recommended. Nor 
is the use of compound prefixes, such as kilomega in place of giga, 
recommended. 

You should memorize the meanings of the prefixes shown in Table 1, 



Table 1 
Prefixes and Their Meanings 
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’da recommended, to conform with international usage. 

Prefix Symbol 
Meaning 

Scientific 
notation 

Ordinary form 

tera 
giga 
mega 
kilo 
hecto 
deka 
deci 
centi 
milli 
micro 
nano 
pico 

T 
G 

M or mt 
k 
h 

dk or da* 
d 
c 
mt 
M 
n 
P 

1012

109
106
103
102 

10 
10’* 
IO' 2 

10’ 3 

10’ 6 

10 -9 

10’ 12

1,000,000,000,000 
1,000,000,000 

1,000,000 
1,000 
100 
10 

0.1 
0.01 
0.001 
0.000,001 
0.000,000,001 
0.000,000,000,001 

tmc means megacycles, m means milli with other units. However, mf, Mf, or mfd is sometimes used in 
place of m/ to mean microfarad. 

because you will be working with them regularly in your studies and 
in your practical work. 

-121 INTERCONVERSION OF UNITS OF MEASURE. . . In prac-
* tical problems in electronics, it is continually necessary to change from 

one unit to another. This is easy to do by using scientific notation and 
the conversion factors in Table 2. 

Table 2 

Prefix Conversion factor 

Milli and kilo 103

Micro and mega lb 
Nano and giga 10 
Pico (or micromicro) and tera 10 ‘ 

Rule . . . To convert from a basic unit to another unit, or vice versa, 
multiply by the appropriate conversion factor. If you are converting 
to a larger unit, the exponent of the conversion factor is negative. If 
you are converting to a smaller unit, the exponent is positive. 



Example. . . Change 125 microhenrys to henrys. 

Solution. . . 125 microhenrys - 125 x 10 6 henry, or 0.000125 henry, ans. 

Explanation . . . From Table 2 we see that the proper conversion factor for 
micro units is 106. In converting from microhenrys, we are converting to a 
larger unit. Hence, the exponent of the conversion factor is negative. 

WHAT HAVE YOU LEARNED? 

1. In the following problems, pick out the larger one of the paired 
units: 
(a) megacycle—gigacycle 
(b) kilovolt—millivolt 
(c) picofarad—microfarad 

(e) kilohertz—megahertz 
(f) centimeter—millimeter 
(g) microsecond—nanosecond 

(d) millihenry—microhenry 

2. Write out the units for which the following are the symbols: 
(a) MW 
(b) mW 
(c) 
(d) ns [s is the symbol 

(e) mA 
(f) kHz 
(g) Mil 
(h) kfi 
(i) mV for second (time)] 

3. In changing farads to microfarads, you are converting to a <«) 
(larger) (smaller) unit and therefore the exponent of the conversion 
factor should be <b> (positive) (negative). 0.00042 farad is equal to 

microfarads. 

4. Change 27.1 microhenrys to henrys. 

5. Change 0.00271 henry to microhenrys. 

6. Change 950 hertz to kilohertz. 

7. Change 0.00015 microfarad to farads. 

8. Change 2.7 x 10 12 farad to picofarads. 

9. Change 4.6 megohms to ohms. 

10. Change 33.5 kilovolts to volts. 
WI|WATT|WAT1 

11. Change 2265 milliwatts to watts. 



12. Change 4.58 x 10 6 volt to microvolts. 

ANSWERS 

25 
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1. (a) Gigacycle ... In Table 1 the prefix higher in the table is always that 
of the larger unit. 
(b) Kilovolt; (c) microfarad; (d) millihenry 
(e) Megahertz; (f) centimeter; (g) microsecond 
2. (a) Megawatt 
(b) Milliwatt. . . mw is also used for milliwatt. 
(c) Microhenry . . . gh is also used as the symbol. 
(d) Nanosecond (e) Milliampere . . . ma is also used for milliampere. 
(f) Kilohertz . . . kc is used for kilocycles per second, which means the same 
as kilohertz. 
(g) Megohm (h) kilohm 
(i) Millivolt. . . mv is also used for millivolt. 
3. (a) Smaller; (b) positive 
(c) 420 . . . 0.00042 x 106 = 4.2 x 10" x 106 = 4.2 x 10 = 420 
4. 27.1 x 10 6 H 5. 2710 MH . . . 0.00271 x 106 = 27 1 0 
6. 0.95 kHz 7. 1.5 x 10‘ 10 F. . . 1.5 x 10" 4 x 10” = 1.5 x 10 
8. 2.7 pF . . . 2.7 x 10’ 12 x 10 +12 = 2.7 
9. 4.6 x 106 0, or 4,600,000 0 
10. 33,500 V 11. 2.265 W 
12. 45.8 MV. . . 4.58 x 10’’ x 106 - 45.8 MV 

CONVERSIONS BETWEEN NONBASIC UNITS . . . Most con¬ 
versions required in practice are between basic units and other units, 
however, it is sometimes necessary to convert between two units 
neither of which is a basic unit. When this is so, the problem can be 
easily handled by first converting the given unit to a basic unit and 
then converting the basic unit to the desired unit. 

Example. . . Convert 17.5 millihenrys to microhenrys. 

Solution . . . 17.5 millihenrys = 17.5 x 10 3 henry 
17.5 x IO' 3 henry = 17.5 x 10" 3 x 106 microhenrys 

17.5 x 103 microhenrys = 17,500 microhenrys, ans. 

Explanation . . . To convert from millihenrys to henrys, multiply by 10 . 
The exponent is negative because the conversion is from a smaller unit to a 
larger unit. Then, to convert from henrys to microhenrys, use the conversion 
factor 106. The exponent is positive because henrys are larger than 
microhenrys. 

WHAT HAVE YOU LEARNED? 

1. Change 0.035 millihenry to microhenrys. 

2. Change 3.15 microvolts to millivolts. 
MILLI HENRY! 
You come in here 
this instant and 
change into your 
basic unit! 
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3. Change 100 picofarads to microfarads. 

4. Change 2.45 megacycles (megahertz) to kilocycles (kilohertz). 

5. Change 5 kilovolts to millivolts. 

6. Change 19 microfarads to picofarads. 

7. Change 13 millihenrys to microhenrys. 

ANSWERS 

X 106
1. 35 mH. . - First change millihenrys to henry s: 0.035 mH = 0.035 x 10 3 H 
Then change henrys to microhenrys: 0.035 x 10’ 3 H = 0 035 x 10 
= 0.035 x 103mH = 35 mH. 
o mV ’ °6 °-00315 • • • First change microvolts to volts: 
310 mV = 3.15 x 10 V. Then change volts to millivolts: 3.15 X 10 6 V = 
3.15 x 10 6 x 10 mV = 3.15 x 10 3 mV. 
3. 0.0001 mF . . . First change picofarads to farads: 100 pF = 100 x 10 12 F. 
Then change farads to microfarads: 100 x 10 12 x 106 = 100 x 10 6 = 0 0001 
mF. 
4. 2450 kc(kHz) . . . 2.45 x 106 x 10 3 . 2450 kc(kHz) 
5. 5 x 10 mV. . . 5 x 103 x 103 = 5 x 106
6. 19 x 106pF 7. 13,000 mH 

THE METRIC SYSTEM . . . The metric system of weights and 
measures is used throughout most of the world except the English-
speaking countries. The units in the metric system are related by 
powers of 10, and this makes the system far more convenient than the 
English system, in which the relationships between the units follow no 
recognizable pattern. For example, in the English system there are 
1760 yards in a mile; in the metric system there are 1000 meters in a 
kilometer. Obviously it is much easier to convert meters to kilometers 
than it is to convert yards to miles. 

Although the metric system is not in popular use in the United States, 
it is much used in science and engineering. For your work in electron¬ 
ics, you will need to understand the metric system and be able to make 
conversions between metric and English systems. The basic unit of 
length in the metric system is the meter. In terms of the English sys¬ 
tem, the meter is equal to 39.37 inches, or approximately 3.28 feet. 
Notice that the meter is a little longer than the yard—approximately 
10 per cent longer. 

The prefixes of Table 1 apply to metric units of measure, too. Thus, a 
kilometer (km) equals 1000 (or 10’) meters (m), and a centimeter (cm) 



equals 0.01 (or 10 2) meter. The commonly used metric measures of 27 
length are the kilometer (km), the meter (m), the centimeter (cm), 
and the millimeter (mm). For extremely short measurements (such as 
the wavelength of infrared light) the unit micron (g, greek mu) is used. 
Micron means “micro-meter.” One micron therefore equals 10 6 

meter. 

The unit of mass or weight in the metric system is the gram (g). It is 
the weight of one cubic centimeter of water at its maximum density. 
There are approximately 28.6 grams in an ounce. The kilogram is a 
larger unit in common use. It is approximately equal to 2.2 pounds. 

The unit of liquid capacity in the metric system is the liter. It is the 
volume of one kilogram of water at maximum density. The liter is 
equal to 1.057 U.S. quarts, and thus a liter is slightly greater in volume 
than a U.S. quart. 

To convert from one metric unit to another, simply use the conversion 
factors in Table 2 and proceed in the same way as for converting elec¬ 
tronic units. 

WHAT HAVE YOU LEARNED? 

1. 0.042 meter is equal to_centimeters. 

2. 4265 meters is equal to_kilometers. 

3. 25 centimeters is equal to-millimeters. 

4. 21.8 millimeters is equal to_centimeters. 

5. One liter is equal to <o>_cubic centimeters (cc), which is 
approximately equal to im-U.S. quart. 

6. The doctor instructs the nurse to see that the patient gets a mini¬ 
mum of 750 cc of liquid per day. How many cups of coffee must the 
patient drink per day? Figure two cups as equal to one U.S. pint. 

7. Radio waves travel through space at 3 x IO8 meters per second. 
What is their velocity in kilometers per second? 

8. One inch is equal to 2.54 cm. How many millimeters are there in an 
inch? 



28 9. A type 6903 phototube has the most sensitive response to light with 
a wavelength of 45 x 10" 8 meters (violet light). What is the wave¬ 
length of this light in microns? 

ANSWERS 

1. 4.2 cm . . . From Table 1, centi has 102 as its conversion factor. Since we 
are converting to a smaller unit, the exponent should be positive. 0.042 x 10 2 

= 4.2 cm. 
2. 4.265 km. . . 4265 x 10’ = 4.265 km 
3. 250 mm . . . First change centimeters to meters: 25 cm = 25 x 10 2 m. 
Then change meters to millimeters: 25 x 10' 2 m = 25 x 10' 2 x 103 = 25 x 
101 = 250 mm. However, since the need to convert between millimeters and 
centimeters is very common, it is better to remember that there are 10 milli¬ 
meters in 1 centimeter. Hence, 25 cm is equal to 25 x 10 = 250 mm. 
4. 2.18 5. (a) 1000 cc; (b) 1 U.S. quart 
6. Three cups . . . Since 1000 cc is approximately a quart, the patient requires 
lj pints of liquid, which would be three cups. 
7. 3 x 10s km . . . 3 x 10s x 10' 3 = 3 x 105
8. 25.4 mm . . . Remember that 10 mm = 1 cm. It is useful to remember that 
1 inch is equal to approximately 25 mm. 
9. 0.45 micron . . . 45 x 10 8 x 106 = 45 x 10 2 = 0.45 M. 

yy CONVERSION BETWEEN ENGLISH AND METRIC UNITS 
... In your work in electronics you will sometimes need to convert 
between the English and metric systems. By memorizing the following 
two equivalents, you will be able to quickly make most conversions 
required in electronics work: 

1 inch = 2.54 centimeters 

1 meter = 3.28 feet 

Example . . . The length of an antenna is 212 m. What is the length of the 
antenna in feet? 

Solution . . . 3.28 x 212 = 695 ft, ans. 

Explanation . . . Since there are 3.28 ft in 1 m, the number of feet in 212 m is 
3.28 x 212. 

WHAT HAVE YOU LEARNED? 

1. If an antenna is 170 m long, what is its length in feet? 

2. If an antenna is 200 ft long, what is its length in meters? 

3. The thickness of a certain quartz crystal is 0.5 mm. What is its 
thickness in inches? 



4. The frequency, in kilocycles, of a certain type of crystal is given 
by the formula 

29 

18 

_ 1960_ 
' c " thickness, in millimeters 

If the thickness is 0.1 in., what is the frequency? 

ANSWERS 

1. 558 ft 2. - 61.0 m 

3. 0.0197 in.. . ,0.5 mm = 0.05 cm; = 0.0197 in. 

4. 772 kc. . .0.1 in. = 0.1 x 2.54 = 0.254 cm = 2.54 mm 

= 772 kc 

SUBSTITUTING NUMERICAL VALUES AND SOLVING FOR¬ 
MULAS . . . When you work with formulas in electronics, you must 
be careful to convert units given in a problem to units required by 
the formula. For example, most electronic formulas use frequency in 
hertz, or cycles per second. The frequency for a typical problem is 
often given in terms of kilohertz or megahertz (kilocycles or megacycles 
per second). It is very important that you remember to convert the 
kilohertz or megahertz to hertz. 

Example . . . Given the formula Xl = 2irfL, where Xl is in ohms, t = 3.14, 
/is in hertz, and L is in henrys. Find Xl when / is 2 MHz and L is 4 mH. 

Solution . . . XL = 2 x 3.14 x 2 x 106 x 4 x 10 6
= 50.2 x 10° = 50.212, ans. 

Explanation . . . Substitute the given values into the formula. Change 2 MHz 
to 2 x IO6 Hz, and change 4 MH to 4 x 10 6 H. Then multiply to solve for XL. 

WHAT HAVE YOU LEARNED? 

/ = 3 kHz, C = 15>F 
/ = 3.4 kHz, C = 93 pF 
/= 1 MHz, C = 34 pF 
f = 3.2 kHz, C = 1 mF 

(e) / = 98 MHz, C = 0.002 pF 
(f) / = 350 kHz, C = 0.05 mF 
(g) / = 900 kHz, C = 0.001 mF 

(a) 
(b) 
(c) 
(d) 

1. The formula for capacitive reactance is Xc = w êre

is in ohms, jt = 3.14, / is frequency in hertz, and C is capacitance in 
farads. Find Xc for the following values of / and C: 
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(e) f = 195 kHz, L = 62.7 mH 
(f) f = 985 kHz, L = 42.8 MH 
(g) f = 6894 kHz, L - 38.7 mH 

(a) f = 32 MHz,¿ = 19 mH 
(b) f = 5.2 kHz, L = 745 mH 
(c) f = 89.2 MHz, L = 3 mH 
(d) f = 35.7 MHz, L = 36 MH 

2. The formula for inductive reactance is XL = 2^fL, where XL is in 
ohms, ir = 3.14,/is frequency in hertz, and L is inductance in henrys. 
Find Xl for the following values of / and L: 

3. Ohm’s law for current is I = where I is current in amperes, E 

is voltage in volts, and R is resistance in ohms, (a) Find the current, 
in milliamperes, if E equals 20 kV and R equals 2 Mo. (b) Find I, in 
microamperes, if E is 100 V and R is 5 Mil. 

ANSWERS 

1. (a) 3.54 ß . . . First, C must be changed to farads and / to hertz. 15 mF 
= 15 X 10“ F; 3 kHz = 3 X 103 Hz. 

6.28 X 15 X 10“ x 3 x 103
1 

283 X 10 3
103 1000 o

“ 283 “ 283 “ 0 04 “ 
(b) 5.04 X 10s fl; (c) 4.68 x 103 = 4680«; (d) 49.8« 
(e) 8.12 x10s«; (f) 9.09«; (g) 177« 
2. (a) 3.82 x 106fl; (b) 24.3«; (c) 1.68 x 103 = 1680« 
(d) 8070«; (e) 7.68 x 10* «; (f) 264«; (g) 1.67 x 106fi 
3. (a) Z - 10 X 10“ A - 10 mA; (b) 20 MA 

IQ FINDING POWERS AND ROOTS OF POWERS OF 10 ... To 
find a certain power of a power of 10, multiply the exponent of the 
power of 10 by the power desired. To find a certain root of a power 
of 10, divide the exponent of the power of 10 by the root desired. 

Example . . . Find the square of 3 x 10*. 

Solution . . . (3 x 10*)2 = 32 x (10*)2 = 9 x 10s, ans. 

Explanation ... To square a power of 10, multiply the exponent of the power 
of 10 by 2. 2x4 = 8; hence, 108 is the square of 10*. 

Example . . . Find the square root of 16 x 10 12 . 

Solution. . .\/16 x 10 12 = vT6 x x/10 12 = 4 x 106,an.s. 

Explanation . . . Extract the square root of the whole number and the power 
separately. The root of the power of 10 is found by dividing the exponent by 2. 

Example. . . Find the square root of 8.1 x 107. 



Solution . . .Vs.l x 107 = V 8.1 x 10' x 106 = V81 x IO6 

V81 x 10* = V81 x V106 = 9 x IO3 = 9000, ans. 

Explanation . . . The exponent 7 in the original form of the problem is not 
evenly divisible by 2. However, since 10* x 106 equals 107, we can rewrite 
the problem as V 8.1 x 101 x 106. Combining the first two numbers gives 
V81 x 106. Since the exponent is now even, the root can be extracted as in 
the preceding example. 
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Example. . . Find the square root of 8.1 x 10 7. 

Solution . . . V8.1 x 10 7 = V8.1 x 101 x 10 8
= V81 x 10 8
= V81 x V10“ 8
= 9 x 10 4 = 0.0009, ans. 

Explanation . . . Since, as in the preceding example, the exponent -7 is not 
evenly divided by 2, the first step is to rewrite 10 ' as 101 x 10 8. The pro¬ 
cedure from this point is the same as for the preceding example. 

WHAT HAVE YOU LEARNED? 

1. Square the following values: 
(a) 4 x 107 (d) 4 x 10“ 4
(b) 2 x 10“6 (e) 106

(c) 9 x 101

2. Extract the following square roots: 
(a) VÎÔ*4 (d) V625 x 10 16

(b) VlO- 10 (e) V12.1 x 109
(c) 

(f) 1 x 10“2
(g) 1.5 x 103

(f) V2.5 x IO“3
(g) x 16 x 104

3. Solve the following problems: 
(a) (2t x 155 x 103 x 12 x 10 4)2
(b) V2I.5 x 10“6 x 2.24 x 10“ 12

(c) V0.00003 x 10 6 x 0.000114 

(d) 1 --7 
VO.004 x 10 6 x 26 x 10’ 12

(e) -/ ? 2ttV 0.081 x 10’3 x 0.0007 x 10’6

4. The formula for resonant frequency is / = 



32 inductance in henrys, C is the capacitance in farads, and f is the fre¬ 
quency in hertz. Find the frequency in kilohertz for the following 
values of L and C. 
(a) L = 24 mH; C = 250 pF 
(b)L = 47MH; C = 0.004 MF 
(c) L = 3.7 mH; C = 22 pF 
(d) L = 0.008 mH; C = 0.036 MF 
(e) L = 9 mH; C = 438 pF 

5. The formula for finding the capacitance needed to resonate at a 

certain frequency is C = - -1 2 , where f is the frequency in hertz, 
(2*7 ) L 

L is the inductance in henrys, and C is the capacitance in farads. Find 
C in microfarads for the values of /and L given. 
(a) f = 100 kHz; L = 600 gH 
(b) / = 750 kHz; L = 30 mH 
(c) f = 2.5 MHz; L = 0.5 mH 

ANSWERS 

1. (a) 16 X 10“; (b) 4 x 10 10 ; (c) 81 x 102; (d) 16 x 10" 
(e) 1012 ; (f) 1 x 10"; (g) 2.25 x 106
2. (a) 107; (b) 10"; (c) VÍÕ x \/104 - 3.16 x 102; (d) 25 x 108
(e) x/121 xVÎO8 = 11 x 104; (f) 5 x 10"; (g) 12 x 102
3. (a) 137 x 104. . . (6.28 x 155 x 12 x 10“ ')2 = 

(6.28 x 1.55 x 102 x 1.2 x 101 x 10")2 = 
(11.7 x 102)2 = 137 x 104

(b) 6.94 x 10". . .x/48.2 x 10"’ = 6.94 x 10" 
(c) 5.85 x 10". ■ ■___ 

V3 x 10"x 10"x 1.14 x 10 * = V3.42x 10"’ 
V34.2 x 10" x 10"’ = 5.85 x 10" 

(d) 3.11 x 109. . . 

— 1 = _ 1__ _ 2^ _ 10 X io* _ 3 ! J x !0® 
vTo.4 x 10"° 3.22x10"° 3 22 322

(e) 6.69 x 105
4. (a) 2050 kHz . . . First change microhenrys to henrys and picofarads to 
farads. 24 mH - 24 x 10" H; 250 pF = 250 x 10 12 F. 

6.28 V24 x IO’’ x 250 x 10"2
_1__ 

6.28^6000 x 10"’ 
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IO9 1000 X 10* 9nK v in6H7 
" 487 " 487 “ 2 05 x 10 H

Now change hertz to kilohertz, 2.05 x 10' Hz = 2.05 x 106 x 10 3 kHz 
= 2.05 x 103 kHz. 
(b) 367 kHz; (c) 559 kHz; (d) 297 kHz; (e) 2536 kHz 
5. (a) 0.0042 gF . . . First change kilohertz to hertz and microhenrys to 
henrys. 100 kHz = 100 x 103 = 105 Hz; 600 mH = 600 x 10” 6 H - 6 x 102 

x 10 ' = 6 x 10 ‘H. 

(6.28 x 105)2 x 6 x IO' 4 

_ 1_ 

(6.28)2 x (105)2 x 6 x 10 4
_ 1_ 

39.4 x 1O‘° x 6 x 10’ 4
1_ = 1000 x 10 3 x 10 6

236 x 10s ~ 236

= 4.24 x 10' 9F 

Then change farads to microfarads: 
4.24 x 10’ 9F = 4.24 x 10‘ 9 x 10%F = 4.24 x 10’’ = 0.0042 MF 

(b) 0.0000015 mF; (c) 0.00812 mF 

TEMPERATURE MEASUREMENTS 
FAHRENHEIT AND CELSIUS SCALES ... On the scale of the 
thermometer ordinarily used in the United States and other English-
speaking countries, the freezing point of water is marked 32° and 
the boiling point of water is marked 212°. The portion of the scale 
between the freezing and boiling points is divided into equal spaces. 
This is called the Fahrenheit scale. 

More convenient for most scientific purposes is the Celsius thermom¬ 
eter, on which the freezing point of water is marked 0° and the boiling 
point of water is marked 100°. The Celsius thermometer is widely used 
by scientists throughout the world, and you as an electronic tech¬ 
nician may have frequent contact with it. The Celsius scale was 
formerly called the Centigrade scale, and this term is still often used. 

You will frequently find it desirable to convert from the Celsius scale 
to the Fahrenheit scale, or vice versa. You can do so easily by using 
the following formulas: 

C = | (F - 32) F = I C + 32 
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where C is degrees Celsius and F is degrees Fahrenheit. 



34 When any formula has addition or subtraction within parentheses, 
work the part inside the parentheses first. Then work the rest of the 
problem. 

Example. . . Change 68°F to degrees Celsius. 

4 

Solution . . . C = | (68 - 32) - | x 36 - 5 y y y 

« 20°C, ans. 

Example. . . Change 20°C to degrees Fahrenheit. 
Q 

Solution . . . F = = x 20 + 32 = 36 + 32 o 

= 68°F, ans. 

21 THE KELVIN SCALE . . . Another thermometer scale used occa¬ 
sionally is the Kelvin, or absolute, temperature scale. On this scale 
the lowest temperature that it is theoretically possible to obtain is 
taken as 0°. This temperature is reached at -273°C, and it is known 
as absolute zero. 

To change any temperature from the Celsius scale to the Kelvin scale, 
add 273°. To change any temperature from the Kelvin scale to the 
Celsius scale, subtract 273°. For example, 50°C equals 50 + 273 
= 323°K and 323°K equals 323 - 273 = 50°C. 

WHAT HAVE YOU LEARNED? 

1. Change 100°F to degrees Celsius. 

2. Change 20°C to degrees Fahrenheit. 

3. Change -10°C to degrees Fahrenheit. 

4. Change 85°F to degrees Celsius. 

5. Change -20°F to degrees Celsius. 

6. On the nameplate of a motor or generator you will often find the 
inscription, “Temperature rise: 40°C.” This means that, under con¬ 
tinuous normal operation, the motor temperature will not rise more 
than 40°C above the temperature of the air surrounding the motor, 
called the ambient temperature. If a motor is operated in a room in 



which the temperature is 72°F, what should be the maximum temper¬ 
ature of the motor, in degrees Fahrenheit, after the motor has been in 
operation for some time? 
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7. The crystal oven in a certain transmitter is operated at 60°C. What 
is the oven temperature in degrees Fahrenheit? 

8. The oscillating frequency of a certain crystal changes 22 cycles for 
each degree Celsius change in temperature. If the minimum tempera¬ 
ture that might be encountered is 40°F and the maximum is 120°F, 
how great a variation in oscillating frequency occurs? 

9. Noise developed in an amplifier because of thermal agitation is 
proportional to the temperature in degrees Kelvin. If the temperature 
insidean amplifier is 130°F, what is the temperature in degrees Kelvin? 

ANSWERS 

1. 37.8°C 2. 68°F 

3. 14°F. . .F - 10) + 32 = 14°F 4. 29.4°C 5. -28.9°C o 
6. 144°F . . . 72°F = 22.2°C; 22.2°C + 40°C = 62.2°C; 62.2°C = 144°F. 
The formulas given in this lesson for converting between Celsius and Fahren¬ 
heit hold good only for actual temperatures. The 40°C given in this problem 
is not an existing temperature but the difference between the operating tem¬ 
perature of the machine and the room temperature. Since it is not an existing 
temperature, it cannot be converted to Fahrenheit by the lesson formulas. The 
problem must be worked by first converting 72° F (which is an actual tempera¬ 
ture) to Celsius, as shown in the answer. 
7. 140°F 8. 979 cycles. . . 40°F = 4.4°C; 120°F = 48.9°C; temperature 
change is 48.9 - 4.4 = 44.5°C; 44.5 x 22 = 979 cycles. 
9. 327.4°K . . . 130°F = 54.4°C; 54.4 + 273 = 327.4°K 

LESSON 2103-2 

EASY WAYS OF FIGURING ELECTRONICS PROBLEMS 

EXAMINATION 

Circle the number of the correct answer for each question that follows. When you 
are finished, transfer the answers to the answer sheet by putting X's in the proper 
squares. When the graded answer sheet is returned to you, correct in this book any 
questions you may have missed. By doing so, you will have a record of the correct 
answers to all questions for review purposes. 
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36 1. To which of the following is 0.00000024 equal? 
CX (i) 2.4 X 10® (3) 2.4 X 108 (S> 2.4 x 10 7

(2) 2.4 x 107 (4) 2.4 x 10® (6) 2.4 x 10’® 
(7) None of the above 

2. To which of the following is 101 equal? 
(i) 0 (2) 1 10 (4) 11 (5) 100 

3. To which of the following is 10° equal? 
(1) 0 (2) 0.1 ® 1 (4) 10 

. 4. To which of the following is 10 1 equal? 
(1) 0 0.1 (5) 1 
(2) -1 (4) -10 (6) 10 

5. To which of the following is 10 2 equal? 
G 0.01 (3) 0.2 (5) 0 
(2) 0.1 (4) 0.02 (6) -2 

(7) None of the above 

6. Which of the following is the square root of 10 16? 
(1) 10 4 (2) 104 108

(4) None of the above 

y 7. Which of the following is the reciprocal of 10 4? 
(1) 1/104 (3) 0.001 (5) 1000 10’000
(2) 0.0001 (4) 0.004 (6) 4000 (8) 10’ 2

8. The easiest way to find the product of O.00O0W,0(I3’ x 1^400000 
is to first change the values to scientific notation. Which of the follow¬ 
ing does the problem then become? (Make sure all parts of your selection 
are right.) 
(1) 1.003 x 10 s x 1.34 x 107 = 134.402 
(2) 1.003 x 106 x 1.34 x 10 7 = 0.0134402 
(3) 1.003 x 10’ 5 x 1.34 x 10® = 13.4402 
A) 1.003_x 10 ¿x L34x 1Q5̂= 0.134402 
J5T1.003 X lOjjTTgXlO^^ 
(erTTôõãVwxTSTx io 5 = 13.4402 
(7) 1.003 x 10 9 X 1.34 X 105 = 0.000134402 

None of the above. 

9. Which of the following does 600,547 x 10*3 equal? 
(1) 60.0547 (3) 6005.47 (5) 600,547,000 

600.547 (4) 0.600547 (6) 0.000600547 
(7) None of the above 



10. Evaluate the following, being sure to use scientific notation, but 
change your answer to ordinary notation. 

10,000,000 X 0.08012 9

0.00006 
g) 2,000,000 (2) 7,200,000 (3) 72,000,000 (4) 200,000,000 

(5) None of the above 

104 X 10 6 X 103 = ?
IO" X10 14

(1) 0.0001 © 0.01 (5) 1 (7) 100 
(2) 0.001 (4) 0.1 (6) 10 (8) 1000 

12. Find the value of \/3.6.x 10? 
(1) 60 (3) 600 (5) 3600 
(2) 189.7 (ÎI 1897 (6) 6Q00 

None of the above 

13. Find the value of \/3.6 x 107. (Select answer from choices for 
Question 12.) \ 

14. Find the value of V3.6 x 10 '. 
(1) 0.001897 (3) 0.1897 (5) 0.06 
(2) 0.01897 0 0.006 (6) 0.6 

(7) None of the above 

15 700 x 1197 x 10 7 = ?

‘ 7 x 171 x 10 12 x 10" 
(1) 0.007 (3) 0.7 (5) 70 
O 0.07 (4) 7 (6) 700 

(7) None of the above 

16. One foot is equal to how many meters? 
(1) 0.298 O 0.394 (5) 3.28 
(2) 0.305 (4) 3.05 (6) 3.94 

(7) None of the above 

IL Change-0.073 millihenrys to henrys. 
© 0.000073 H (3) 0.0073 H (5) 0.73 H (7) 73 H 
(2) 0.00073 H (4) 0.073 H (6) 7.3 H (8) 730 H 

18. Change 100 kilovolts to millivolts. 
(1) 0.1 mV (3) 100 mV (5) 100,000mV ^7? 100,000,000 mV 
(2) 10 mV (4) 1000 mV (6) 1,000,000 mV (8) None of the above 

Jöö O00 000 



38 j 19. Change 45¡p millimeters to centimeters. 
A (1) 0.0045 cm (3) 4.5 cm (5) 450 cm (7) 45,000 cm 

(2) 0.45 cm (J? 45 cm (6) 4500 cm (8) 45,000,000 cm 

3 X 10820. Given the formula X =  y—, where f is the frequency in hertz 

and X is the wavelength in meters, find the wavelength in feet if the 
frequency is 1850 kHz. —. 
(1) 59.4 ft ^3/531 ft (5) 162,000ft 
(2) 162 ft (4) 1620 ft (6) 531,000 ft 

21. The formula for resonant frequency is f = - — , where L is the 

inductance in henrys, C is the capacitance in farads, and f is the 
frequency in hertz. In a certain circuit the inductance is 0.024 mH 
and the capacitance is 3.2 gF. What is the resonant frequency in 
kilohertz? Be sure to use powers of 10 in working the problem. Q 18.2 kHz (3) 182 kHz (5) 18,200 kHz 
(2) 57.5 kHz (4) 575 kHz (6) 57,500 kHz 

(7) None of the above 

22. What is the lowest temperature theoretically obtainable? 
(1) 32°C (2) 0°C • (3) -212°C 0 -273°C 
23. If the temperature as read by the Celsius thermometer is 0°, 
what will a Fahrenheit thermometer at the same location read? 
(1) 0° 32° (3) -32° (4) 17.8° 

(5) None of the above 

24. Change 77°C to degrees Fahrenheit. 
(1) 25°F (2) 45°F © 170.6°F (4) 196.2°F 

(5) None of the above 

y 25. How many picofarads are there in 4 ggf? 
A (1) 0.25 (3) 4000 (5) 4 x 10 12

(fT) 4 (4) 4,000,000 (6) None of the above 

END OF EXAM 



TIPS FOR SUCCESS 

Learn the meaning 

A parrot can be taught to remember and repeat 
words, but only a limited number. You will learn as 
slowly as the parrot if you concentrate on memoriz¬ 
ing as the parrot does, rather than on understand¬ 
ing. You must always search for the meaning. Then 
your learning and remembering will get into high 
gear. 

In studying electronics, ask yourself such questions 
as Why does this happen? How does it work? Where 
does the current go? What is that capacitor for, and 
what would happen if it were removed? 

When the subject material has meaning for you, it is 
easy to remember. 
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A chat with your instructor 

When an inductor and a capacitor are used together, there will always be 
a certain frequency, called the resonant frequency, at which the inductive 
reactance and the capacitive reactance are equal. 

Resonant circuits exhibit very important properties. A resonant circuit 
can be used to select one frequency or band of frequencies and, at the 
same time, reject others. Or it can be used to reject one frequency or band 
of frequencies and accept all others. A series resonant circuit has mini¬ 
mum impedance at resonance, and the impedance rises rapidly for fre¬ 
quencies removed from resonance. A parallel resonant circuit is exactly 
opposite: its impedance is maximum at resonance and decreases rapidly 
for frequencies removed from resonance. 

These characteristics are extremely useful. They form the basis for select¬ 
ing a desired frequency (tuning). Many resonant circuits are used in 
broadcast, communication, teletype, and television receivers. Resonant 
circuits are also used extensively in transmitters. In this lesson you will 
study the characteristics of resonance, as well as the characteristics of 
circuits containing resistance and inductance or resistance and capacitance. 
You will learn what the “flywheel effect” of a resonant circuit is and how 
it is useful for multiplying frequency. All of these ideas are essential to 
understanding how electronic circuits work, so study this lesson carefully. 

Resonant 
Circuits 

SERIES RESONANT CIRCUITS 

An inductor and a capacitor may, of course, be connected either in series 
or in parallel to the voltage source. No matter which way an LC circuit is 
connected, it has the interesting property that at or near some definite 



2 frequency called the resonant frequency—its electrical properties are 
much different than at higher or lower frequencies. We will consider series 
resonant circuits first. 

SERIES RESONANCE AND WHY IT OCCURS... If you vary the 
frequency of the 100-V generator E in Fig. 1 and watch the ammeter A, 
you will find that at a certain frequency the ammeter reads much higher 
than for either higher or lower frequencies. The frequency at which the 
current is greatest is called the resonant frequency of the series LC circuit, 
and if this is the generator frequency, the circuit is said to be at resonance. 

Every circuit consisting of an inductor and a capacitor has a resonant 
frequency. Resistance is associated with any practical circuit; it is made 
up of the resistance of the coil winding, the connecting leads, and the 
capacitor plates. This unavoidable resistance is represented by R in 
Fig. 1. Thus every practical LC circuit must in fact be an LCR circuit, 
and the value of R. even though quite low, has an important effect on the 
characteristics of a resonant circuit. R can never be ignored in a circuit 
operating at resonance. 

The reading of ammeter A in Fig. 1 is, of course, equal to E/T., where Z 
is the circuit impedance at the generator frequency. To review your a-c 
circuit theory, to find Z you must first find X. the total reactance, which 
is equal to the difference between X L and Xc. The reactance of L increases 
with the frequency and is given by the curve XL in Fig. 2 for frequencies 
between 500 and 1600 kHz. The reactance of C decreases as the frequency 
increases and is given by curve Xc in Fig. 2. Before going further you 

should use the formulas X, = 2irfL and Xc = to calculate XL and 

Fig. 1 A series tC circuit across a constant voltage. 



Frequency, in kilohertz 

Fig. 2 Reactance of the LC circuit of Fig. 1 with variation of frequency. 

Xcat two or three frequencies to see that the calculated results agree with 
the curves of Fig. 2. 

The total circuit reactance is given by curve X in Fig. 2. This curve has 
been drawn by taking the difference between Y( and X ¡ at each frequency. 
For example, at 800 kHz X, is 5030 12 and Xc is 7960 12. Therefore X at 
this frequency is 7960 - 5030 = 2930 12, as shown by the curve X on the 
graph. 

As shown in Fig. 2, at a frequency of 1007 kHz, Xl and Xc are equal in 
value and therefore X is zero. Therefore, 1007 kHz is the resonant 
frequency. At this frequency the only opposition to current flow in the 
circuit of Fig. 1 is the 50 12 of R. Ammeter A therefore reads its highest, 

which is / = 'M = 2 A, or 2000 mA. This current value at resonance 
5012 

is shown in Fig. 3. 

The current at any frequency is given by 1 = — . You will remember 



4 

from your a-c theory that as long as X is 10 or more times greater than R, 
Z is equal to X for all practical purposes. So in Fig. 1, Z can be con¬ 
sidered as equal to X for all values of X greater than 500 Í2. Therefore, 
in Fig. 2, Z can be considered as equal to X for all frequencies below 968 
kHz and for all frequencies above 1048 kHz. Then in Fig. 3, you can 
check the current values as given by the curve for frequencies below 968 

kHz and above 1048 kHz by using the approximate formula / = — , and 

you should do this for two or three different frequencies. For values be¬ 
tween 968 and 1048 kHz, both R and X need to be considered for finding 
Z and thus the current. However, since the current at resonance is known, 
you have enough points without checking to draw the approximate cur¬ 
rent response curve shown in Fig. 3. 

At this time let’s consider how R affects the rise in current at resonance 
(called the sharpness of resonance). If R in Fig. 1 were only 25 0, the cur¬ 
rent at resonance would be 4000 mA. In Fig. 3, the current would shoot 
up to a peak at resonance that would be twice as high as the one shown. 
But the current for frequencies below 968 and above 1048 kHz would not 
change, since X has not changed. This gives the resonant curve steeper 
sides; that is, the resonant curve is sharper. Since a lower value of R 
means a higher Q, the higher the Q the sharper the resonant response. 



WHAT HAVE YOU LEARNED? 5 
1. Refer to Fig. 2. The value of XL read from the graph at 600 kHz is 
la) _ohms. At 850 kHz the value of XL is (b>- ohms, and at 
1450 kHz the value of XL is w- ohms. The curve of XL (d) (is) 
(is not) linear. 

2. Refer to Fig. 2. The value of Xc read from the graph at 600 kHz is 
(O)_ohms. At 850 kHz the value of X( is (b>- ohms, and at 
1450 kHz the value of Xc is (c)-ohms. 

3. Refer to Fig. 2. What are the values of X read from the graph at 
(a) 600 kHz, (b) 850 kHz, and w 1450 kHz? 

4. By using the formula X¡ = lirfL, calculate the values of XL at (o) 600 
kHz, (b) 850 kHz, and (o 1450 kHz. Compare your answers with the 
answers of Problem 1. 

By using the formula Xc —— , calculate the values of Xc at (a) 600 
2tt/C 

kHz, (b) 850 kHz, and (c) 1450 kHz. Compare your answers with the 
answers of Problem 2. 

6. Calculate the values of X at (a) 600 kHz, <b) 850 kHz. and (c) 1450 kHz 
by using the results of Problems 4 and 5. Compare your answers with the 
answers of Problem 3. 

7. The value of XL, at the resonant frequency, is (a) (equal to) (less than) 
(greater than) the value of Xc. We know this because the value of X, at 
the resonant frequency, is (b)--

8. At the resonant frequency shown in Fig. 3 the voltage E( across C is 
(o) _volts and the voltage EL across L is <b> - volts. This 
shows that in a series circuit at the resonant frequency, EL and Ec are 
(c) (equal to) (much greater than) (less than) the applied voltage. 

9. If R in Fig. 3 is doubled, the resonant frequency will <O) (double) (re¬ 
main the same) (halve). The impedance at resonance will (b> (double) 
(remain the same) (halve), and the current through the circuit will 
(c) -

10. The resonant frequency is dependent upon two values: (o) -
_and (b)--



6 11. Refer to Fig. 1. Find the value of Ec, EL, and ER at (□) 600 kHz, 
(b) 850 kHz, and w 1450 kHz. 

12. Comparing the results of Problems 8 and 11, we can say that at 
frequencies above and below resonance, the values of Ec and EL are 
(o) (equal to) (less than) (greater than) their values at resonance. The 
further from resonance the (b) (lower) (greater) the circuit impedance and 
the u)(lower) (greater) the circuit current. 

13. Ina series resonant circuit, the current supplied by the source and the 
applied voltage (are) (are not) in phase. 

14. At frequencies above resonance, the current supplied by the source 
(leads) (lags) the applied voltage. 

15. At frequencies (above) (below) resonance the current leads the applied 
voltage. 

16. The current in any LC circuit (a)(lags) (leads) the voltage EL by (b) 
(45) (90) (135) degrees, but the circuit current u) (lags) (leads) the voltage 
Ec by (d)_degrees. 

ANSWERS 

5. (a) 10.6 kS2... Xc

X 

(b) 2.15 k» 

= Xc, and this occurs 

= 6.325 k». You 

6.28 X 600 X 103 X 25 X 10’ 12

(c) 4.72 kS2 
7. (a) Equal to (b) Zero ... See Fig. 2. X = 0 when A" 

I. (a) 3800; (b) 5300; (c) 9100; (d) is 
2. (a) 10,600 (b) 7500 (c) 4400... Because of the difficulty in reading 
graphs your answer may not agree exactly with ours. 
3. (a) 6800 »... X - Xc - XL - 10,600» - 3800» (b)22OO» 
(c) 4700 »... Here XL is greater than Xc; therefore, X = XL - Xc = 
9100 - 4400. 
4. (a)3.77 k» ... XL = 2 x 3.14 x 600 x IOJ x 1 x’10"3 (b)5.34k» 
(c)9.1l k» . .. Note that when your calculated answers are rounded off to two 
significant figures, they equal the corresponding values in Problem 1. 

6.28 
= IO6

94.2 
(b) 7.49 k»; (c)4.39k» 
6. (a) 6.83 k» ... X = Xc -

6 x I05 x 2.5 x 10 

x 103 . 10.6 k» 
94.2 

XL = 10.6 k» - 3.77 k» 

at the resonant frequency. 

8. (a) 12.65 kV ... Xc = -!-¡-
6.28 x 1007 x I03 x 25 x 10" 2



must find the circuit current before you can find the voltage across C. We know 
from Problem 7 that at the resonant frequency reactance is zero. Therefore, the 
only opposition to current flow is the resistance of 50 0. Hence 

/_£ = 122-2A E( = IXC = 2 A X 6.325 kQ = 12.65 kV 
R 50 

(b) 12.65 kV...^ = 6.28 x 1007 x 10’ x I x 10'3 = 6.324 kSL EL = 
2A X 6.324 kll - 12.65 kV. 
(c) Much greater than. 
9. (a) Remain the same (b) Double ... At resonance the value of the impedance 
is the value of the resistance. (c) Halve 
10. (a) Capacitance (b) Inductance ... Either order is correct. 
11. (a) Ec = 155 V, El = 55.2 V, ER = 0.732 V ... We must first find the circuit 
current. Answer 6(a) gives us the value X = 6.83 kí2. I = E/X = 100/6.83 
kQ = 14.64 mA. Answer 5(a) gives us the value Xc = 10.6 kS2. Ec = IXC = 
14.64 mA x 10.6 kS2 = 155 V. Answer 4(a) gives us the value of XL = 3.77 ki2. 
El = IXL = 14.64 mA x 3.77 k 42 = 55.2 V. ER = IR = 14.64 mA x 50 = 
0.732 V. 
(b) Ec = 348 V; EL = 248 V; ER = 2.33 V 
(c)£c = 93 V; E, = I93V;EÑ = 1.06 V 
12. (a) Less than (b) Greater (c) Lower ... Problem 11 shows that both 
E( and Et decrease the further you move from resonance. The impedance be¬ 
comes the value of X once X is 10 times greater than R, and the further from 
resonance the larger X becomes. 
13. Are ... At resonance Ec and El effectively cancel each other, leaving R as the 
effective impedance. Current and voltage across a resistance are always in phase. 
14. Lags... Above resonance the value of XL predominates, thus the circuit 
becomes inductive and the current will lag the applied voltage. 
15. Below .. . Below resonance the value of Xc predominates and the circuit be¬ 
comes capacitive. As in any capacitive circuit, the current will lead the voltage. 
16. (a) Lags (b) 90 (c) Leads (d) 90 ... The current through any per¬ 
fect inductor or capacitor will be 90° out of phase with the voltage across the 
inductor or capacitor. 

FORMULA FOR FINDING THE RESONANT FREQUENCY... 
When the inductance and capacitance in a circuit are known, the resonant 
frequency (commonly designated /0)can be found by the formula 

(1) 

The derivation of this formula is not essential to your understanding of 
resonance. However, it is given here to satisfy your curiosity as to where 
the formula came from. 

At resonance, inductive reactance equals capacitive reactance: 

XL = IvfL = Xc = 5-^7; 



8 Considering the second and fourth terms in the above equation, we have 

By multiplying both sides by 2rr/C, we get 

4,r72¿C = 1 

Dividing both sides by 4tt2LC yields 

4tt2¿C 

And taking the square root of both sides gives us 

Jo = 

Don’t worry if you don’t understand this derivation. The important thing 
you should know and memorize is formula (1) for finding the resonant 
frequency when L and C are known. 

Example... Find /o for a series RLC circuit with C = 100 pF, L = 4 ^H, and 
R - 25«. 

Solution .. . For our purposes, the resistance may be neglected in solving for f0: 

6.28 X a/(1 X 10~ l0)(4 X IO“6

2^ £ = 

6.28 X \/4 X 10' 16 628 X 2 X 10“8

100 X 106 , ———— = 7.96 MHz, ans. 
12.56 

2 X 7T X V L X C 

_I_ 

2 X 3.14 X x/(100 X 10~'2)(4 x 10“6) 

WHAT HAVE YOU LEARNED? 

1. The formula for the frequency at which resonance occurs is_ 



2. The input circuit for a receiver is a series circuit with 10 ¡i F capaci- 9 
tance and 20 m H inductance. The resonant frequency is «» -
_If the series resistance equals 30 Í2, the circuit impedance at 
resonance equals <b) _ ohms, and it is (c) (inductive) (capacitive) 
(resistive) in nature. 

3. In a series resonant circuit, resonance occurs when -

4. Find L when f0 is 2.5 M Hz and C is 10.2 aF. 

5. Find C when f0 is 1.3 MHz and L is 1.5 mH. 

6. If L = 100 mH, R = 12 Í2, and XL = Xc = 628 12, what is the value 
of/o? 

7. If you use a 6-pF capacitor and a 50-mH coil in series across an a-c 
supply, the frequency at which the maximum circuit current would flow 
will be_megahertz. 

ANSWERS 

1. /o -

2. (a) 11.3 kHz (b) 30 Q (c) Resistive ... Reactances cancel, leaving only 
resistance. 3. XL = Xc 

1 _ 1_ 
4. 398 pH... L = - 4 x 9 86 x 6.25 x 10 12 x 10.2 x IO 6

= _!_ 1 x 10 = 398 pH 
2510 x 106 2510 

1 _ 1__ 
5. 0.01 gF... C = ^iL “ 4 x g 86 x ] 69 x io 12 x 1.5 x IO’6

6. 1 MHz ... First we draw a circuit such as Fig. 4. Since XL = Xc, we know the 
circuit is at resonance. Therefore the value of X¡ is found by using the formula 
XL = 2tt/L where/ = /0. 

XL _ _628_ 
2irL 2 x 3.14 x 100 x IO'6

1 MHz 

7. 0.291 MHz... The maximum circuit current will flow when the circuit is 
operated at its resonant frequency. 

2ir x VÎT 6.28x/(50 x 10"3)(6 x 10" 12 ) 

_ !_ !- 0.291 x 106 = 0.291 MHz 
6.28 x 10“7 x/30 6.28 x 5.48 x 10'7
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HOW CHANGES IN L AND C AFFECT RESONANT FRE¬ 

QUENCY .. .The resonant frequency formula, /0 = -\ , is one of 
InVLC 

the most important formulas in electronics. That being the case, it’s worth 
our while to study its significance carefully. Notice first of all that, since 
2?r is always equal to 6.28, the only values in the formula that can change 
are L and C. Hence, the resonant frequency is determined entirely by the 
values of L and C. 

Examining the formula further, we see that in calculating the resonant 
frequency we always multiply L by C as part of the operation. Hence, as 
long as the product of L multiplied by C (called the LC product) does not 
change, the resonant frequency will not change. For example, if L is made 
larger while at the same time C is made smaller so that L x C does not 
change, the resonant frequency won’t change. The resonant frequency of a 
circuit is determined by the LC product. 

The greater the LC product, the lower the resonant frequency. That is 
because LC is in the denominator of the formula fraction. The bigger you 
make the denominator of a fraction, the smaller the value of that fraction. 
For example, '/, is smaller than '/2. 

You might suppose that if you increased the LC product to four times its 
original value, the resonant frequency would be reduced to one-fourth of 
its previous value, but that is not true. The resonant frequency would be 
reduced to only one-half its original value. That is because of the square¬ 
root sign over the LC product in the formula (VTC). Because of this 
sign, the frequency of a resonant circuit varies inversely as the square root 
of the LC product. 



__ and 
. Thus, 

. U c - 4uF L = 40gH,and « - 10S2? 2. What is/o when C - 4gb, 

WHAT HAVE YOU LEARNED? 

f an LCR circuit whose values are 
! Find the resonant frequency o I-
L . »,H.C - SuF.andR - 5«. 

. 1 nf the LC product in Problem 1 is (□)-
theTvaeiue of the LC product in Problem 2 is (b)-
the LC product w (did) (did non c an • 

, , of Problem 3 did not change because the value of 
<M«dl and the value of r was »-

5 If ¿ is decreased and C remains constant, the resonant frequency will 

(increase) (decrease). 
a r is decreased to one-fourth its original 

^t" « - W by ‘ taCl°' 
nt frequency, you must change the Í.C 

7. 1(y0„ 
product to (9Hf PH O / ... hecause the 

8. The larger the LC product the ̂ (higher) ponant frequency 
LC product is in the (b) 

XX. yass=.■ 
, f _ 1_ shows that the value of /o vanes «» 

10. The formula jo - ct-ç 
of the LC product. 

_as the (b)---

ANSWERS 

1. /o = 

11 



12 2. /o = 12.6kHz 3. (a) 160 x 10~ ,2 ;(b) 160 x IO’ 12;(c) did not 
4. (a) Halved (b) Doubled... The value of C in Problem 2 is one-half the 

value of C in Problem 1, or C. The value of L in Problem 2 is 2 times the value 

1 C 21 of L in Problem 1, or 2£. The LC product is ~C x 2£ = — x — = LC, which 

is the value in Problem 1. 
5. Increase... If £ decreases, the LC product decreases and the value of the 

denominator of the formula fo = -* decreases. Hence f0 increases. 
2ir^LC 

6. (a) Decrease (b) - ... The original value of /0 is fo = --— - . Sub-
2 2ir x VLC 

stituting the new values for L and C, 

Comparing with , we can see that the new f0 will 

times the original LC value. Proof: fo = , we decrease the LC 

be one-half the value of the original fo. 

7. I ... Since you want to triple the value of fo, you must decrease the denomi¬ 

nator of the resonant frequency fraction to one-third of its original value. The 
value of 2tt is constant, and thus the value of V £C must decrease to one-third of 
its original value. Because the square root of the LC product must decrease to 

2 1 
I - or 9 ’ one-third of its original value, the value of LC must be decreased to Í 

product to ¿ , so that fo = --- = --- = -
, ÍLC , 1 2rr 2tt x y~i)~ 2tt x - x V LC 

3 x (-* ). The new value of fo is 3 times greater than originally. 
\2ttVLCJ 

8. (a) Lower; (b) denominator 9. (a) Higher; (b) greater than 
10. (a) Inversely; (b) square root 

THE Q OF AN LC CIRCUIT... You have previously learned that the 
Q of a coil is equal to XL /R, where R is the r-f resistance of the coil. The 
Q of an LC circuit at resonance is also defined as XL/ R, but in this case R 
includes all the resistance in the LC circuit, and not just the r-f resistance 
of the coil. Although the various leads and the capacitor plates themselves 
have resistance, nearly all of the resistance of an unloaded LC circuit is in 
the wire used to wind the coil. Hence, the Q of an unloaded LC circuit 
is just a little less than the Q of the coil alone. 



C R 

Power token from 
LC circuit by Rl 
reflects resistance 
back into the LC 

(a) Unloaded LC circuit (b) Loaded LC circuit 

Fig. 5 Difference between loaded and unloaded LC circuits. 

Figure 5 shows the difference between a loaded and an unloaded LC 
circuit. Since capacitance and inductance do not use power, the only 
power used in the unloaded circuit of (a) is that dissipated as heat in R, 
which is determined by the formula P = I'R. In Fig. 5(b) L is furnishing 
energy by transformer action to the coupled secondary coil L,, the 
secondary power going to the load RL. The power taken from the primary 
by the secondary load reflects an apparent resistance Rf back into the pri¬ 
mary circuit. Ä/is of such ohmic value that the power consumed by it, as 
given by P = l2Rf, is equal to the power taken by RL. However, the 
power taken by Rf is not dissipated in heat in the LC circuit as is the 
power taken by R; instead, it is dissipated by RL. 

The total resistance in the loaded LC circuit of Fig. 5(b) is R + Rf, and 
this total resistance is what determines the Q of the LC circuit. Since R, 
is often many times the value of R, the Q of a loaded LC circuit tuned to 
resonance may be only a fraction of the Q of the same LC tuned circuit 
when unloaded. 

WHAT HAVE YOU LEARNED? 
y 

1. At the resonant frequency XL equals Xc; therefore if Q = — , we can A 
also say that Q = _ 

2. The power delivered by the supply source to the circuit of Fig. 1 when 
the circuit is at resonance is watts 

13 



14 3. The power of Problem 2 (a) (is) (is not) useful power. The power is dis¬ 
sipated as (b)-by the resistance. 

4. Calculate the Q of the circuit in Fig. 1. 

5. Assume the circuit of Fig. 1 is loaded by a reflected resistance of 950 il. 
The Q of the loaded circuit is__ 

6. Compare the answers of Problems 4 and 5. When the circuit was 
loaded, the circuit Q (o) f increased) (decreased). If the value of R in a series 
resonant circuit is doubled, the circuit Q is <b)__ Thus 
the circuit Q varies (c) (directly) (inversely) as the circuit resistance. 

7. Calculate the values of (O) EL and Ec for Problem 5. Compare your 
answers with those of Problem 8, page 5. The values of EL and Ec 
(b) (increase) (decrease) as the circuit is loaded. The greater the loading 
effect on the circuit, the (c) (greater) (lower) the value of circuit current. 
The lower the value of circuit current, the (d)_the value of 
Eland Ec. 

8. Refer to Problem 7. The (a) (greater) (lower) the circuit Q the higher the 
voltages across the reactive components of a (b)_ resonant 
circuit. 

ANSWERS 
, Xc „ XL Xc
1. — ... At resonance Q = — = — . 
R RR 

100 2. 200... Circuit current at resonance is = 2 A; P = I2R = (2A)2 x 50 it -

200 W. 
3. (a) Is not (b) Heat... The heat dissipated by the resistor performs no useful 
function; therefore, it is wasted power. 

L 
4. 126.5 ... Q = — . The answer to problem 8, page 6, gives us a value of XL = 

6.324 kQ. Q - - 126.5. 

s „ n XL 6324 6324 
R 950 + 50 1000 

6. (a) Decreased; (b) halved; (c) inversely. 

6.32. 

7. (a) El 632 V; Ec = 632 V ... EL = IXL. The circuit current is ■ = 
„ 1000 
0.1 A. El - 0.1 A X 6324 = 632 V. 
(b) Decrease; (c) lower; (d) lower. 
8. (a) Greater (b) Series ... The comparison made in Problem 7 shows that 
the higher the circuit Q, the higher the voltage across the reactive components. 
The reason for this is that high Q means low resistance and maximum circuit cur¬ 
rent at the resonant frequency. 



Fig. 6 Voltages and currents in the circuit of Fig. 1 at resonance. 

CHARACTERISTICS OF A SERIES RESONANT CIRCUIT... The 
circuit of Fig. 1 is redrawn in Fig. 6 to show voltages and current when the 
circuit is at resonance. You have already computed these voltages as one 
of the problems on page 5. Note that the series circuit at resonance acts 
like a voltage step-up transformer, in this example raising the 100 V sup¬ 
ply up to the dangerously high voltages of 12,650 V across C and LI 
In the majority of practical circuits using series resonance the supply 
voltage is only a fraction of a volt or so. The voltages across C and L are 
then quite modest values. 

The voltage step-up at series resonance is equal to the Q of the circuit. 
That is, multiply the applied voltage E by the Q to get the voltage across 
£ or Cat resonance. You previously found the Q of the circuit of Fig. 6 
tobe 126.5. Ec = EL = Q x E = 126.5 x 100 = 12,650 V. If you were 
to couple a load to L in Fig. 6 and thus drop the Q down, the voltages 
across L and C would be less. 

The voltages across L and C are their highest at resonance and go down 
rapidly as the operating frequency departs from resonance (assuming that 
the applied voltage doesn’t change). Remember that the voltage across 
Xc is equal to / x Xc. Figure 3 shows how / is much less for frequencies 
off resonance than at the resonant frequency. Consequently the voltage 
across C is also much less, perhaps lower than the applied voltage E. The 
same comment, of course, applies to the voltage across L. Figure 7 shows 
how the voltage across C and L varies with frequency for the circuit of 
Fig. 1. 
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Fig. 7 Variation of voltage across L and C with frequency for the circuit of Fig. 1. 

WHAT HAVE YOU LEARNED? 

1. Refer to Fig. 7. The voltage across C (within the frequency range of 
the graph) is at its lowest value at (o)_kilohertz. The minimum 
value of is (b)_volts. The voltage across L is at its lowest value 
at (c)_kilohertz, and the minimum value of EL is <d>_volts. 

2. Refer to Problem 1. The voltage across C at 1600 kHz is (a) (higher) 
(lower) than at 500 kHz. The voltage across L is (b)( higher) (lower) at 1600 
kHz than at 500 kHz. 

3. The voltage across R has its greatest value at the <o>_ 
frequency, and EK is (b)_volts. 

4. For frequencies other than resonance and not very near resonance, the 
voltage across R is (greater than 100 Y)(less than 100 V) (negligibly small). 



_l0.6_ = 6337 il 
157.8 

Xc - 2irfC 6.28 X 1005 x 103 x 25 x 10 

5. Calculate the values of E. and Ecat w 1005 kHz and ,w 1010 kHz. 

6. Calculate the values of E. and Ec at w 500 kHz. M 950 kHz. w 1050 

kHz, and (d) 1600 kHz. 

applied voltage. 

actance) voltage phasor. 

, The phase angle between the applied voltage and the circutt current at 

resonance is(0) «5HW degrees. 

t„. The phase angle between 

W  degrees. The current « W 

flags) the applied voltage. 

». The phase angie between applæd «Utagtr and 

The current IM fiends, f/ugsl 

, / V cnn (Ht 33 . . Voltage values we give have been 

calculated0 You can no^d A<£ g the 
2. (a) Lower (b) Higher... • freauencv but EL varies in just the 

“d Ci

th) ™ V Refer toProbletn 2. page 13. The current a. 

resonance is 2 A; Er - 2 A x - H 6 The value of Er is negli-
4. Negligibly small. . Refer to Problem H page o 
gible. At 850 kHz Er is approximately 2 per cen PP x æj x
5. (a) Et = H.17kV;Ec = H.22KV ... XL 

1 x 10 3 = 6311 fi. 

the applied voltage. 

f resistive), and at the resonant frequency the current is (c) 

answers 

17 



18 X - Xc - Xç = 6337 - 6311 = 26 Q. Since X is not 10 times greater than R, 
we must consider R in finding the circuit current. The impedance of the series 
circuit is Z = Vr 2 + X1 = a/502 + 26 2 = x/2500 + 676 = v 3176 = 
56.4 fi. 

El = IXL = 1.77 A X 6311 0 = 11.17 kV Ec = IXC - 1.77 A x 6337 0 = 
11.22 kV 
(b) El - 10.1 kV; Ec = 10.04 kV 
6. (a)£¿ - 32.7 V;£c = 132.7 V... 

XL = 6.28 x 500 x 103 x 1 x 10’3 = 3140 0 

I IO6

X( ~ 6.28 x 500 x 103 x 25 x IO" 12 “ 78?5 “ 12,7409

X = Xc - XL = 12,740 0 - 3140 0 = 9600 0 

Because A" is more than 10 times greater than R, we ignore R when calculating the 
circuit current. Thus for all practical purposes, X = Z, the circuit impedance. 

El - IXL - 0.01042 A x 3140 0 = 32.7 V 
Ec - IXC = 0.01042A x 12,740 0 = 132.7 V 
(b) El = 814V;£C = 914 V (c) EL = 1238 V;£c = 1138 V 
(d) El = 165.6 V;£c = 65.6 V 
7. Does . .. The difference between EL and Ec in Problem 6 is 100 V in each case. 
Thus at frequencies not close to the resonant frequency the difference between EL 
and Ec is the applied voltage. On the other hand. Problem 5 shows that near 
resonance the above statement is not true. 
8. Resistance ... You learned this in Lesson 2315. 
9. 0... At the resonant frequency XL and Xc cancel each other. Thus the circuit 
impedance at resonance is the value of R. There is no phase shift. 
10. (a) 90 (b) Leads .. . When X is at least 10 times greater than R, the value 
of the resistance can be ignored in figuring circuit current. Thus the phase angle 
between applied voltage and circuit current is determined by the type of reactance 
that predominates in the circuit. Below the resonant frequency the capacitive 
reactance predominates, thus the circuit current will lead the applied voltage by 
approximately 90°. 
11. (a) 90 (b) Lags ... Above the resonant frequency the inductive reactance 
predominates; hence the current will lag the applied voltage. 
12. (a) Inductive; (b) capacitive; (c) resistive 

SOME EXAMPLES OF SERIES RESONANT CIRCUITS IN USE... 
As our first example we will show how the LC circuit in Fig. 8(a) selects 
the signal that is desired from the many signals at different frequencies 
picked up by the antenna and boosts the voltage of that signal up to a 
much higher value at the grid of tube V. 



induces into Lg 
(a) Circuit (b) Equivalent circuit 

Fig. 8 A practical tuned circuit and its equivalent circuit. 

Suppose that we want to receive a 2-MHz signal being picked up by the 
antenna. Capacitor C is varied until its value is such that, with L2, the 
circuit is resonant at 2 MHz. We generally describe this process as tuning 
¿2 C to 2 M Hz. The signal picked up by the antenna causes a tiny current 
to flow in ¿i, which induces a tiny voltage into L^. This induced signal 
voltage in L2 is represented by E in the equivalent circuit of (b). Notice 
that Li and C are in series with the induced signal E, so that we have a 
series LC tuned circuit. 

Since L2C is resonant at the frequency of E, the signal voltage across C is 
equal to E multiplied by Q. If Q is 100, which is typical, the signal voltage 
across C applied to the grid of the tube is 100 times greater than E. 
Hence, although E may be very weak, the grid gets a much stronger signal 
to be further amplified by the tube. 

Now the antenna, of course, also picks up many other signals at other 
frequencies, which likewise induce voltages into L2. But since their 
frequencies are not the resonant frequency to which L2C is tuned, their 
amplitude is not boosted up by the tuned circuit. The signals of these 
unwanted frequencies are so weak on the grid of V that they are generally 
not noticed in the output of the equipment. 

Since a series LC circuit has a very low impedance at resonance and a high 
impedance at frequencies not close to resonance, it can be used to get rid 

1Ç 
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of an unwanted frequency. Figure 9 shows an example of a series LC 
circuit so used. Transmitters often have sufficient distortion that the 
harmonics generated would cause interference if allowed to reach the 
antenna. 

The transmitter in Fig. 9 is transmitting at 3000 kHz. But because of dis¬ 
tortion, the final stage will also produce some output at the second har¬ 
monic, which is 6000 kHz. Capacitor C is tuned to resonate the LC circuit 
at 6000 kHz. Because of the very low impedance of LC at this frequency, 
the second-harmonic output from the final stage shorts to ground through 
LC and so does not reach the antenna. Since the impedance of LC is high 
at 3000 kHz, the LC circuit has negligible effect on the desired frequency 
of transmission. 

WHAT HAVE YOU LEARNED? 

1. Refer to Fig. 8. If you want to receive a signal at a higher frequency 
than the frequency to which L^C is tuned, you adjust C to a (higher) 
(lower) value of capacitance. 

2. Refer to Fig. 8. Instead of using a variable capacitor you could use a 
variable (a)_because it does not matter which component 
is varied to change the (b)_frequency of L2C. 

3. Refer to Fig. 9. The transmitter is transmitting at 1250 kHz and you 
want to short to ground any second harmonics. You have a variable 



500-pF to 0.0045 mF capacitor, but you 
buy an inductor of-millihenrys. 
ofC). 

need an inductor. You would 
(Hint: Use the average value 

4 Refer to Fig. 8. The signal voltage applied to the tube o (is) (is not) 
equal to the induced voltage. The voltage applied to the tube is (b> -—■ 
times the induced voltage. At frequencies above ano below the point 
where X is 10 times greater than R, the voltage applied to the tube W (is) 
(is not) equal to the induced voltage. 

5 Refer to Fig 9 A series LC circuit can be used to short to ground an 
undesired frequency because, when tuned to the undesired frequency the 
series LC circuit has very «» (low) (high) impedance to that frequency and 

answers 

shows that to increase /0 the LC prod-
1 Lower ... The formula /o = 

ductor rather than a variable capacitor. ! 

3. 0.00162 ... /o-’ T° SO1Ve fOr L We USe ‘b' iOrmUla L ' 

possible range of resonant frequencies. 

1_ 
L " 4 x 3.142 X (2.5 X 106)2 X 2500 x 10"“ 

1__ 1 x 10 3 = 0.00162 mH 
“ 4 x 9.86 x 6.25 x 10 12 x 2.5 x 10^ 616.3 

4. (a) Is not; (b) C; (c) is 5. (a) Low; (b) high 

parallel resonant circuits 
Whether the inductor and the capacitor are eonnected in series or parallel 
the resonant frequency of an LC c.rcuit is found by the same formula 

f = 1 _ other than this, the properties of parallel LC circuits are 
70 hcTc' . . . 
strikingly opposite those of senes LC circuits. 
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Fig. 10 An ideal parallel LC circuit with r-f ammeters to measure branch and total 
currents. 

CURRENTS IN AN IDEAL PARALLEL RESONANT CIRCUIT... 
Figure 10 uses the same values of L and C and the same voltage as in the 
series circuit of Fig. 1, but now L and C are connected in parallel. No 
circuit resistance R is shown, because we will at this time consider an ideal 
circuit in which there is no resistance. Later we will consider the practical 
circuit, which must always have resistance. 

Curve li. in Fig. 11 shows the current through L at different frequencies, 
and /< shows the current through C. You learned in the preceding lesson 
how to calculate these currents, and you should at this time make several 
calculations to see that your results agree with the curves of Fig. 11 . 

Since the current through L is 180° out of phase with the current through 
C, the total or line current /,, also shown in Fig. 11, is the arithmetic 
difference between I, and /c. In any parallel LC circuit, the current 
through C increases with increased frequency, whereas the current 
through L goes down. That being the case, there must always be a 
frequency at which lL = lc, and that frequency is called the resonant 
frequency. In Fig. 11 the resonant frequency occurs at 1007 kHz, where 
the /, and Ic curves cross. 

At the resonant frequency in Fig. 11 l( and IL are each 15.8 mA and the 
current I, supplied by the 100-V source is 15.8 mA - 15.8 mA = 0 mA. 
Thus an ideal (no resistance) parallel LC circuit would draw no current 
at all from the supply voltage at the resonant frequency, although current 
would flow in L and C! While the line current to a practical parallel LC 
circuit won’t be zero at resonance, it will be very small, as you will see 
later. 
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Fig. 11 Variation of current with frequency in a lossless LC circuit. 

Since the frequency .. which fc - "S 
occurs a. the frequency „ wh.ch £ ; „^„ce 
resonance occurs » the same as the f„t„,ula rot flnd . 

resonance. 

3. At frequencies on either side of resonance the line current flowing to a 

WHAT HAVE YOU LEARNED? 

1 Refer to Figs 3 and 11. At resonance, the current flowing through a 

•=■. 

at resonance. 



24 parallel LC circuit (increases) (decreases) from the value of current flowing 
at resonance. 

4. An ideal parallel resonant circuit would draw a (heavy) (zero) (medium) 
current from the voltage source. 

5. The current through a capacitor leads the voltage across the capacitor 
by (a)-degrees. The current through an inductor lags the voltage 
across the inductor by (b)_degrees. 

6. Refer to Problem 5. The current through the inductor of a parallel 
resonant circuit (a) (leads) (lags) the voltage applied to the inductor by 90° ; 
the current through the capacitor leads the applied voltage by (b)_ 
degrees. Since the current through the inductor lags the applied voltage 
by 90° and the current through the capacitor leads the applied voltage by 
90°, the two currents are (c) (0) (45) (90) (180) degrees out of phase with 
respect to each other. 

7. You have learned that for a given capacitor the value of Xc (a) (in¬ 
creases) (decreases) as the applied frequency decreases. If the applied 
frequency increases, the value of Xc (b) (increases) (decreases). 

8. For a given inductor, the value of XL increases as the applied frequency 
io) (increases) (decreases) and XL will decrease as the frequency (b)_ 

9. Assuming a constant a-c voltage is applied, the current through a 
capacitor (o) (increases) (decreases) as Xc increases. The current through 
an inductor decreases as XL (b)__ 

10. Refer to Problem 9. At frequencies well above resonance the current 
through the inductor of a parallel LC circuit will be much (greater) (less) 
than the current through the capacitor. 

11. The line current to an ideal parallel LC circuit is the difference be¬ 
tween ¡c and IL; therefore, at frequencies well above resonance, the line 
current pleads) (lags) the applied voltage by (b)_degrees. 

12. At frequencies well below the resonant frequency of an ideal parallel 
LC circuit, the line current (a) (leads) (lags) the applied voltage by 
( b)-degrees. 

13. At frequencies above resonance, a series circuit is (□) (inductive) (ca¬ 
pacitive) and a parallel circuit is (b> f inductive) (capacitive). 



ANSWERS 2f 
1. (a) Maximum; (b) minimum 2. Decreases 3. Increases 
4. Zero ... An ideal parallel LC circuit would have no r-f resistance. Figure 11 
shows the line current to an ideal parallel resonant circuit is zero. 
5. (a) 90 (b) 90 ... Do not confuse IL and Ic with /,. 
6. (a) Lags (b) 90 (c) 180... You will learn more about this in Topic 8. 
7. (a) Increases (b) Decreases ... Remember, the capacitive reactance is 
inversely proportional to the applied frequency. 
8. (a) Increases (b) Decreases ... Inductive reactance is directly proportional 
to the applied frequency. 
9 (a) Decreases... / = —. When Xc increases, with E constant, / must de-

Xc 
crease. (b) Increases 
10. Less.. .At frequencies above resonance the value of XL will increase, hence 
IL will decrease. 
11. (a) Leads (b) 90 ... Figure 11 shows that at frequencies well above reso¬ 
nance the value of I, is determined by the value of Ic. The line current leads the 
applied voltage by 90°. 
12. (a) Lags (b) 90 ... The line current I, will be equal to IL — Ic and will be 
in phase with the current through the inductor. 
13. (a) Inductive (b) Capacitive ... Refer to Problem 11. 

8 CURRENTS IN A PRACTICAL PARALLEL LC CIRCUIT ... Figure 12(a) differs from Fig. 10 in that the circuit resistance R of Fig. 1 is now 
included. Since R is made up mostly of the coil resistance, it is shown in 
series with L in Fig. 12(a). Since R is in the inductive branch of the cir¬ 
cuit, it obviously has no effect on curve Ic in Fig. 11, and its effect on 

Fiq. 12 A practical parallel LC circuit with phasor diagram. 
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(a) At resonance (b) Not at resonance 

Fig. 13 Finding total current in a parallel LC circuit. 

curve IL is negligible. The latter is true because XL is normally more than 
10 times the value of R, so that the impedance of the inductive branch is 
essentially the same as it would be if R were not there. Therefore, the 
curves 1L and Ic in Fig. 11 apply equally well to both Fig. 10 and Fig. 
12(a). The presence or absence of R does not noticeably change these 
curves. 

What R does do that is worth noting is to cause IL to lag the applied 
voltage Eby an angle slightly less than the 90° current lag through a per¬ 
fect inductor, as shown in Fig. 12(b). The angle of lag is only slightly 
less than 90° because XL is so much greater than R. Except at or near 
resonance the slight change of the phase angle caused by R has little effect. 
Figure 13(a) shows what happens at resonance. Although IL = lc, the 
resultant /, is not zero as it would be if there were no R. Because the cir¬ 
cuit has resistance, there is some current flow at resonance. 

For frequencies not near resonance, R has little effect on the value of 
Figure 13(b) shows why. The resultant I, is approximately equal to Ic -



IL, as it would be if there were no R. Thus the curve /, in Fig. 11 correctly 
represents the total circuit current for Fig. 12(a) except at or near 
resonance. 

The total current /, is so small at resonance compared with ¡L and lc that 
it is not practical to measure its value from a phasor diagram. However, 
from power considerations we can calculate /, in Fig. 12(a). Since in¬ 
ductance and capacitance do not consume power, all the power E x lt 
taken from the 100-V supply is used by R. The formula P = lf~R = 
0.01582 x 50 = 0.0125 W. This is the power that the 100-V source must 
supply. That is, E x I, = 0.0125 W, so that I, = 0.0125/100 = 
O.OOO125 A = 125 gA, the line current at resonance. This current is so 
small that we can’t show it in Fig. 11. Nevertheless, the total current is 
not zero in a practical LC circuit, and although very small, its value is 
important. 

You can’t use the method of the preceding paragraph to find /, except at 
the resonant frequency. That is because E x I, gives P only when /, and E 
are in phase, and that is only at or very near resonance. Figure 13(a) 
shows that at resonance /, and E are not exactly in phase, but the phase 
angle is so small that it can be neglected in calculating P. 

It is interesting to note that /, at resonance is equal to IL divided by Q. 

, = 0.01 58 = ]2$ 10 -6 a = 125 gA. In a series resonant circuit the 
126.5 

voltage across L (or C) is equal to the source voltage multiplied by Q. In 
a parallel resonant circuit the current through L (or C) is equal to the 
source current multiplied by Q. 

WHAT HAVE YOU LEARNED? 

1. An ideal parallel LC circuit draws no line current at the resonant 
frequency, but a practical circuit has some r-f (a)- and 
therefore a practical circuit draws line (b)--

2. Refer to Figs. 12(b) and 13(a). An increase in r-f resistance means the 
parallel resonant LC circuit will draw (more) (less) line current. 

3. Refer to Fig. 13(a). At resonance, the line current and applied voltage 
are nearly (a)(in)(out of) phase. The angle between them is of such value 
that for practical considerations we usually (b) (can )(cannot) ignore it. 

2: 

4. Refer to Fig. 13(a) and (b). The phase angle between /, and E for a 
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Fig. 14 Impedance of a parallel resonant circuit. 

practical LC parallel circuit varies from nearly (o)_ degrees at 
resonance to approximately (b)_ degrees at frequencies well re¬ 
moved from resonance. 

5. Since the line current flow to a parallel resonant circuit is (□> (maximum) 
(minimum) at resonance, it follows that at the resonant frequency the 
impedance of a parallel resonant circuit is (b) (maximum) (minimum). 

ANSWERS 

1. (a) Resistance; (b) current 2. More ... Figure 12(b) shows that an increase 
in R will decrease the angle between lc and 1L. Figure 13(a) shows that if the 
angle between lc and 1L is decreased, the length of phasor 1, will increase. 
3. (a) In; (b) can 4. (a) Zero; (b) 90 
5. (a) Minimum (b) Maximum ... Ohm's law for a-c circuits is Z = E/l. 
When / is minimum, with E constant, Z must be at its maximum value. 

"¡600 

IMPEDANCE OF A PARALLEL LC CIRCUIT... We have found 
that /, in Fig. 12 is 125 gA at resonance. From this we find the circuit 
impedance at resonance to be 



Fig. 15 How Q affects impedance of parallel 1C circuit. 

z = - = -—-7 = 800,000 Í2 
I, 125 X IO"6

The impedance at other frequencies can be found by the same formula, 
taking the values for I, from Fig. 11. Plotting points for the impedance at 
various frequencies enables us to draw the curve of Fig. 14 showing the 
impedance at various frequencies. To get a better look at the impedance 
at frequencies near resonance, curve A in Fig. 15 has been drawn to show 
the impedance for frequencies between 900 and 1100 kHz. 

Curves B and C in Fig. 15 show the impedance for Q values of 60 and 15 
The three curves in the figure show the striking effect the circuit Q has on 
the impedance curve. All three curves are for the values of L and C in 
Fig. 12, R being increased for curves B and C as required for Q values 
of 60 and 15. 

The most important impedance value associated with parallel resonance 
is the impedance at resonance. This can be found by either of the follow¬ 
ing formulas: 
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Z = QXL = QXC (2) 

These formulas show that, for a given value of L and C, the impedance 
at resonance is proportional to the Q. Formula (1) shows that if R doesn’t 
change, the higher the L/C ratio, the higher the impedance. From a 
practical point of view, this can be misleading. A larger value of L means 
more wire on the coil and therefore a higher value of R. If you can’t 
increase L without also increasing R, Z may or may not be increased 
when L is increased. If R is for the most part reflected resistance from a 
coupled load (see Topic 4), it is possible to vary Z by varying the L/C 
ratio, and this method is often used. 

If you are interested in how formulas (1) and (2) were derived, refer to 
Appendix I, Topic 23. 

WHAT HAVE YOU LEARNED? 

1. If you want to calculate the impedance of a parallel LC circuit on 

both sides of resonance, you (can) (cannot) use the formula Z = . 
C R 

2. The impedance is minimum at the resonant frequency in a (o) (series) 
(parallel) LC circuit, and the impedance is maximum at the resonant 
frequency in a (b) (series) (parallel) LC circuit. 

3. Refer to Fig. 14. As the frequency departs from resonance the imped¬ 
ance of the parallel LC circuit rapidly__ 

4. Find the impedance of a parallel resonant circuit when C = 50 pF, 
L = 250 m H, and R = 8 fi. 

5. Find the impedance of a parallel resonant circuit when L = 500 mH, 
/0 = 750 kHz, and R = 75 Q. 

ANSWERS 

1. Cannot ... The formulas Z = and Z = QX¡ can be used only to calculate 

the impedance at the resonant frequency. 
2. (a) Series; (b) parallel 3. Decreases 
4. 625 k 0 ... 
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Fig. 16 The use of an tC circuit for tuning a stage. 

z = qxl q - XlIR 

5. 73.9 kfi .. . We must use a formula that will fit the given conditions. We could 
use the formula used in Problem 4, but we would have to find the value of C by 

using C = —J-j— . However, there is an easier solution. 
4r fa L 

= 31.4; 31.4 x 2355 = 73.9 ktl. 

= ¿ = 250 x 10 
CR 50 x 10 ~12 x 8 

-| Q EXAMPLE'OF A PARALLEL LC CIRCUIT IN USE... A common 
-LU use of parallel LC circuits is for tuning—that is, for adjusting an amplifier 

so that the desired frequency is amplified and undesired frequencies are 
not. Tuned circuit C, L¡ is used for this purpose in Fig. 16. 

For simplicity we assume that only two frequencies, 3000 and 4000 kHz, 
are applied to the input of the amplifier stage. It is desired to suppress the 
4000-kHz signal and pass only the 3000-kHz signal to the next stage. For 
this purpose is tuned by varying the value of C( until it is resonant 
at 3000 kHz. It then offers a high impedance to the 3000-kHz signal, 
forcing this signal to go to the grid of the following stage. The parallel 
resonant circuit offers a low impedance to the 4000-kHz signal, so that 
this signal takes the path shown through CtLt and therefore does not go 
to the grid of the next stage. 

31 



32 WHAT HAVE YOU LEARNED? 
1. Suppose that, in a circuit similar to that of Fig. 16, L( is 20 /xH and C 
can be varied from 10 to 140 pF. What are the highest and lowest fre¬ 
quencies to which the stage can be tuned? 

2. If the value of C is increased in an LC circuit, the resonant frequency 
f increases) (decreases). 

3. If the value of L is increased in an LC circuit, the resonant frequency 
(increases) (decreases). 

ANSWERS 

I. The highest frequency is 11.3 MHz, obtained when C is 10 pF, and the lowest 
frequency is 3.01 MHz, obtained when Cis 140 pF. 
2. Decreases ... Note from Problem 1 that the resonant frequency is lowest when 
C is greatest. 
3. Decreases ... Examine the formula for resonant frequency and note that if the 
value for L is increased in the formula, the value of f0 decreases. 

fig. 1 7 Bandpass filter to pass 5000 kHz and reject higher and lower frequencies. 

1 1 USE OF RESONANT CIRCUITS AS FILTERS... Figure 17 shows 
the use of a series resonant circuit LtCt in conjunction with a parallel 
resonant circuit C2L2 to form a bandpass filter. A bandpass filter is one 
that will pass one frequency or a band of frequencies and block all others. 
The circuit of Fig. 17 passes 5000 kHz and close-by frequencies and blocks 
all others. 

The series resonant circuit ¿|C, is made resonant at 5000 kHz, and it 
therefore has a low impedance to a 5000-kHz signal and a high impedance 
to all other frequencies. Thus L\C} alone forms a bandpass filter, and it 
would be quite satisfactory for many purposes. However, the impedance 
of T, ( i to frequencies other than the desired one is not sufficient to com¬ 
pletely block the unwanted signals. 



Fig. 1 8 Band-rejection filter to blockout 5000 kHz and pass all other frequencies. 

The weakened but still present unwanted signals passing through LtCt 

are further attenuated by the parallel resonant circuit C2L2. Because its 
impedance is high at the resonant frequency, the desired pass frequency, 
5000 kHz, is not attenuated. C2L2 acts as a low impedance to other fre¬ 
quencies, so that they are shunted through this path and do not reach the 
load. 

In Fig. 18 is shown a typical band-rejection filter. Such a filter passes all 
frequencies except a specific band, which it rejects. Ils principle of oper¬ 
ation is the same as that of a bandpass filter, but its function is to block an 
undesired frequency or frequencies. Observe that this filter also contains 
both series and parallel resonant circuits, but the order is reversed. The 
parallel resonant circuit offers a high impedance to undesired frequencies, 
while the series resonant circuit offers what amounts to a short circuit to 
ground. 

RESONANT CIRCUITS USED WITH 
CURRENT SOURCES 

In all the discussion so far in this lesson we have assumed a constant a-c 
voltage being applied to the LC circuit. Resonant circuits are more often 
than not used with signal sources that are more constant-current than they 
are constant-voltage. 

LC RESPONSE TO CONSTANT CURRENT... Figure 19 will show 
you lhe difference between a constant-voltage and a constant-current 
source. With the constant-voltage source of (a), no matter what the value 
of the load resistance R is, the voltage stays at 100 V, but varying R causes 
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(a) Voltage source 

(b) Current source 

Fig. 19 Constant-voltage and constant-current sources. 

the current to vary. With the constant-current source of (b), no matter 
what the value of the load resistance R is, the current stays constant at 
2A, but varying R causes the voltage to vary. 

An ordinary battery and the power mains in your home are examples of 
constant-voltage sources. The signal output from a transistor as it is most 
commonly operated is a good example of a constant-current source. 
Over a wide range of load values, the signal current output from a tran¬ 
sistor will stay approximately constant, while the signal voltage across 
the load will vary with the load resistance. 

Of course, most sources of power are neither perfect constant-voltage nor 
perfect constant-current sources. For example, the voltage of a battery 
doesn t stay absolutely constant, but drops some when the battery is 
required to deliver more current. Similarly, the signal current output from 
a transistor will vary a little as the load is varied. 

Figure 20 shows the difference in frequency response for series and paral¬ 
lel LC circuits used with constant-voltage and constant-current sources. 
You have already studied the series LC circuit of (a) across a constant¬ 
voltage source. The LC circuit impedance is low at resonance, so that the 
current reaches its maximum value at resonance as shown. In (b) a con¬ 
stant current flows through the series LC circuit. The voltage across the 
entire circuit is, of course, E = IZ. With / constant, the voltage will be 
proportional to Z. Since the impedance Z is a minimum at resonance, the 
voltage reaches a minimum at resonance. 
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Frequency 
(d) Parallel circuit - constant current (c) Parallel circuit - constant voltage 

Fig. 20 Constant-voltage and constant-current LC circuit frequency response. 

The parallel LC circuit of Fig. 20(c) is another one with which you are 
already familiar. The impedance reaches a maximum at resonance, and 
therefore the current, equal to E/Z, is minimum at the resonant fre¬ 
quency. If a constant current rather than a constant voltage is applied, the 
voltage, equal to IZ, is proportional to the impedance. Therefore, in (d) 
the voltage is maximum at resonance. 

WHAT HAVE YOU LEARNED? 

1. Refer to Fig. 21. If C is changed, so the circuit is no longer at reso¬ 
nance, the reading of the voltmeter (a) ( will) ( will not) change and the read¬ 
ing of the ammeter (b) ( will) ( will not) change. 

2. Refer to Fig. 21. The reading of the voltmeter when C is increased will 
be (o) (more) (less) than the voltage at resonance. If C had been decreased, 
the voltmeter reading would have (b)--

3. Refer to Fig. 22. If C is increased, the reading of the voltmeter (a) (will) 
(will not) change and the reading of the ammeter (b)-
change. 
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4. Refer to Fig. 22. If C is decreased, the reading of the voltmeter will (a> 
(increase) (decrease) (remain constant) and the reading of the ammeter 
will (b) (increase) (decrease) (remain constant). As C is increased, the read¬ 
ing of the ammeter will reach a (e) (maximum) (minimum) at resonance, 
and then the ammeter reading will rapidly <d)--

5. If the frequency of a constant a-c current applied to a series LCR cir¬ 
cuit is decreased from above resonance to below resonance, the voltage 
across the circuit will first (a) (increase) (decrease) to a (b) (maximum) 
(minimum) at resonance and then rapidly w--

6. Assume a constant a-c voltage across an LCR series circuit. As the 
frequency of the applied voltage is varied from below resonance to above 
resonance, the current through the LCR circuit will first (□) (increase) 

Fig. 22 
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(decrease) until at resonance the current will be a (b) (maximum) (mini¬ 
mum). As the frequency continues to increase, the current through the 
circuit will rapidly w__ 

ANSWERS 

1. (a) Will; (b) will not 
2. (a) Less; (b) decreased 3. (a) Will not; (b) will 
4. (a) Remain constant; (b) increase; (c) minimum; (d) increase 
5. (a) Decrease (b) Minimum (c) Increase ... See Fig. 20(b). 
6. (a) Increase (b) Maximum (c) Decrease ... See Fig. 20(a). 

signal current 

(a) Circuit 

constant 
signal 
current 

output from 
transistor 

(b) Equivalent circuit 

Fig. 23 Using a parallel tuned circuit with a constant current source. 

EXAMPLE OF USE OF A CONSTANT-CURRENT SOURCE... 
The hybrid circuit that is, a circuit that uses both tubes and transistors 
of Fig. 23(a) is tuned by the parallel circuit LtCt to amplify the desired 
frequency. Since a tube is a voltage-amplifying device, the object of the 
tuned LC circuit is to get as high a signal voltage as possible on the grid of 
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38 the tube al the desired frequency and as small a signal voltage as possible 
at undesired frequencies. 

The equivalent circuit is shown in Fig. 23(b). Since a transistor has a 
constant signal current output, the transistor is replaced in (b) by a 
constant-current generator. When we refer to a transistor as having a 
constant-current output, we don’t mean that the amplitude of the signal 
current output won’t vary in accordance with the amplitude of the in¬ 
coming signal applied to the base. It will. What we do mean is that vary¬ 
ing the impedance of the load that the output signal is feeding into (the 
parallel L|Ct circuit) will not appreciably affect the signal current 
amplitude. 

Capacitors C2, C3, and Ct in Fig. 23(a) can be assumed large enough 
in capacitance that the signal voltage passes through them without much 
loss. Hence these capacitors are not shown in (b). The voltage e across 
L\C\ may be assumed as the voltage applied between grid and cathode 
of the tube, to be further amplified by the tube. 

Figure 23(b) shows that the voltage fed to the grid of the tube is the volt¬ 
age across a parallel LC circuit fed by a constant-current source. The 
voltage response with varying frequency is shown at the right in (b). If 
LiCi is tuned to resonate at the desired frequency, signals at that fre¬ 
quency present a good voltage to the grid of the tube, while signals at 
other frequencies feed only weak voltages to the tube grid. 

WHAT HAVE YOU LEARNED? 

1. Refer to Fig. 23(b). GC, presents a <□) (high} (low) impedance to the 
desired frequency and a (b)(high) (low) impedance to undesired frequen¬ 
cies. ¿i C| is a « (bandpass) (band-rejection) filter. 

2. Review. Resistor R} is used to provide-

3. Review. The purpose of R2 is to provide a d-c (a)-to ground 
so the tube does not block. R2 also provides a d-c path to the grid for the 
(b>-voltage. 

ANSWERS 

1. (a) High (b) Low (c) Bandpass ... ¿, C| passes the desired signal and 
rejects the undesired frequencies. The voltage applied to the tube will be high at 
the desired frequency and low at the undesired frequencies. 
2. Cathode bias 3. (a) Path; (b) bias 
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approximate constant 
current source 

Fig. 24 An approximate constant-current source with load. 

APPROXIMATE CURRENT SOURCES ... A high resistance in series 
-L^X with a constant voltage forms an approximate constant-current source. 

If E in Fig. 24 is constant and the load RL is a varying value but always 
much less in resistance than R¡, the current I is approximately constant. 
Problems 1 and 2 at the end of this topic show you that this is true. As 
long as Rj is much larger than RL, the resistance of Rl is such a small part 
of the total resistance that it doesn't affect the current much. 

If R, is so large—say, 20,000 Q or over in Fig. 24—that it is a substantial 
part of the total resistance, then / will vary considerably with changes in 
Rl. ERi is then a quite imperfect current source. As RL increases, / goes 
down. Therefore, the voltage e rises less as RL increases than it would if 
the current stayed constant. How this affects the tuning of a parallel 
resonant circuit is shown in Fig. 25. As the dashed curve in (b) shows, 
the circuit will not tune as sharply if the current source does not hold its 
current output constant. 

Looking once more at Fig. 24, if R, were changed to a low value, so that 
the Rl were high compared to R¡, then the voltage across the load RL 

would stay fairly constant. Hence, the difference between a voltage and 
current source is a matter of whether R, is high or low compared to the 
load resistance. High-impedance sources are generally current sources, 
and low-impedance sources are generally voltage sources. 

WHAT HAVE YOU LEARNED? 

1. Refer to Fig. 24. When RL is 10 kfl, / is (□) -milliamperes. If 
Rl is 5 kfi, the circuit current will be (b) -milliamperes. 
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perfect current 
\/ source 

current source 
// [ 5 in which I drops 
/ i \ as Z increases 

Frequency 

(b) 

Fig. 25 A parallel resonant circuit across a current source will not tune sharply if 
the current goes down when load impedance increases. 

2. Refer to Problem 1. When R, was halved, the circuit current increased 
a (large) (small) amount. 

3. Refer to Fig. 24. Assume R, is 10 ß and RL is 10 kß. Find (□) I and 
(b> the voltage across the resistor, EKl. If R, is increased to 15 kß, find 
W I and (d) EKl . 

4. Refer to Problem 3. Increasing R, by one-half changed the value of 
Ek¡ a (large) (small) amount. 

5. If R, in Fig. 24 is the internal impedance of the power supply, the power 
supply is a constant <□) ( voltage) (current) source if R, is large compared to 
Ri. The power supply is a (b)-source if R, is large com¬ 
pared to Rl. 

6. Refer to Fig. 25. If the impedance of the LCR circuit is equal to one-
half the internal impedance of the current source, the LCR circuit (o) (will) 
(will not) tune sharply. This means that the voltage, at resonance, across 
the circuit will be less than if the LCR circuit impedance were much 
(b)-- The current source (c) (is) (is not) a good constant¬ 
current device. 

ANSWERS 

1. (a) 1.82... / = -
R 

_ 200_ 
100 X 10' + 10 x 10’ 

200 
HO X 10’ 

1.82 X IO’3

(b) 1.90 
2. Small... The increase was 0.08 mA or 0.00008 A. The per cent of current 
increase was only 4.4% for a decrease in load resistance of 50 per cent. 
3. (a) 19.98 mA (b) 199.8 V... = IR¡ = 19.98 x 10’3 x 10 x 103
(c) 13.32 mA; (d) 199.87 V... To obtain 199.87, calculate current to six significant 
figures. 
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Fig. 26 Circuit of Fig. 16 redrawn with its equivalent circuit. 

4. Small ... A 50 per cent increase in load resistance changed the voltage across 
the load 0.07 V, a change of 0.04 per cent. 
5. (a) Voltage; (b) constant current 
6. (a) Will not... See Fig. 25. (b) Lower (c) Is not 

-1 K EXAMPLE OF PARALLEL LC IN A VACUUM-TUBE CIRCUIT ... 
J-O The operation of the circuit in Fig. 26(a) has been previously explained by 

saying that CtLt offers a high impedance to the signal output from Lj, 
forcing the signal to take the path through C2 to the grid of V2. We will 
now take a more advanced look at the operation of this circuit. 

In the equivalent circuit of Fig. 26(b), E is a constant voltage equal to 
signal input to the grid of multiplied by the tube g. R, is the internal 
resistance of the tube (the plate resistance). Since R, is a rather high value, 
E and R, form an approximate constant-signal-current source. The volt¬ 
age fed to the grid of V2 varies with frequency as shown to the right of (b). 
Off resonance where the impedance is low, e, which is equal to / x Z, is 



42 also low. A low value of LtC¡ (or other load impedance) shorts out the 
signal voltage, so that e to the grid of K2 is small. 

WHAT HAVE YOU LEARNED? 

1. Refer to Fig. 26. Capacitors C2 and C} are not shown in the equivalent 
circuit. The equivalent circuit shown here is used to show the (o) (a-c) (d-c) 
current and voltage paths. The values of C2 and Cj are assumed to be of 
such value that their (b)-is low; hence the signal voltage 
passes through them without much w_We can represent them 
as being w(a conductor) (an open) in the equivalent circuit rather than as 
capacitors. 

ANSWERS 

1. (a) A-c (b) Reactance (c) Loss (d) A conductor... The use of the 
equivalent circuit in Fig. 26 is to show the a-c circuit. We want to consider only 
the a-c action in the circuit; therefore we simplify it as much as possible. 

OTHER RESONANT CIRCUIT PROPERTIES 
WITH APPLICATIONS 

Bandwidth and flywheel effect are the subjects of this section. The band¬ 
width of a circuit determines its suitability for accepting desired frequen¬ 
cies and rejecting undesired frequencies. Just as a flywheel continues to 
spin after its source of power is removed, so an LC circuit continues to 
oscillate at its resonant frequency after its power source is removed. There 
are many useful applications of this property of resonant circuits. 

BANDWIDTH OF TUNED CIRCUITS... Since LC circuits are used 
for circuit tuning, the sharpness of their frequency response curve at 
resonance is of considerable interest. The range of frequencies over which 
the frequency response curve is at least 70.7 per cent of its voltage or im¬ 
pedance value at resonance is called the bandwidth of the circuit. In Fig. 
27 the curve is at 70.7 per cent or more of its maximum value for the fre¬ 
quencies between 3040 and 3060 kHz. Therefore, the bandwidth is 
3060 - 3040 = 20 kHz. 

In practical terms, the bandwidth is an indication of the range of frequen¬ 
cies to which the circuit responds. Suppose, for example, that the circuit 
of Fig. 27 is used as a tuned circuit in a radio receiver. Although a signal 
at exact resonance, 3050 kHz, is received best, all frequencies between 
3040 and 3060 kHz will be received fairly well. Frequencies further away 



Fig. 27 Frequency-response curve for a tuned circuit. 
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from resonance will tend to be rejected. While the response for the curve 
of Fig. 27 is in volts, the bandwidth would be found the same way for a 
graph giving response in current, such as for a series LC circuit across a 
constant-voltage source. 

Sometimes you will see resonant frequency curves that show the response 
in terms of power rather than current or voltage. For such a response 
curve the bandwidth is the range of frequencies between the two half¬ 
power points, that is, the frequencies between two points (one above and 
one below resonance) where the power is 50 per cent of its value at reso¬ 
nance. The reason we use 50 per cent rather than 70.7 per cent for power 
is that power varies as the square of the current or voltage; 0.7072 = 0.50. 
Hence, 50 per cent with power corresponds to 70.7 per cent with current 
or voltage. 

You have already learned that a high-Ç LC circuit gives sharp tuning. 
Hence, the higher the Q, the narrower the bandwidth. An LC circuit used 
across a true constant-voltage or true constant-current source has a band¬ 
width and Q related by the formula 

, /o /o bw = — or Q = — 
Q bw 



44 If Fig. 27 represents the response of an LC circuit across a constant¬ 
current source, then the Q of the LC circuit is 

17 

_ A . 3050kHz _ 
v bw 20 kHz 

You have seen that the use of a tuned circuit with other than a constant¬ 
voltage or constant-current source changes the sharpness of the response 
curve, so that the above relationship between Q and bw does not then 
apply. 

WHAT HAVE YOU LEARNED? 

1. The higher the Q, the (greater) (lower) the impedance of a series LCR 
circuit at resonance. 

2. The higher the Q, the (greater) (lower) the current through a series 
LCR circuit at resonance. 

3. The higher the Q of a series LCR circuit, the (broader) (sharper) the 
current response curve. 

4. The sharper the response curve, the (wider) (narrower) the bandwidth. 

5. If you were building a receiver and wanted to make it very selective, 
you would use a (o) (high Q) (low Q) LC circuit so the received bandwidth 
would be (b)__ 

ANSWERS 

1. Lower 2. Greater 3. Sharper 4. Narrower 
5. (a) High Q (b) Narrow ... The selectivity of the receiver would be poor if 
the bandwidth were such that more than one signal was passed and amplified at 
the same time. This can occur in crowded signal areas. The Q of the tuning cir¬ 
cuit should be high enough that the bandwidth of the tuning circuit will pass 
only the desired signal. 

CIRCULATING CURRENTS IN TANK CIRCUITS... The heavy 
currents Ic and lL in a parallel LC circuit at resonance can be considered 
as a single current flowing back and forth within L and C in series. If the 
circuit of Fig. 28(a) is at resonance, 1L and Ic have the same instantaneous 
value for every moment of each cycle. But IL and lc as seen by the voltage 
source are 180° out of phase with each other. You have learned that two 



It 
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Fig. 28 At resonance a circulating current swishes back and forth within the LC 
tank circuit. 

currents 180° out of phase from each other flow in opposite directions 
with respect to the applied voltage during every moment of the cycle. 

Suppose that at a certain instant /¿ is 5 A and is flowing up through L 
toward terminal F of the voltage source E as shown in Fig. 28(a). Now at 
this same moment /( must also be 5 A and must be flowing away from 
terminal F of E; that is, Ic must be flowing down through capacitor C as 
shown. Now Fig. 28(a) shows 5 A flowing to point A and 5 A flowing 
away from point A. That being the case, we can consider the current 1L 
as going right on past point A to form current lc. That is, the 5 A in 
Fig. 28(a) can be considered as a single current that leaves the bottom 
plate of C, flows past B and through L, then past A and back to the top 
plate of C. At the next half-cycle, of course, direction of this current is 
opposite, and the instantaneous value of this current varies throughout 
the cycle. 

The current that swishes back and forth each cycle between L and C, as 
just described, and as shown in Fig. 28(b), is called the circulating current. 
L and C form what is known as the tank circuit, since it holds the heavy 
circulating current and the energy associated with the current. Since the 
circulating current changes direction twice each cycle, the tank circuit is 
said to oscillate. The current I, supplied by E is just sufficient to make up 
the losses in the unavoidable resistance of the tank circuit and thus keep 
the oscillations going. 

WHAT HAVE YOU LEARNED? 

1. The circulating current in a tank circuit at resonance compared to the 
line current (is) (is not) heavy. 

45 



46 2. The circulating current sees the tank circuit as a (a) (series) (parallel) 
circuit, and the voltage source sees the tank circuit as a w(series) (parallel) 
circuit. 

18 

3. At the resonant frequency, the voltage source sees the tank circuit as a 
(a) (maximum) (minimum) impedance and the circulating current sees the 
tank circuit as a (b)_impedance. 

4. The circulating current changes direction (O>_each cycle, 
and the tank is said to (b)__ 

5. The tank draws a line current just sufficient to make up the losses due 
to the-of the tank. 

6. The strongest oscillations occur at the_frequency. 

ANSWERS 

1. Is ... See Fig. 13(a) and Topic 8. 
2. (a) Series ... The current circulating back and forth in the tank sees the inductor 
and capacitor in series. 
(b) Parallel... See Fig. 28. The voltage source is across the tank and sees the 
inductor and capacitor in parallel. 
3. (a) Maximum; (b) minimum 4. (a) Twice; (b) oscillate 
5. R-f resistance 6. Resonant 

FLYWHEEL EFFECT... Because of the energy stored in the fields of 
the inductor and the capacitor of an LC circuit, current will continue to 
circúlate back and forth between L and C after the source of power is 
removed. This oscillatory action is called flywheel action or flywheel 
effect. 

Figure 29 shows a direct voltage source, a switch, and a parallel LC cir¬ 
cuit. When the switch is closed, the capacitor charges to the source volt¬ 
age and remains charged to that value as long as the switch is closed. The 
inductor, after its initial opposition to the start of current, allows a steady 
value of current to flow through it. When the switch is opened, the ca¬ 
pacitor starts discharging through the inductor, causing a flux field to 
build up around it. After the capacitor is completely discharged, the flux 
lines around the inductor begin to collapse, and tend to maintain the cur¬ 
rent in the same direction until the lines have completely collapsed. 

This action on the part of the inductor causes the capacitor to charge 
again with a polarity opposite to that of the original charge. When the 
field around the inductor has completely collapsed, the capacitor dis-
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diminishing waveforms 

Fig. 29 A d-c circuit that demonstrates flywheel action. 

charges in a new direction and produces current through the inductor in 
the new direction, again building up a field. When the capacitor has dis¬ 
charged. the inductor and its field recharge the capacitor to its original 
polarity. In a perfect circuit this back-and-forth action would continue 
indefinitely. However, there is some resistance present in the inductor, 
and with each cycle of this flywheel action, some energy is dissipated by 
the resistance. The higher the Q of the circuit, the longer the flywheel 
action continues. The diminishing waveform of Fig. 29 is representative 
of flywheel action. 

The circuit of Fig. 29 is a parallel arrangement, but when the switch is 
open and the source voltage is removed, L and C are in series. This is 
more easily understood if the capacitor, after the switch is opened, is con¬ 
sidered to be a voltage source. 

The frequency of the oscillation in Fig. 29 is the resonant or natural 
frequency of the LC combination. This is reasonable, since the capacitor 
completely discharges and the inductor experiences a complete collapse 
of its flux lines. For this to occur, XL and X( must be equal. This is the 
basic criterion for resonance. 

Let us now consider Fig. 30, which contains the same LC parallel combi¬ 
nation but in which the source voltage and the switch have been replaced 
by a pulse generator. The output of the generator is a series of positive 
pulses at the resonant frequency of the parallel circuit. In Fig. 29 each 
succeeding half-cycle of flywheel current is less than the preceding one. 
With a series of positive pulses occurring as shown in Fig. 30, the energy 
dissipated by the circuit resistance in each complete cycle of flywheel ac¬ 
tion is replaced by the positive pulses from the generator. The waveform 
in Fig. 30 is constant in amplitude. We could have shown this restoration 
of lost energy in Fig. 29 if we had closed the switch once in every cycle of 
flywheel action. However, closing the switch at precisely the correct time 
would be difficult. 
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constant amplitude 

Fig. 30 Flywheel action utilizing pulse generator. 

Let us now consider a circuit such as the one shown in Fig. 31. Observe 
that the frequency of the pulse generator is now one-half the resonant 
frequency of the parallel circuit. In this case, after every second cycle of 
flywheel or oscillator action, energy is restored to the circuit. Observe 
that here we have used a source of one frequency and with it have sus¬ 
tained oscillations of a higher frequency. In some instances, with high 
circuit Q, it is possible to sustain oscillations when the frequency of the 
resonant circuit is 10 or more times greater than the frequency of the 
device that restores the lost energy. 

For maximum amplitude of the oscillations in the LC circuit, the fre¬ 
quency of the pulse generator must either exactly equal the resonant 
frequency of the LC circuit or be some exact submultiple (such as one-half 
or one-third) of the resonant frequency. If the pulse frequency is different 
from the resonant frequency or different from a submultiple of it, the LC 
circuit will be forced to oscillate at a frequency other than its resonant 
frequency. The amplitude of the oscillations will then be much less than 
at resonance, and the further from resonance the oscillations are the 
weaker they will be. 

WHAT HAVE YOU LEARNED? 

1. The frequency at which <o>-action occurs is the natural 
or resonant frequency of the circuit. The formula for computing this 
frequency is the one derived from the fact that (b)_ equals 
(c)-

2. If a pulse generator restores energy to a resonant circuit every fourth 
cycle, the circuit has a frequency (a)-times (b) (greater) (less) than 
that of the pulse generator. 
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Fig. 31 Example of flywheel action and frequency doubling. 

ANSWERS 

1. (a) Flywheel; (b) XL\ (c) Xc 2. (a)4; (b) greater 

Fig. 32 Frequency multiplication utilizing a biased vacuum-tube amplifier. 

FREQUENCY MULTIPLICATION USING VACUUM TUBES... 
A practical circuit using the principles of the preceding topic to increase 
frequency is shown in Fig. 32. 

In the grid circuit of the vacuum tube there is a circuit whose resonant 
frequency is 1000 kHz. The bias on the tube is such that conduction oc¬ 
curs only when the voltage across the tuned grid is positive enough to 
overcome the bias voltage. The tank circuit in the plate lead of the tube 
has a resonant frequency of 3000 kHz. Every time the tube conducts, a 
pulse of current flows in the plate circuit. This pulse of current, called line 
current, /Hnc , restores energy dissipated within the plate tank circuit. Thus, 
we have multiplied the frequency by a factor of 3 by utilizing the vacuum 
tube. This method is often used to obtain the operating frequency in 

49 
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F'g- 33 Block-diagram representation of frequency multiplication. 

transmitter applications. A lower-frequency, more stable resonant circuit 
may be used and, through a series of frequency multipliers similar to that 
shown in Fig. 32, a higher-frequency output may be obtained. Observe 
in Fig. 32 that the vacuum tube conducts for a relatively small part of 
the time. 

In summary, we may say that flywheel action, or oscillation, is useful in 
frequency multiplication. Figure 33 shows, in block diagram form, a 
series of frequency multipliers. Observe that the final frequency is the 
product of all of the multiplications. The first stage doubles, the second 
triples, and the third doubles again. Thus, the output frequency is 12 
times greater than the input. 

WHAT HAVE YOU LEARNED? 

1. Two stages of amplification are available to multiply a frequency 8 
times. A logical arrangement would be for one amplifier to multiply by 
(o)_and the other to multiply by (b)_ 

ANSWERS 

1. (a)2;(b)4 

COMPARING SERIES AND 
PARALLEL RESONANCE 

OC) IMPEDANCE COMPARISON ... Resonant circuits are so important 
in electronics that we will now summarize their characteristics to help you 
understand them better. Series and parallel resonant circuits have oppo¬ 
site characteristics. The parallel circuit at resonance has a very high 
impedance, and as the frequency departs from resonance the impedance 
rapidly decreases to a low value. The series circuit at resonance has a 
very low impedance, and as the frequency departs from resonance the 
impedance rapidly increases to a high value. 



Just how high the impedance will be at parallel resonance, or how low at 
series resonance, depends upon the ohmic resistance in the resonant cir¬ 
cuit. If the resistance is zero, the series circuit at resonance will have zero 
impedance, and the parallel circuit will have infinite impedance at reso¬ 
nance. However, it is impossible to have zero resistance, since there is 
always the resistance of the wire used to wind the inductor. It is usually 
desirable to keep this resistance as low as possible. The lower this re¬ 
sistance is, the lower the impedance in a series resonant circuit and the 
higher the impedance in a parallel resonant circuit. Since a low coil 
resistance means a high coil Q, we can also say that the higher the Q, 
the lower the impedance at series resonance and the higher at parallel 
resonance. 

Resonant circuits are so useful in electronics because they have a high 
impedance at some frequencies and a low impedance at others. They thus 
differ from resistors, which have a high impedance at all frequencies. 
Resonant circuits are used in place of resistors when it is desired to have 
a much higher or a much lower impedance at one frequency than at other 
frequencies. For example, in Fig. 26(a) a resistor could be used in place 
of C\L\ if it were desired to amplify all frequencies. The circuit is then 
identical with amplifier circuits discussed in preceding lessons. 

REACTANCE AND RESISTANCE ... In discussing resonant circuits it 
is important to keep clearly in mind the difference between impedance, 
reactance, and resistance. The impedance is the total opposition to current 
flow, and it is made up of resistance and reactance. In a circuit that has 
no reactance, like a d-c circuit, the impedance is equal to the resistance. 
In a circuit that has no resistance, like a capacitor across an a-c voltage, 
the impedance is equal to the reactance. Reactance is the opposition to 
current flow that tends to shift the current to 90° out of phase with the 
voltage. Resistance is the opposition to current flow that tends to keep 
the current in phase with the voltage. If a circuit has both reactance and 
resistance, the former will tend to shift the current 90° and the latter will 
tend to keep the voltage and current in phase. The result will be a com¬ 
promise in which the current is less than 90° out of phase with the voltage. 
The higher the resistance and the lower the reactance, the lower the phase 
shift. 

When a series or parallel circuit is at resonance, the line current is in phase 
with the line voltage. That being so, the reactance of a series or parallel 
circuit at resonance is zero. For if the circuit had any reactance, the cur¬ 
rent would lead or lag the voltage. This leads to the important conclusion 
that while the impedance of a parallel resonant circuit is very high, its 
reactance is zero. In other words, a parallel circuit at resonance acts like 
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Fig. 34 L and R in parallel with C. 

a very high value of resistance to the voltage across it, although the re¬ 
sistance of the coil taken alone is very low. 

POWER IN LCR CIRCUITS... In calculating power in LCR circuits, 
whether at resonance or otherwise, keep in mind that only resistances 
use power. If the voltage across a capacitor or an inductor is 20 V and 
current through the unit is 3 A, the power used is 0 W, assuming perfect 
inductors and capacitors. Since all coils have some resistance, any prac¬ 
tical inductor will use some power. However, a practical inductor is 
represented in schematic diagrams by a perfect inductor with a resistor 
connected in series to represent the resistance of the inductor. In Fig. 34, 
for example, the 10 Í2 of R is the resistance of the coil. All the power used 
is dissipated in R. Since R is in fact part of the coil, the power would 
actually be dissipated within the coil. To find the power drawn by the 
parallel resonant circuit of Fig. 34, you can use the formula P = E x 
/ x pf. Since this circuit is at resonance, the power factor is 1, so that 
P = 100 x 0.001 x 1 = 0.1 W. Since the only resistance in the circuit 
is R, the entire 0.1 W is dissipated in R. 

WHAT HAVE YOU LEARNED? 

1. Use the formula P = l2R to show that the power dissipated in R of 
Fig. 34 is 0.1 W. 

2. Use two different formulas to find the power dissipated in R in Fig. 
35. 

ANSWERS 

I. The current through R must first be found. 1K = —= - = 0.1 A Risso 
XL 1000 

small compared to XL that it is ignored in computing lK. P - l 2R = 0.1 2 x 
10 = 0.1 W. 
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Fig. 35 

2. 320 W... P = PR = 1.792 x 100 = 320 W 

F2 1792
P = — = - 320 W 

R 100 
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at resonance 

Z=^- H) 

Z = QXL (2) 

(Z is the impedance seen 
by voltage source E ) 

Fig. 36 Formulas for Finding impedance at resonance in a parallel LC circuit. 

APPENDIX I 

E X I, = IL2R 

Dividing both sides by E, 

Solving for E, 

E1E * 1, = R 
XL2

QO DERIVATION OF FORMULAS FOR IMPEDANCE AT PARALLEL 
RESONANCE* ... To derive formulas (1 ) and (2) we make use of the fact 
that the power delivered by the voltage source E must equal the power 
used by R, since neither L nor C can consume power. At resonance we 
can assume that /, is in phase with E, so that the power delivered by E is 
given by P = E x I,. The power in R is given by P = 12R. 

/ _ ER
' xL2

Since II = -TT , 
X L 

* You are not required to study this appendix. 



Z = 
E 

Ã 
%? = Xl 
R R 

Since = Q, 
R 

Z = QXL Formula (2) 

From the above and since XL = Xc, 

R R 

Substituting XL = 2tr/Land Xc = 2nfC * 

litfL —1— = _L_ Formula (1) 
R 2*fC CR 
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LESSON 2316-1 

RESONANT CIRCUITS 

EXAMINATION 

Circle the number of the correct answer for each question that follows. When you 
are finished, transfer the answers to the answer sheet by putting X's in the proper 
squares. When the graded answer sheet is returned to you, correct in this book 
any questions you may have missed. By doing so, you will have a record of the 
correct answers to all questions for review purposes. 

1. The resonant frequency of a circuit will remain constant if we 
(1) keep the ratio of L to C constant. 
(2) increase C. 
(3) decrease either L or C. 
(4) keep the product of L and C constant. 

2. The impedance across the terminals of a parallel resonant circuit is 
(1) very low. (3) always zero. 
(2) very high. (4) always infinite. 



56 3. The impedance of resonant circuits at frequencies off resonance is 
(1) low for parallel circuits and high for series circuits. 
(2) high for parallel circuits and low for series circuits. 
(3) low for both series and parallel circuits. 
(4) high for both series and parallel circuits. 

4. The formula for determining the resonant frequency of a circuit 
when the inductance and the capacitance are known is 

(1) /o = (3) /o = 2nXc

(2) /o = 2^ (4) /0-*-
2ttVTC 

5. If a small amount of resistance is added in the capacitive branch of a 
parallel resonant circuit, the impedance of the circuit will 
(1) decrease. 
(2) increase. 
(3) remain the same. 
(4) increase in the inductive branch while decreasing in the capacitive 

branch. 

6. The voltage drop across a parallel tuned circuit fed by a current 
source will be at a maximum when 
(1) the circuit is tuned to resonance. 
(2) the circuit is tuned above resonance. 
(3) the circuit is tuned below resonance. 
(4) the resistance equals the inductive reactance. 

7. The reactance across the terminals of a parallel resonant circuit is 
(1) 0Í2. (3) indeterminate. 
(2) infinity. (4) dependent upon the circuit Q. 

8. The total reactance in a series circuit at resonance is 
(1) Ofi. (3) dependent upon the circuit Q. 
(2) infinity. (4) equal to the resistance. 

9. In RLC circuits, resonance occurs when 
(1) XL is larger than Xc. 
(2) XL is smaller than Xc. 
(3) XL equals Xc. 
(4) the current leads the voltage by 90°. 

10. In a series RLC circuit, across a voltage source, at the resonant fre¬ 
quency the 



C= L« R= 

Fig- 37 

(1) current is minimum. 
(2) voltage across C is minimum. 
(3) voltage across L is minimum. 
(4) current is maximum. 

11. A series LC circuit is resonant at 1000 kHz. If C is replaced by a 
capacitor 4 times as large, but L is not changed, what will be the 
resonant frequency? 
(1) 250 kHz ’ (3) 1000 kHz (5) 4000 kHz 
(2) 500 kHz (4) 2000 kHz 
(6) Cannot be determined without more information 
(7) None of the above 

12. To increase the resonant frequency of a circuit, you would 
(1) make L larger and C smaller. 
(2) make C larger and L smaller. 
(3) make C or L or both larger. 
(4) make C or L or both smaller. 

13. What is the resonant frequency of the circuit of Fig. 37? 
(1) 7690 Hz (2) 110.6 kHz (3)3.58MHz (4) 76.7 MHz 

(5) None of the above 

14. What is the impedance at resonance of the circuit of Fig. 37? 
(1) Much less than 100 12 
(2) 10012 
(3) Much over 100 12 

15. Refer to Fig. 8. Assume the circuit is tuned to resonance and the in¬ 
duced voltage from the antenna is 0.1 mV. If the r-f resistance of the 
tuned circuit is 15 12 and Xc = XL = 900 12, what is the voltage ap¬ 
plied to the grid of the tube? 
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Fig. 38 

(1) 60 mV 
(2) 6 mV 

(3) 6V 
(4) 90 mV 

(5) 0.9 V 
(6) 9 mV 

16. If a frequency of 100 kHz is passed through two doublers, a tripler, 
and then another doubler, the output frequency will be 
(1) 600 kHz (2) 900 kHz (3) 1200 kHz (4) 2400 kHz 

17. Refer to Fig. 38. The generator G supplies a constant 100 V. If the 
internal impedance R, is 100,000 fl and the load R^ varies between 
1500 and 2500 fl, the generator is a 
(1) constant-voltage source. 
(2) constant-current source. 
(3) neither of the above because both the voltage and the current vary 

greatly. 

18. Refer to Fig. 38. If R, is 15 fl and RL varies between 85 and 90 kfl, 
the generator is a 
(1) constant-current source. 
(2) constant-voltage source. 
(3) neither of the above because both the voltage and current vary 

greatly. 

19. If a load is reflected back into a parallel resonant tank, the Q of the 
tank will 
(1) decrease. (2) increase. (3) remain the same. 

20. If a constant 150 V at 30 kHz is applied to a series resonant circuit 
whose r-f resistance is 6 fl and XL = Xc = 3000 fl, what is the power 
dissipated by the circuit? 
(1) 3750 W (3)7.5W (5) 0.15 W 
(2) 0.015 W (4) 75 W (6) 375 W 
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o A 

oB 

xL= 2000 n 

R = i6n 

Fig. 39 

21. If you wanted to receive a band of frequencies, with the exception of 
590 kHz, you could 
(1) use a parallel tank tuned to 590 kHz in series with the receiver 

input terminals and a series LC circuit tuned to 590 kHz across 
the input terminals. 

(2) Same as (1) except tune the parallel tank well below 590 kHz. 
(3) Same as (1) except reverse the positions of the two tuned circuits. 
(4) Same as (1) except tune the series circuit to above 590 kHz. 

22. When a pentode tube is used as a voltage amplifier, the impedance of 
the load should be as high as practical in order to obtain good gain 
from the stage. Which of the following circuits would you use to get 
the best gain? 
(1) Parallel resonant circuit with high Q 
(2) Parallel resonant circuit with low Q 
(3) Series resonant circuit with high Q 
(4) Series resonant circuit with low Q 

23. Refer to Question 22. If you were able to reduce the ohmic resistance 
of the inductance (perhaps by rewinding with larger wire), how would 
the load impedance be affected? 
(1) It would increase. 
(2) It would decrease. 
(3) There would be no change. 

24. The circuit of Fig. 39 is at resonance. Therefore, the reactance of the 
capacitor is 
(1)0 0. (3)50i2. (5) 2000 Q. 
(2) 16 Q. (4) 500 Í2. 
(6) Can’t be determined without more information. 
(7) None of the above. 



60 25. Refer to Question 24. What must be the resonant frequency for C to 
have this value of reactance? 
(1) 160kHz (2) 442 kHz (3)1.59MHz (4) 2.61 MHz 

(5) None of the above 

26. What is the value of the inductance in Fig. 39? 
(1) 200/zH (2) 641 (3)50mH (4)140mH 

(5) None of the above 

27. What is the (2 of the circuit of Fig. 39? 
(1) 12.3 (2) 50 (3) 72.4 (4) 125 

28. Refer to Fig. 39. What is the total impedance as measured at input 
terminals AB? 
(1)812 (2)16 12 (3) 250,00012 (4) 2,400,00012 

(5) None of the above 

29. If in Fig. 39 the line current is a constant 2 mA, what must be the volt¬ 
age applied across terminals AB? 
(I) 2 mV (2) 20 V (3) 500 V (4) 4800 V 

(5) None of the above 

30. What is the circulating current of the resonant tank of Fig. 39? 
(I) 2 mA (3) 0.025 A (5) 0.020 A 
(2) 3.125 A (4) 31.25 A (6) 250 mA 

31. What is the bandwidth of the circuit of Fig. 39, assuming the line 
current stays a constant 2 mA? 
(1) 6.3 kHz (2) 12.7 kHz (3) 50.8 kHz (4) 76.3 kHz 

(5) None of the above 

32. What is the bandwidth of the response curve of Fig. 40? Hint: Note 
that response is given in milliwatts. 
(1) 35 kHz (3) 90 kHz (5) 240 kHz 
(2) 60 kHz (4) 120 kHz 

33. Assume you have a constant 500-gA line current to a parallel tank at 
resonance whose component values are C = 25 pF and L = 100 gH. 
If the r-f resistance of the tank is 40 12, what is the power dissipated 
in the tank? 
(1)25 mW (2) 25 W (3) 1 W (4)10W 
(5) Information insufficient to find the power 
(6) None of the above 

END OF EXAM 
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A chat with your instructor 

Three subjects are covered in this lesson: how to read curves and graphs 
used in electronics, how alternating currents and voltages are represented 
by phasors, and how to change a given formula into a different form more 
useful for your purpose. In lessons to come you will find that these three 
handy electronics tools will make your study a lot easier and enable you to 
learn more in the time you spend. 

Using Curves 
and Phasors 

READING AND USING GRAPHS 

Graphs and charts—engineers and technicians generally call them curves 
—are widely used in electronics for pictorially showing the performance 
to be expected from circuits and components. 

HOW TO READ AND PLOT A CURVE . . . Dick made the graph of 
Fig. 1 so that he can quickly tell what the power input to his antenna is for 
any reading of the antenna r-f ammeter. For example, if the antenna am¬ 
meter reads 1.7 A, Dick moves a pencil point vertically up from 1.7 on the 
base line of the graph until he comes to the curve. Then he moves his 
pencil point horizontally to the left edge of the graph, where he reads 
approximately 125. The dashed lines show the path of Dick’s pencil. 
Thus the graph shows that, when the antenna current is 1.7 A, the power 
to the antenna is approximately 125 W. 

To make the graph, Dick used the formula P = I2 R to calculate the 
power for several different current values, using 43 Í2 (the antenna re¬ 
sistance) for R. Thus, for 0.5 A, P = I2 R = O.52 x 43 = 10.75 W. Dick 
put his calculations in the form of a table like this: 



2 400 

Current, in amperes 

Fig. 1 Curve showing variation of power with current in an antenna with 43 U 
resistance. 

Current, A Power, W 

0 
0.5 
1.0 
1.5 
2.0 
2.5 
3.0 

0 
10.75 
43 
96.75 
172 
268.8 
387 

Dick next plotted the information in his table as points on a graph, as 
shown in Fig. 2, one point for each current-power pair. For example, his 
table shows that for a current of 2.0 A the power is 172 W, so Dick plotted 
a point where a vertical line up from 2 A meets a horizontal line from 



Fig. 2 Plotting points for making the graph of Fig. 1. 

172 W. The dashed lines in Fig. 2 show how the proper position for this 
point was located. After Dick plotted all the points for his table, he drew 
a smooth curve through them. He then had his graph completed, as in 
Fig. 1. 

WHAT HAVE YOU LEARNED? 

1. Use the graph of Fig. 1 to complete the following table: 

Current, A Power, W 

0.8 
1.3 
2.3 
(d)-
(e)-
(0-

(a)-
(b)-
(c)-
25 
90 
300 



Fig. 3 

2. Use the formula °C = |(°F - 32) to complete the following table and 
plot the graph on Fig. 3. 

Fahrenheit, °F 

41 
50 
68 
86 
140 

Celsius 
(Centigrade), °C 

(o)-
(b)-
«-
(d)-
(•)-

Fahrenheit, °F 

230 
275 
320 
410 

Celsius 
(Centigrade), °C 

(♦)-
(9)-
(h)-

(i)-



Use the graph of Fig. 4 to complete the following table: 
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Fig. 5 

4. A radio engineer, while making a field-strength survey of radio signals 
in a city, discovered that he had forgotten the manual of instructions for 
his field-strength meter. He noticed that the dial on the set was calibrated 
in units from 0 to 110. By listening to a number of stations and noting the 
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dial settings, he plotted the dial settings against the frequencies of these 7 
stations and drew a curve. Then he was able to select any frequency and 
any dial setting he needed. If the stations and dial settings were as follows, 
plot, as he did, the curve on the graph paper in Fig. 5. 

100 WKRC 
36 WKYC 
69 WLW 

550 kHz 
1100 kHz 
700 kHz 

60 WBBM 
62 WJR 
58 CKLW 

780 kHz 
760 kHz 
800 kHz 

Il WCKY 
25 WOOD 

1530 kHz 
1300 kHz 

5. The next day the radio engineer of Problem 4 obtained readings at dial 
settings of (o) 90, (b> 30, w 20, (d> 73, (e) 92, (i) 18, (g) 49. What frequencies 
correspond to these dial settings? Use Fig. 6. 

Fig 6 Dial setting 



8 ANSWERS 

1. (a) 27.5 W; (b) 72.7 W; (c) 227 W; (d) 0.76 A; (e) 1.45 A; (f) 2.64 A. The 
values you read may be slightly different from our answers because of the difficulty 
of reading a graph accurately, but for practical purposes they should be close 
enough. 
2. (a) 5; (b) 10; (c) 20; (d) 30; (e) 60; (f) 110; (g) 135; (h) 160; (i) 210; see Fig. 4 
3. (a) 104°F; (b) 116°C; (c)266°F; (d) 182°C 
4. See Fig. 6. 
5. (a) 575 kHz; (b) 1205 kHz; (c) 1385 kHz; (d) 670 kHz; (e) 570 kHz; 

(f) 1420 kHz; (g) 905 kHz 

O PLOTTING A CURVE FROM LABORATORY VALUES ... The 
information needed for plotting most graphs used in electronics is ob¬ 
tained from laboratory measurements. Suppose we want to plot a graph 
showing how the amount of leakage (reverse) current through a certain 
diode is affected by the amplitude of the reverse bias voltage across the 
diode. We can get the information we need to plot the graph by means 
of the circuit in Fig. 7. By reading the ammeter at every 50 V as we vary 
the reverse voltage from 50 to 550 V, we obtain the table shown to the 
right of the circuit drawing. 

Now to plot the points. On examining the table we note that for the 
higher voltages the leakage current increases very rapidly. For example, 
the table shows that increasing the reverse voltage from 450 to 500 V 
doubles the leakage current. If we want to show clearly on our graph both 
the relatively small leakage currents at low reverse voltages and the huge 
leakage currents at the higher reverse voltages, we need to use a special 
graph scale that is compressed at the upper end. Such a scale is the ver¬ 
tical scale of Fig. 8, and it is called a logarithmic scale. Note that the 
bottom one inch of the scale covers a current range of only 9 gA (from 1 
to lOgA), whereas the top one inch of the scale covers a range of 9000 gA 
(from 1000 to 10,000 M A). 

The horizontal scale for voltage values in Fig. 8 is a linear scale because 
the values change at an even rate (each half inch represents a 100-V 
change). Scales used for graphs in electronics, with a few exceptions, are 
either logarithmic or linear. The graph of Fig. 8 is called a semilogarith-
mic graph because it has one logarithmic scale and one linear scale. 

Figure 8 shows the plotted points for the table of Fig. 7. In this particular 
case we find that we can’t draw a smooth flowing curve that will pass 
through every point. So we draw a curve, as shown, that comes as near 
as we can to the points and still be a smooth curve. When you draw a 
curve, never snake it around into a wiggly line to go exactly through every 
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potentiometer for 
varying voltage 
across diode 

ammeter 

diode 
being 
tested 

(a) 

Volts Current,/¿A 
50 
100 
150 
200 
250 
300 
350 
400 
450 
500 
550 

1.0 
3.0 
3.5 
7.2 
17 
35 
63 
80 

300 
600 

10,000 

(b) 

9 

Fig. 7 (a) Circuit for measuring diode leakage current and ( b) values obtained. 

Fig. 8 Using semilogarithmic graph paper for plotting diode leakage current. 
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Fig. 9 Curves showing diode leakage reverse current at three different tempera¬ 
tures. 

plotted point. Not all the points lie on the smooth curve in Fig. 8 because 
of meter inaccuracies and errors in reading the meter scales. 

With reasonable care it should be possible to make measurements suf¬ 
ficiently accurate in such a simple circuit as Fig. 7 that the plotted points 
will lie on a smooth curve or very close to it. We have exaggerated the 
errors to show you how to handle the situation when the points don't 
smooth up right, but when the laboratory measurements are harder to 
make, the errors will often be about as we have shown them. 

It is practical to plot several related curves on a single graph. Figure 8 
shows the leakage current of the diode at room temperature (25°C). The 
leakage current will be different at other temperatures. We can plot curves 
showing the leakage current for other temperatures, and all the curves for 
the different temperatures used can appear on the same graph. Figure 9 
shows the leakage current for our diode at three different temperatures, 
25, 55, and 150°C, plotted on the same graph. 
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Fig. 10 Frequency response in a typical RC-coupled amplifier. 

Figure 10, which shows the frequency response of an amplifier, is another 
example of a curve plotted on semilogarithmic graph paper. At low 
audio frequencies a change in frequency of only a few hertz will cause a 
noticeable change in the amplifier output voltage. The logarithmic scale 
used expands the low-frequency part of the graph so that the change in 
output voltage with a small change in frequency can be read clearly. Thus 
the graph shows that increasing the frequency from 30 to 50 Hz (a change 
of 20 Hz) increases the output voltage from 2.3 to 4 V. At high audio 
frequencies a frequency change of 20 Hz is not enough to have any notice-



12 able effect on the output voltage. Hence, the high-frequency end of the 
scale can be compressed, as in Fig. 10. Because of the compression you 
can’t read a change of only 20 Hz at the high-frequency end, and there 
would be no advantage if you could. 

WHAT HAVE YOU LEARNED? 

1. The horizontal scale of Fig. 8 is a (o)_ scale because the 
values change at an (b)_rate. 

2. The vertical scale of Fig. 8 (a) (w) (is not) a linear scale because the 
values change at an (b;_rate. 

3. Refer to Fig. 8 and complete the following table. (Remember, the 
vertical scale is not linear.) 

Reverse voltage, V Reverse current, pA 

70 
120 
325 
(d)-
(•) -

(o)-
(b)-
(c)-
500 

4000 

4. Refer to Problem #3. Note that a change from 70 to 120 V, a 50-V 
increase, causes only a (□;- microampere increase in current, but 
an increase from 480 to 530 V, also a 50-V change, causes a (b)_ 
microampere increase in current. 

5. Refer to Fig. 9. Assume you are operating the diode at 55°C and you 
do not want the reverse current to exceed 10 ^A. The maximum reverse 
voltage you would apply to the diode would be (O>_volts. 

6. Refer to Fig. 9. The portion of the 55°C curve corresponding to volt¬ 
ages in excess of 400 V d-c means the reverse current (oj (increases rapidly) 
(stays nearly the same) for a small increase in reverse voltage. You cer¬ 
tainly wouldn’t want to operate the diode with a reverse voltage over 
(b) -volts, and a considerably lower reverse voltage would be the 
maximum allowed in a practical circuit. 

7. Refer to Fig. 10. The frequency scale is (a) (linear) (nonlinear) because 
the values of frequency increase at an (b) (even) (uneven) rate. 

8. Refer to Fig. 10. The output voltage is (a) _ volts at 50 Hz, 



(b) -volts at 100 Hz, (c) _volts at 10 kHz, and <d)_volts 13 
at 15 kHz. 

9. Refer to Problem 8. When the frequency changes from 50 to 100 Hz, 
the output voltage changes (a)_ volts, but a change in frequency 
from 10 to 15 kHz changes the output voltage only (b)_volts. 

10. The change of 50 Hz at the low-frequency end produces a (O> (larger) 
(smaller) change in output voltage than a change of 5000 Hz at the high-
frequency end. The reason for this is that a change of 50 Hz is a relatively 
high percentage of the audio frequency at the (b> (low) (high) frequency 
end. 

ANSWERS 

1. (a) Linear; (b)even 2. (a) Is Not; (b) increasing 
3. (a) 1.5 mA; (b) 3 mA; (c)40mA; (d)480V; (e) 530 V 
4. (a) 1.5; (b) 3500 5. (a) 330 
6. (a) Increases rapidly (b)420 ... Note that above 420 V the reverse current 
increases very rapidly. 
7. (a) Nonlinear; (b) uneven 8. (a)4; (b) 6.6; (c) 6.8; (d)5.6 
9. (a) 2.6; (b) 1.2 10. (a) Larger (b) Low ... See Fig. 11. 

Part of the signal voltage applied to the input terminals is lost across C owing to 
the reactance of C. The signal voltage amplified by the tube is the voltage that 
appears across R. The a-c impedance of Ecc is virtually zero, so the bottom of R 
is effectively connected to the cathode of V. The value of the voltage across R is 
the value of the voltage applied to the input terminals minus the voltage drop 
across C due to reactance Xc ■ 

At the low frequencies, the value of X c can be noticeably changed by a frequency 
change of 50 Hz, but not at the high-frequency end. Using the formula Xc = 

—!— , a change of 50 Hz, from 50 to 100 Hz, causes Xc to be halved. (If f 
2 jr fC 

Fig. 11 
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Fig. 12 Graph for converting between degrees Celsius and degrees Fahrenheit 
for both positive and negative temperatures. 

doubles, Xc halves.) Thus the loss across C is halved and the voltage across R is 

increased by a value equal to Xc/2. Inspection of the formula Xc = -——shows 
2 tr fC 

that a 50-Hz change from 10 to 10.05 kHz will not appreciably change the value of 
Xc, and thus the voltage across R will not be appreciably changed. 

GRAPHS WITH NEGATIVE VALUES . . . Both positive and negative 
values are often involved in plotting or reading a graph. The trouble with 
the graph you plotted on Fig. 3 for converting between degrees Fahrenheit 
and degrees Celsius is that it will handle only positive temperature values. 
The graph of Fig. 12 handles both positive and negative temperature 
values. The horizontal and vertical reference coordinates x' - x and y' - y 
are usually called the x axis and the y axis, respectively. The point where 
the two axes cross each other is called the origin. 

The origin is always zero in graphs displaying both positive and negative 
values. Positive scale values on the x axis are always to the right of the 
origin, and negative scale values are always to the left, as Fig. 12 shows. 
Positive scale values on the y axis are always above the origin and negative 
scale values below. Notice in Fig. 12 how all scale values increase with 
distance from the origin. 

Sometimes a scale division has a different value on the negative side of the 



origin than it has on the positive side. For example, in Fig. 13, one block 
on the y axis scale above the origin represents 5 mA and one block on the 
y axis below the origin represents 100 nA. Similarly, one block on the 
X axis to the right of the origin represents 0.5 V and one block to the left 
of the origin represents 20 V. Note in Fig. 13 how a plus voltage 
means a voltage that forward-biases the diode and a negative voltage 
means one that reverse-biases the diode. Similarly, forward current 
through the diode is considered positive and leakage-current flow in the 
opposite direction is considered negative. 

WHAT HAVE YOU LEARNED? 

1. The scales of the graph in Fig. 12 (□) (are) (are not) linear because the 
values increase at an (b)_rate. 

15 

2. Use the graph of Fig. 12 to complete the following table: 



16 °F 

-40 
-22 
-4 
23 
32 
41 

°C 

(O)-
(b)-
(c)-
(d)-
(•)-
(0-

3. A value to the left of the y axis is considered (a) (positive) (negative), 
and a value below the x axis is considered (b)_ 

4. The point where the x axis and y axis cross is called the (o)_ 
As you move along the x axis from left to right and pass through the 
origin, the values change from (b> (negative to positive) (positive to nega¬ 
tive). As you move along the y axis from top to bottom, the values change 
from (c) (negative to positive) (positive to negative). 

5. The scales used in Fig. 13 are (a) (linear) (nonlinear) on either side of 
the (b)-, but the value per division is (c) (the same) (not 
the same) on one side of the origin as it is on the opposite side. 

6. Refer to Fig. 13. Assume you are using a 1N63 diode and decide to 
apply a reverse voltage of 100 V. What value of reverse current will flow 
through the diode? 

7. Refer to Fig. 13. Complete the following table. Remember, a negative 
value of current or voltage means reverse current or reverse voltage. 

Voltage, V Current, mA or gA 

2 
1.25 
0.25 

-60.0 
(•)-
(0-

(o)_m A 
(b)_m A 
W_mA 
(d)-g A 
-300 g A 
-550 gA 

ANSWERS 

1. (a) Are; (b) even 2. (a) -40; (b) -30; (c) -20; (d) -5; (e) 0; (f) 5 
3. (a) Negative (b) Negative ... A value on the x axis to the left of the origin 
is always considered negative, and a value on the y axis below the origin is also 
considered negative. 
4. (a) Origin; (b) negative to positive; (c) positive to negative 
5. (a) Linear; (b) origin; (c) not the same 6. 200 g A 
7. (a) 24mA; (b) 10mA; (c) 1mA; (d) -50 gA; (e) -112 V; (f) -130 V 
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Fig. 14 An example of a family of tube turves. 

TUBE CHARACTERISTIC CURVES ... The three important d-c 
values associated with the operation of a tube are the plate voltage, the 
plate current, and the grid bias voltage. If any two of these three values 
are known, the third can be read from a graph displaying the characteris¬ 
tic curves for the particular tube type. An example of such curves is 
shown in Fig. 14. The family of curves shown are known as Eh-Ih curves 
because the horizontal and vertical scales give plate volts Eh and plate cur¬ 
rent lh. It is necessary to have a different curve on the graph for each grid 
bias voltage value. Thus curves are shown in Fig. 14 for grid bias voltages 
Ec of 0 V, - 5 V, - 10 V, and on up to - 40 V. 

Example 1 ... If the grid bias on a 12BH7-A type tube is -10 V, what is the 
plate current for a plate voltage of 300 V? 

Solution . . . Push your pencil vertically up from 300 on the horizontal plate 
volts scale. Fig. 14, until you reach the -10 curve. Then move the pencil point 
horizontally to the left until you intercept the vertical scale at 23 mA, which is 
what the plate current will be. If resistor R in Fig. 15 is adjusted until the volt¬ 
meter reads 300 V, then the ammeter will read 23 mA, since the tube is biased so 
that the grid is 10 V negative with respect to the cathode. 

Example 2 ... If the grid bias is -7.5 V, what is the plate current for a plate 
voltage of 200 V? 

Solution . . . There is a curve in Fig. 14 for -5 grid volts and one for -10 V, 
but there is none for -7.5 V. However, 7.5 is halfway between 5 and 10. Hence, 
with a pencil draw a curve halfway between the -5 and the -10 curves. From 
this new curve read 12 mA as the approximate plate current for 200 V on the 
plate. 
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Ebb = plate supply voltage 
Eb = plate voltage (reading 

of voltmeter V) 
Ec = grid bias voltage 
Ib = plate current 

(ammeter reading) 

A laboratory setup for plotting the curve for —10 grid volts is shown in 
Fig. 15. Asa start toward plotting the curve, read the voltmeter and am¬ 
meter and plot that point. Then change the value of R and plot the new 
readings of the ammeter and voltmeter. Continue until you have enough 
points plotted to draw the curve for -10 V grid bias. By changing the 
grid bias voltage, curves can be drawn similarly for other values of grid 
bias until a complete family of curves, as in Fig. 14, is obtained. 

WHAT HAVE YOU LEARNED? 

1. Refer to Fig. 14. Using a bias of -5 V, the value of Ib when Eb is 200 V 
is (a)-milliamperes. If Eb is changed to 140 V, the value of Ib is 
(b)-milliamperes. 

2. Refer to Fig. 14. Assume you knew the tube was passing 15 mA and 
the grid bias was - 15 V. The value of Eb would be _ V. 

3. Refer to Fig. 14. If the grid voltage Ec is - 25 V and lb is 5 mA, Eb is 
_ V. 

4. Refer to Fig. 14. If Eb is 300 V and lb is 23 mA, the value of Ec is 
_ V. 

5. Refer to Fig. 14. When Eb is 225 V and Ib is 17.5 mA, the value of 
Ec is _ V. 

6. Refer to Fig. 14. Complete the following table. 
Eb. V lb, mA EC,V 

400 
125 
275 
(d)-
(e)-
175 
225 
325 

(°)-
(b)-
(0-
30 
17 
17.5 
18 
20 

-20 
-5 
-12 
-7.5 

-17.5 
(0-

(9)-

(h)-
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Fig. 1 6 

Refer to Fig. 16. This graph shows the family of collector current curves 
for a transistor. It is not necessary for you to understand transistor action 
at this time. You will study transistors in great detail later in your les¬ 
sons. What is important now is that you learn to read graphs correctly. 

7. If the value of is 0.6 V and the value of lc is 1 mA. the value of Ih 
is _ milliamperes. 

8. When V„ is 0.5 V and Ic is 10 mA, the value of ¡h is - milliam¬ 
peres. 

9. When Ib is 3.0 mA and Ic is 30 mA, the value of is - volts. 

10. If I, is 0.35 mA and is 0.15 V, the value of Ic is - milliam¬ 
peres. 

11. If /„ is 7.5 mA and V„ is 0.35 V, the value of lc is - milliam¬ 
peres. 

ANSWERS 

1. (a) 24 . . . See Fig. 17. Placea pencil on the x axis at the 200-V line and then 
follow the line upward until the pencil reaches the -5-V curve. Draw a line 
straight to the left to they axis, and note that the line intersects the y axis between 
20 and 25 mA. By interpolation, read 24 mA. (b) 10. 
2. 355 . . . Here we reverse the procedure used in Problem 1. Place a pencil on 
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Fig. 17 

the y axis at 15 mA. Follow the line to the right till you intersect the — 15-V grid 
voltage curve, and then draw a line straight down till it intersects the x axis and 
read 355 V. 
3. 450 4. -10 . . . Here we must draw two lines, one from each axis. Place 
your pencil on the x axis at 300 V and draw a line parallel to the y axis. Then 
place your pencil on the y axis at 23 mA and draw a line parallel to the x axis. The 
point where your two lines intersect is the value of the grid voltage. 
5. -7.5 . . . Refer to Fig. 17. Follow the dashed lines that represent the values 
of plate voltage and current. Notice that they intersect halfway between the grid 
voltage curves of -5 and - 10 V. A curve drawn halfway between the two curves 
would have a value halfway between the values of the two curves, or -7.5 V. 
6. (a) 8 mA; (b) 7 mA; (c) 10 mA; (d) 280 V 

(e) 415 V; (f) _5V ; (g) -7.5 V; (h) -12 V 
7. 0.018 8. 0.086 9. 0.15 
10. 10 ... Refer to Fig. 18. 11. 100 

LINEAR CIRCUITS ... A straight-line curve on a graph, such as the 
curve in Fig. 4, is called a linear curve. Ideally, the curve showing the re¬ 
sponse of an amplifier would be a linear curve. Any departure from 
linearity may indicate distortion. 

Consider the amplifier of Fig. 19. The record turntable furnishes a small 
signal to the amplifier. It is the job of the amplifier to build this signal 
up until it is strong enough to operate the speaker. The amplitude of the 
signal output from the turntable will vary in accordance with the ampli¬ 
tude of the sounds that the signal currents represent. If distortion is to be 
avoided, the amplifier must amplify both the weak and strong output 
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amplified signal 
to speaker 

Fig. 19 Transistor amplifier circuit showing current waveforms. 
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signals from the turntable an equal amount—that is, the amplification 
must be the same for both weak and strong signals. 

Linear curve A in Fig. 20 is an ideal response curve for the amplifier. 
When the turntable signal current increases from 0.2 to 0.3 mA, the 
speaker current, by curve A, increases from 10 to 15 mA. Since a 0.1-mA 
change in turntable current produces a 5-mA change in speaker current, 
the current amplification is 5/0.1 = 50. If the turntable current changes 
from 1.0 to 1.1 mA, then by curve A the speaker current changes from 
50 to 55 mA. Thus a 0.1-mA change in the turntable current again pro-
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duces a 5-mA change in speaker current, so that the amplification is still 
5/0.1 = 50. Anywhere on curve A, then, a 0.1-mA change in turntable 
signal produces the same 5-mA change in speaker current. This equal re¬ 
sponse for all signal amplitudes is necessary if distortion is to be avoided. 

Only a linear curve will give the equal response necessary for distortion¬ 
less amplification. Suppose, for example, that curve B in Fig. 20 repre¬ 
sents the actual response of the amplifier. Now when the turntable signal 
increases from, say, 0.2 to 0.4 mA, the speaker signal increases from ap¬ 
proximately 1 mA to 4 mA. Thus a change of 0.2 mA in the turntable 
signal produces only a 3-m A change in speaker current. The amplification 
is 3/0.2 = 15. But when the turntable current changes from 1.0 to 1.2 
mA, the speaker current changes 15 mA (from 35 to 50 mA). Now the 
gain is 15/0.2 = 75. 

So we see that changes in turntable current on different parts of curve B 
do not produce equal changes in speaker current, nor is the amplification 
the same on different parts of curve B. Only a straight-line curve, like 
curve A, can provide the uniform response required for distortionless 
amplification. 

Unfortunately, tubes and transistors, which are our practical amplifying 
devices, do not have perfect linear response curves like the ideal curve A 



of Fig. 20. Notice, however, that the portion of curve B between points 
D and C is fairly linear. Therefore, as long as we keep the turntable out¬ 
put between 0.7 and 1.3 mA, distortion will be negligible. The tube curves 
in Fig. 14 are approximately linear except near their bottoms. Hence, un¬ 
distorted operation of the 12BH7 tube, the type in Fig. 14, requires that 
the plate current never drop below approximately 5 mA. 

WHAT HAVE YOU LEARNED? 

1. A straight line is a _ curve. 

2. If an amplifier has a linear curve, the weak input signals (will) (will 
not) be amplified equally as well as the strong input signals. 

3. Refer to Fig. 20. Curve A is a linear curve because it is a (a)_ 
- line, but curve B (b> (is) (is not) a straight line; therefore it is a « 
_ curve. 

4. Refer to Fig. 20, curve B. For an increase of 0.1 mA, the current am¬ 
plification at a turntable current of 0.5 mA is (less than) (about equal to) 
(greater than) the current amplification at 1.2 mA. 

5. Refer to Fig. 20, curve B. For an increase of 0.1 mA, the current am¬ 
plification at a turntable current of 0.7 mA is (less than) (about equal to) 
(greater than) the current amplification at 1.1 mA. 

6. Comparing the answers of Problems 4 and 5, we can say that the cur¬ 
rent amplification of Problem 4 (O) (is) (is not) linear, whereas the current 
amplification of Problem 5 is virtually (b)_ 

7. Refer to Fig. 14. If you were operating a 12BH7 tube and the plate 
current decreased to 3 mA, the output would be _ Why? 

ANSWERS 

1. Linear 2. Will 
3. (a) Straight; (b) is not; (c) nonlinear 
4. Less than . . . The current amplification for a change of 0.1 mA at 0.5 mA 
would be 10.5 mA - 7.0 mA divided by 0.1 mA, or 3.5/0.1 = 35. At an input 
signal level of 1.2 mA the output would increase 56 mA - 50 mA = 6 mA. The 
current amplification would be 6 mA/0.1 mA = 60, and thus the amplification 
at 1.2 mA would be almost double the amplification at 0.5 mA. 
5. About equal to . . . The amplification at 0.7 mA is 7 mA/0.1 mA = 70, and 
the amplification at 1.1 mA is 7.5 mA/0.1 mA = 75. 

23 



24 6. (a) Is not (b) Linear . . . The current amplifications at the two points of 
Problem 4 are far apart, indicating a great deal of distortion. The current ampli¬ 
fications of Problem 5 are very close together, indicating a small amount of dis¬ 
tortion; therefore, the current amplifications of Problem 5 are nearly linear. 
7. Distorted . . . The output would be distorted because no matter what the grid 
voltage, operation of the tube would be in the nonlinear portion of the curve. 

PHASORS AND VECTORS 

The simplest and easiest way to understand and work many a-c circuit 
problems is to draw a phasor or vector diagram to scale. For this purpose 
you will need a ruler for drawing straight lines and measuring distances 
and a protractor for measuring angles. If you do not have a ruler and 
protractor, they can be obtained for a few cents in any drug or ten-cent 
store where school supplies are sold. Alternatively, the ones supplied with 
this lesson can be used. 

Select a ruler that has a centimeter scale. The centimeters will be divided 
into tenths, and a centimeter scale is therefore far more convenient to use 
for our purposes than the inch scale, which is divided into eighths and 
sixteenths. Keep your scale and protractor, because you will need them 
in later lessons. Graph paper, also available wherever school supplies are 
sold, will be helpful for many problems. 

Draw your phasor diagrams large so that your measurements will be 
more accurate. The phasor diagrams in this lesson are small because of 
practical printing requirements. Your drawings should be several times 
as large. 

VECTORS ... To express some quantities completely, it is necessary to 
state their direction as well as their magnitude. This is done by means of a 
straight line called a vector, drawn in the proper direction and having a 
length proportional to the magnitude of the quantity. An arrowhead is 
placed at one end of the line to indicate the direction of the quantity. 

Figure 21(a) shows two men pulling in the same direction on a box, one 
with a pull of 50 lb and the other with a pull of 30 lb. Figure 21(b) shows 
an electrical analogy: two voltages in series acting in the same direction, 
one of 50 V and the other of 30 V. The vectors of Fig. 21(c) represent 
equally well either the forces of Fig. 21(a) or the voltages of Fig. 21(b). 
The length of each of the two vectors is proportional to the force or volt¬ 
age, each block representing 10 lb or 10 V, depending upon which figure 
the vectors represent. The two vectors are drawn in the same direction 



Fig. 21 Vectorial representation of two forces acting in the same direction. 

because the two forces in Fig. 21(a), or the two voltages of Fig. 21(b), are 
both acting in the same direction. 

In Fig. 21(d), vector A of (c) is drawn onto the end of vector B. By meas¬ 
uring the total vector length, from O to A, the total force, called the re¬ 
sultant, is found. This distance is 8 squares, so that the total pull on the 
box of Fig. 21 (a) is 80 lb, or the circuit voltage of (b) is 80 V. 

In Fig. 22(a) the same two men are pulling on the box with the same in¬ 
dividual forces, but in opposite directions. Similarly, Fig. 22(b) shows 
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Fig. 22 Vectorial representation of two forces acting in opposite directions. 
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Fig. 23 General method of vectorial representation. 

the same batteries, but now they are connected to buck each other. Figure 
22(c) shows the conditions of (a) and (b) illustrated by vectors. The 
length of each vector is, as before, proportional to the force it represents. 
But in this case, the vectors are drawn in opposite directions from the 
starting point O to indicate the opposite directions in which the forces are 
acting. 

In Fig. 22(d), vector A is drawn from the end of vector B to find the net 
force. Each vector is considered as drawn in the direction indicated by the 
arrow. Vector B is drawn by starting at point O and drawing to point B. 
Vector A is drawn by beginning where vector B ended (at point B) and 
drawing the proper distance in the direction that the force represented by 
vector J is acting. The net distance OA, which is two blocks,-shows that 
the net pull on the box of Fig. 22(a) is 20 lb and that the circuit voltage of 
(b) is 20 V. 

In Fig. 23(d), the two men are pulling on the box with the same forces as 
before, but this time they are pulling at an angle of 45° from each other. 
This is represented vectorally by Fig. 23(c), where vector A is drawn at an 
angle of 45° to vector B. To find the resultant force of these two vectors, 
vector A is drawn on the end of B as in (a). The resultant OA is the dotted 
line drawn from the beginning of vector B to the end of vector A. The 
resultant vector is 7.4 blocks (net force of 74 lb). 

The direction the box will move is indicated by the direction of the 
resultant vector OA in Fig. 23(a) and can be found by measuring angle 
0 with a protractor. It is found to be 16.6°. Thus the box of Fig. 23(d) 
will move to the right at an angle of 16.6° from the direction B is pulling. 
This is indicated by the dashed line in Fig. 23(d). The force moving the 
box in this direction will be 74 lb. 



You must draw the vectors of Fig. 23(a) much larger than in the figure so 
you can measure the resultant OA with reasonable accuracy. Graph 
paper or squared paper as used in Fig. 23 is helpful in drawing vector dia¬ 
grams, but it is not necessary. A convenient scale to use would be 5 lb = 
1 cm; then you would divide the force by 5 to find the length of each 
vector. Thus OB, which represents 50 lb, should be drawn 10 cm long and 
vector OA should be 6 cm long. If you are careful to be accurate, you will 
find the length of the resultant OA to be 14.8 cm. Since 1 cm represents 
5 lb, the resultant force is 5 x 14.8 = 74 lb. 

Another way to find the resultant of the vectors of Fig. 23(a) is to use the 
parallelogram method of Fig. 23(b). Here line AC is drawn parallel to 
OB and BC is drawn parallel to OA. OC is then the resultant vector. 
While this appears at first glance to be a substantially different method 
than that of (a), actually the two are essentially the same. BC of (b) is the 
same length as OA and makes the same angle with the horizontal line OB 
as OA does. Hence, if we draw vector A onto the end of vector B, it 
will take the position now taken by line BC. Triangle OBC of (b) is there¬ 
fore identical with triangle OBA of (a). The parallelogram method of (b) 
is merely a convenient method of transferring vector A to the end of vec¬ 
tor B. 

WHAT HAVE YOU LEARNED? 

1. The ruler you use to measure your vectors should have a <o)_ 
_ scale. The centimeter scale is divided into (to_ 
and is more convenient for our work. Each tenth of a centimeter is called 
a (c)_ Hint: How many of these finer divisions are 
there in a meter? 

2. You should draw your vector diagrams larger than those in the lesson 
because the larger the diagram the more_ the measure¬ 
ment. 

3. By using plain or graph paper, find the resultant of two forces each of 
50 lb and moving at 90° to each other. The resultant is (a)_pounds 
and the 90° angle is now composed of two angles measuring <b>_ 
and (c)_ We can draw a conclusion from the above work. If two 
forces of equal magnitude move at a right (90°) angle to each other, the 
resultant force will move along a line separated from each original force 
vector by 45°. 

ANSWERS 

1. (a) Centimeter (b) Tenths (c) Millimeter . . . The term “milli” means 
1 /1000; therefore there are 1000 finer divisions in one meter. 
2. Accurate 3. (a) 70.7 lb . . . See Fig. 24. (b) 45° (c) 45° 

27 



28 

Fig. 24 

7 ANGLES . . . The figure formed by two lines meeting at a point, as in 
Fig. 25(a), is called an angle. The meeting point is called the vertex and 
is commonly indicated by O. For our purpose it is convenient to think of 

size of angle 6 is 
the amount of 
rotation required to 
move rod from 
0-X to O-A 
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an angle as being formed by the rotation of a line about one of its ends. 
Thus in Fig. 25(a) we think of the angle 0 (Greek theta) as formed by 
rotating line OX about its end O until it reaches position OA. The size of 
the angle is determined by the amount of rotation required to get from the 
starting to the finishing side of the angle. The man in Fig. 25(b) forms the 
angle XOA by moving the rod from position OX over to position OA, and 
the amount he must turn the rod to do this determines the size of the 
angle. 

If the man continues rotating the rod, the moving end eventually describes 
a complete circle as shown in Fig. 25(c). The sizes of angles are measured 
in degrees, and for this purpose a circle is considered as having 360°. 
Hence the angle of Fig. 25(c) is a 360° angle. The rotation of OA in Fig. 
26(a) is half as far as required for a complete circle. Hence, the angle 
formed is 180°. The angle of Fig. 26(b), where the sides meet “square” 
to each other, is a 90° angle. This is called a right angle. 

When we think of an angle as formed by rotating a line, the directional 
rotation is normally counterclockwise. Thus if we consider the angle in ‘ ' 
Fig. 26(c) as formed by rotating OX until it reaches position OA, the 
angle shown in (c) is 270°. An angle formed by rotating clockwise is a 
negative angle. Thus in Fig. 26(d) OX is rotated clockwise to position OA 
to form a -90° angle. ' 



Fig. 27 An angle greater than 360° and corresponding smaller angle. 

It is possible to have angles larger than 360°. In Fig. 27(a) the line OX is 
considered as having rotated in a complete circle and then another 45° 
for an angle of 360° + 45° = 405°. However, we can’t tell the 405° angle 
of (a) from the 45° angle of (b) just by looking at the two angle sides OA 
and OX. Unless we specifically know how an angle was formed, we often 
can’t tell it from an angle of some other value. In Fig. 25(c) we would 
think of the angle between OX and OA as zero degrees unless we hap¬ 
pened to know that the angle was formed by rotating OX in a circle. Sim¬ 
ilarly, there is no way to tell whether the angles in Fig. 26(c) and (d) 
are -90° or +270° unless we know how the angles were formed. Also, if 
we look at the angles in (c) and (d) as formed by moving line OA counter¬ 
clockwise to position OX, then each of the angles is +90°. 

If we just see an angle and have no idea how it was formed—and that is 
often the way it is—we consider the angle to have the smallest value it 
could have and we consider it to be positive. All the angles in Fig. 26(b), 
(c), and (d) would be considered 90° angles if all we knew about them 
was the positions of the pairs of lines that form their sides. 

WHAT HAVE YOU LEARNED? 

1. The meeting point of the two sides of an angle is called the <□>_ 
_ , and it is usually designated as (b)_ 

2. If you rotate a line about one of its ends, you will create an (a)_ 
_ , and the stationary end of the line will be the (b)_ 

3. A full circle contains (a)_ degrees, a quarter circle contains (b) 
_ degrees, three full circles contain (c)_degrees, and half a 
circle contains (d)_degrees. 
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4. If you wished to divide a circle into ten equal segments, you would con¬ 
sider the center of the circle as the (o)_and, using a protractor, 
mark off ten angles of (bj_each. 

5. If you had a pie that you wished to cut into eight equal pieces, you 
could consider the center of the pie as the (o)_and then try to 
cut out wedges of pie that had angles of (b)_ 

ANSWERS 

1. (a) Vertex; (b) O 2. (a) Angle; (b) vertex 
3. (a) 360; (b) 90; (c) 1080; (d) 180 
4. (a) Vertex; (b) 36° 5. (a) Vertex; (b) 45° 

PHASORS AND SINE WAVES ... A vector that can be considered as 
continuously revolving at a constant rate and that is used to represent 
a-c voltages and currents is called a phasor. Such a revolving vector can 
be used to generate a sine wave, and therefore it can be used to study 
circuits using sine-wave a-c. 

Figure 28 shows the connection between a sine wave and a phasor. Like 
a circle, one complete cycle of a sine wave can be divided into 360°, as 
shown on the base line of the sine wave in the figure. The length of the 
phasor OA at the left is used as the peak value of the a-c voltage (or cur¬ 
rent) represented by the sine wave; it is 10 V in Fig. 28. 

The phasor OA is assumed to start from position OX and revolve coun¬ 
terclockwise at a constant rate; it will make one complete revolution 



32 during the time of one cycle of the sine wave. When the phasor has re¬ 
volved from, say, position OX to position OA, it will have formed an 
angle of 30°. The height of the arrowhead end of OA above the base line 
OX at 30° will then be taken as the height of the sine wave above the base 
line at 30°. That is, the horizontal dashed line AD is drawn to meet the 
vertical dashed line from 30° on the base line to determine point D of the 
sine curve. 

A bit later the phasor will have revolved to position OB, generating an 
angle of 120°. Again a horizontal dashed line, BE, is drawn to meet a 
vertical dashed line from a point on the base line, 120° to determine 
point E of the sine curve. Similarly, when the phasor reaches position OC, 
which is an angle of 210° from the starting position, a horizontal line is 
drawn to determine point F. Thus we can draw the sine-wave curve from 
the points formed by the intersections of horizontal lines from the phasor 
tip positions and vertical lines from the corresponding angle positions 
on the base line. 

The phasor keeps revolving after completing one revolution, and so it gen¬ 
erates additional sine-wave cycles that follow the cycle shown in the fig¬ 
ure. Thus a revolving phasor can represent the varying amplitude of an 
a-c voltage or current during each cycle. 

WHAT HAVE YOU LEARNED? 

1. We can use phasors to study a-c sine waves because the phasors are 
considered as_ continuously at a constant rate. 

2. Refer to Fig. 28. The sine wave has its maximum positive value at 
(o)_degrees and its maximum negative value at (b)_ de¬ 
grees. The value of the sine wave is zero at (c)_degrees, (d)_ 
degrees, and (e)_degrees. 

3. Because the phasor is (a)_rotating, the sine wave 
will have its maximum positive value at 90° and will repeat this value 
every <b>_degrees of rotation. However, starting at 0°, the value 
of the sine wave will be zero every <c)_degrees of rotation. 

ANSWERS 

1. Rotating 2. (a) 90; (b) 270; (c) 0; (d) 180; (e) 360 
3. (a) continuously; (b) 360; (c) 180 



SHOWING PHASE RELATIONSHIPS BY USING PHASORS... 
Figures 21 and 22 show how aiding or opposing d-c voltages can be 
represented by vectors and the total voltage can be found by vector addi¬ 
tion. The vectors in Figs. 21 and 22 can equally well be considered as 
phasors that is, revolving vectors—representing in-phase and out-of¬ 
phase a-c sinusoidal voltages. If OA and OB in Fig. 21(c) are considered 
as phasors, they represent two sine waves, one of 30 V and one of 50 V, 
that are in phase. If they are connected in series, the two a-c voltages 
add, like the two battery voltages of (b), to form an 80-V a-c sinusoidal 
wave, represented by phasor OA in Fig. 21. The corresponding situation 
for the two sine waves 180° out of phase with each other is shown by the 
phasors of Fig. 22. 

In between the extremes of exactly in phase and completely—that is, 180° 
—out of phase, two a-c voltages or currents may be out of phase by some 
amount less than 180° but greater than 0°. For example, two a-c voltages 
might be 45° out of phase. This condition would be represented by draw¬ 
ing two phasors at an angle of 45°, as in Fig. 23(a). If the two sine volt¬ 
ages are 50 and 30 V and if they are in series, the circuit voltage is then 
represented by the resultant of Fig. 23(b) and is equal to 74 V. The 
phase angle between the total voltage and the individual voltage of the 
50-V source is 16.6°. 

This topic on the use of phasors is intended only as a brief introduction, 
so don’t worry if you don’t understand all the details. Later lessons will 
clarify the use of phasors. 
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WHAT HAVE YOU LEARNED? 

1. Use plain or graph paper, a ruler, and a protractor to work the follow¬ 
ing problems. Assume you have two series a-c sinusoidal voltages of 13 
and 84 V out of phase by 85°. Find (a) the resultant voltage, (b) the phase 
angle between the resultant voltage and the 13 V, and (c) the phase angle 
between the resultant voltage and the 84 V. 

ANSWERS 
1. (a) 86 V ... See Fig. 29. First draw a line 13 units long, then use your protrac¬ 
tor to draw a line at 85° to the 13-unit line. Mark off 84 units on the second line. 
Now you have two series a-c voltages 85° apart represented by phasors. By the 
parallelogram method, draw the dashed lines parallel to the two original lines. 
Next, draw the resultant from O to the intersection of the two dashed lines. The 
resultant line is 86 units long. 
(b) 76.3° ... By measurement with the protractor, the angle between the resultant 
line and the 13-V line is 76.3°. 
(c) 8.7°...85.O° - 76.3° = 8.7°. You can use your protractor to verify the angle 
is 8.7°. Remember, because of the difficulty in drawing and reading phasor dia¬ 
grams, your answer may not be exactly the same as our answer. 



34 84 V 

Fig. 29 

MAKING FORMULAS MORE VERSATILE 

Formulas in electronics are very often not given in a form that will allow 
us to find what we want directly. For example, there is no problem in 
using the formula P = I2R if we know the values of / and R and want to 
find P. But suppose we know the values of P and R and want to find the 
value of /, what do we do then? 

-1 Q USING PROPORTION WITH FORMULAS ... If a formula does not 
have any + or - signs in it, proportion can be used to find values that the 
formula does not give directly. You will remember from your lesson on 
proportion that such a formula can be considered as a proportion. Thus 
the formula I = E/R can be written as the proportion //I = E/R, and 
when it is thus written, E and R can be found as easily as I can be. 

Example .. . The voltage E across a capacitor is found by the formula 

E = 
C 

where Q is the quantity of electricity stored in coulombs and C is the capacitance 
in farads. What is the capacitance if 100 V across a capacitor will store 0.02 
coulomb of electricity in the capacitor? 

Solution .. . Substituting the given values in the formula, we have 

002 
100 - c 

This can be written as a proportion as follows: 

100 0.02 
1 " C 



Now find the value of C as you would work any other proportion. 

0.02 X 1 
100 

— - 0.0002 F, ans. 
100 

WHAT HAVE YOU LEARNED? 

1. Use the formula in the example of the preceding topic to find the value 
of Q if E = 500 V and C = 0.004 F. 

2. The time constant of an inductance and resistance in series is given by 

the formula t = — , where t is the time in seconds, L is inductance in 
R 

henrys, and R is the resistance in ohms. What value of R should you use 
with an inductance of 5 H in order to obtain a time constant of 0.4 sec? 

3. By the formula of Problem 2, if R is 100 Í2, what value should L be for 
a time constant of 0.2 sec? 

4. The cutoff point of a tube Ec in volts is given by the formula Ec = 
E 
— , where Ep is the plate voltage and u is the amplification factor. If g 

is 100, what plate voltage is needed so that the cutoff point will be 5 V? 

ANSWERS 

1. 2 coulombs . .. E = ; 500 = . Writing this as a proportion, 

500 Q 500 X 0.004 „ , u
- = —-— Q = - = 2 coulombs 
1 0.004 1 

2. 12.5O...Í = — ;0.4 - —. Writing this as a proportion, 
R R 

1 R 0.4 

3. 20 H 4. 500 V 

11 USING PROPORTION WITH SEVERAL VARIABLES ... When a 
formula has been written as a proportion, the method of finding the un¬ 
known always makes use of the principle that the cross products must be 

CO 
equal. Given the formula B = -, where C = 90, Q = 40, N = 3, 

2NRP 
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36 R = 4, and P = 5, you can easily substitute these values to find that 
B = 30. Now writing the formula as a proportion, we see in Fig. 30 that 
the cross products are equal. 

IxCxQ 

Bx2xNxRxP 

1x90x40 = 3600 

cross products 
equal \ 

30x2x3x4x5=3600 

Fig. 30 In any proportion the cross products are equal. 

Suppose that the values of B, C, Q, N, and P in the formula B = -
2NRP 

are as in the preceding paragraph but we don’t know the value of R. By 
writing the formula as a proportion, we can find R or any other unknown 
value by dividing the cross product in which all the values are known by 
the product of the known values in the other cross product. See Fig. 
31(a), which shows how we find that R = 4. Notice in particular that the 
cross product in which all the values are known always goes in the numer¬ 
ator (the top number of the fraction) and the cross product associated 
with the unknown value always goes in the denominator (the bottom 
number of the fraction). 

CO 
Figure 31(b) shows how to rearrange the formula B = *nto f°rm

CQ 
R = -. In the new form, we can substitute our known values and 

2BNP 
thus find R directly, as follows: 

90 X 40 
2 X 30 X 3 X 5 

Notice in particular in Fig. 31(b) that the cross product from which the 
unknown R is taken forms the denominator and the cross product which 
does not have R forms the numerator. 
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(a) 

(b) 

Fig. 31 Solving an equation by using proportion. 

Example 1 ... Given the equation A = - , find the value of K if H = 8, M = 
MC 

12, A = 4, and C = 6. 

Solution .. . Inserting the given values 

KH , 8 X K 
.1 = - 4 = -

MC 12 X 6 

Writing as a proportion 

4 8 X K 
1 12 X 6 

To find K in this proportion (or any similar one) find the cross product in which 
all the terms are known and divide by the product of the known terms in the other 
cross product. 

4xl2x6=lx8xK 

6 

1 X £ 



38 Example 2 ... At what frequency will an inductance of 5 H have a reactance of 
1000 Q? The formula to use is X L = lirfL, where 2rr = 6.28, X ¡ is the reactance 
in ohms, /is the frequency in hertz, and L is the inductance in henrys. 

Solution .. . Substituting in the formula XL = 2tt/L and then writing as a 
proportion, 

1000 - 6.28 x / x 5 
1000 6.28 X / X 5 
1 1 

Solving, 1000 X 1 - 1 X 6.28 X / X 5 

200 

/- 1000 X 1 200 
1 X 6.28 X “ 6.28 

31.8 Hz, ans. 

WHAT HAVE YOU LEARNED? 

0 4 w 
1. Given the formula Q = —- , find A if w = 12, m = 9, p = 15, H = 

mpH 
10, and Q = 20. 

2. Using the formula of Problem 1, find H if Q = 200, A = 3, w = 12, 
m = 9, and p = 15. 

3. Given the formula Xc = —!— , find C if Xc = 500 and/ = 2000. 
hrfC 

4. Given the formula W = find C if B7 = 4 and E = 30. 
2 

5. Rearrange the formula XL = lirfL to the form needed for finding the 
value of L when XL and/are known. 

6. Rearrange the formula Xc = - to the form needed for finding the 
2rr/ C 

value of/when Xc and C are known. 

7. Use the new formula you derived in Problem 6 to find the frequency of 
the voltage across a 0.1-gF capacitor if its reactance is 10,000 ß. 

8. Rearrange the formula g„ = — and find rp when gm = 1 x 10 3 and 
rp 

g = 70. 



9. Given the formula XL = lirf L, solve for f when XL = 1000 and 
L = 0.005. 

ANSWERS 

1. 5625 ... Q = 
0.4 Aw 
mpH 

0.4 X A X 12 
9 X 15 X 10 

20 0.4 X J X 12 
T “ 9 X 15 X 10 

20 X 9 X 15 X 10 = 1 X 0.4 x A x 12 

9 X 15 X 10 X 20 
0.4 x 12 

5625 

2. 0.000533 
200 _ 0,4 x 3 x 12 
I 9 x 15 x H 

H = 
1 x 0,4 x 3 x 12 
200 x 9 x 15 

= O.OOO533 

3. 0.000000159.. 
500 1 
1 " 6.28 x 2000 x C 

4. 0.00889 ... — 
1 

1 x 1 
500 x 6.28 x 2000 

- 0.000000159 

c - AA - A _ 0.00889 
2 1 x (3O)2 900 

L X 
5. — - -— .. . The cross product X L is known and is used as the numerator, and 

1 2?r/ 
the denominator is the cross product associated with the unknown. 

6. Multiplying to get the cross products, we have 1 = 2irfCXc . 
1 2tCXc 

The 1 is known and becomes the numerator, and the cross product associated with 
the unknown becomes the denominator. 

7. 159 Hz...-—--
2rr x 0.1 x 10“6 x 10,000 

_ 1_ 1 x 103
~ 6.28 x IO’3 ” 6.28 

= 0.159 x 103 Hz = 159 Hz 

8. 70.000...^-^- g„r,-p rp • — 
I rp gm 

r„ - -——- = 70 x 103 = 70,000 St 
P 1 x IO'3

9. 31.85 kHz ... XL = 2tt/L and we want only/on the left of the equals sign. 

_ XL_ 1000_ 1000_ 1000 x 103
” 2*L 2 x 3.14 x 0.005 ” 6.28 x 5 x 10'3 ’ 31.4 
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40 12 FORMULAS INVOLVING SQUARES AND ROOTS ... Suppose we 
, . . M c , 

are given the formula Q = — and we want to rearrange it to find the 

value of H when Q and M are known. We first rearrange to find the value 
of H1: 

Q M ^2 \ X M M — f J — _ 
1 //2 Q Q 

Now, since H is the square root of H2, we take the square root of M/Q, 
and we have the value of H. That is, H = x'MIQ. 

Example 1 .. . If M = 45 and Q = 5 in 

of H. 

the formula Q = , find the value 
H1

Solution .. . H = 3, ans. 

Alternate Solution... 

5 45 
1 " H2

45 x 1 
5 

H = V9 = 3 

Sometimes you will need to rearrange a formula to find the value of a 
symbol that is under a square-root sign. For example, you might want to 

find the value D in the expression A = The fi rst step ¡s jo get j-jj 
M 

of the square root by squaring on both sides of the equals sign. The 
square of a square root is the number itself. For example, the square of 
\ 16 is 16. We can see that by noting that x/T6 = 4, and 42 = 16. 
Similarly, the square of \ Z) is D. 

Example 2 ... Rearrange A = to find the value of D. 

Solution ... Square everything on both sides of the equal sign, remembering 
that the square of x/D is D. 

A2-^ 
M2

Now make a proportion, and find D in the regular way. 

A2 B2D A 2 x M2 A2M2
I ~ M 2 1 X B2 B2



WHAT HAVE YOU LEARNED? 41 

1. Given the formula J bVd 
M 

, find D when A = 4, B = 2, and M = 5. 

2. Given the formula for resonant frequency, f0 = --,find C when 
27r-\/ LC 

fo = 10 kHz and L = 1.5 x 10"3. 

Given the formula IF = , find C when W = 4 and E = 30. 

4. Given the formula Q = t find A when w = 12, m = 9 n = 15 
mpH2

H = 10, and Q = 20. 

5. Given the formula for resonant frequency, f0 = --- find L 
2irV LC 

when /o = 1.5 kHz and C = 0.1 x 10~6

6. Given the formula W = find/when W = 2 and L = 9 x 10~\ 

7. Given the formula Xc

5 MHz. 

1 
2tt/C 

, find C when Xc = 800 and f = 

8. Given the formula /0 = -- . find C when f0 = 4 kHz and L = 
2tta/ZC 

0.00005. 

ANSWERS 

1. 100... y = ■ Substitute numerical values, 4 = ; cross multiply, 

20 = 2 divide both sides by 2, 10 = vT?, square both sides, 100 - D. We 
1 i .. r „ , r ... , A B xH) can also solve the equation for D before substituting values: — = - ; cross 

1 M 
multiply, AM = Bx^D,' square both sides, A2M 2 = B2D\ divide both sides by 

4 
a'M 1 JÄ x 25 

B', -;— = O; then substitute numerical values, - = D = 100 
fl2



42 2. 0.169 X 10 6 .. . First solve the formula for C, — - --— ; cross multi-
1 lirvTC 

ply./o * 2rrvTC = 1; square both sides,/02 x 4tt2¿C; divide both sides by 

L, C = — — ; substitute numerical values. 

4 x 9.87 x (10 x IO3)2 x 1.5 x 10'3 59.2 x 102 x 106 x 10’3

- -!- = 1 x 10— = 10 x 10— - 0.169 x 10”6
59.2 x 10s 59.2 59.2 

F2C , ? tv ? y 4 
3. 0.00889 ... JF = — 2W*E2C - C = C 

2 E2 900 

C = 0.00888888 rounded off, C = 0.00889 

4. 56250. . . First solve the formula for A, A = 
0.4 ta 

5. 0.113 . .. Solve the formula for L, L = 
1_ 

4^7o2C 
Substitute numerical values, 

4 x 9.87 x (1.5 x 103)2 x 0.1 x IO'6

- 1-z-7 = 0.1126 
4 x 9.87 x 2.25 x 106 x 0.1 x IO'6

6. 66.7 ... Rearranging for I, 

, z /. 2 X 2 I = / 4 _ 2 
V 9 x IO’4 3 x IO’2

7. 39.8 x lO" 12 ...^- —1— Xc^fC - 1 
1 2irJC 

2*fXc 2 x 3.14 x 5 x 106 x 800 6.28 x 5 x 8 x 10’ 

1 1 x IO'9 1000 x IO' 12

6.28 x 4 x 109 25.12 25.12 

8. 31.7 x 10“6...^- - !- /o x2zrVZC=l 
1 2zrvTC 

fo^LC - 1 C = 1
/o 4tt L 

(4 x IO3)2 x 4 x 9.87 x 5 x IO -5 16 x 106 x 4 x 9.87 x 5 x 10’5



43 
“ 16 x 9.87 X 20 X 106 X 10-T 32 x 9.87 x 10 

1 x IO 2 10,000 x 10 6 = Ji 7 x io*6
“ 315.8 315.8 

is inversely proportional to the square of the 
diameter has a resistance of 70 Q, what 

a diameter of 0.25 in.? 

Example ... The resistance of a wire is ... 
diameter of the wire. If a wire 0.15 in in 
will be the resistance of the same length of wire with 

1 o PROPORTIONS INVOLVING A 

lo seen ho« problems, «here rearranging rs 
and roots. Quite olten regu ph Quantity is often 

root of some other quantity. 

Solution ... 

Small wire 
Large wire 

Resistance_ Diameter 

70 SI (O.15)2in. 
xSÎ (0.25)2 in. 

x _ (015)2 = 0 0225 x _ 25.2 SI, ans. 
7Õ - (0.25)2 0.0625 
In the table the diameter values are shown squared because the 

<he T””8 up 

the proportion, rhe resistance ratio in the table. - . is inverted to g«= be^ 

rhe problem sags that an inverse propmnon is involved. The diameter ratios could 

equally well have been inverted. 

WHAT HAVE YOU LEARNED? 

r a wire is inversely proportional to the square of the 
1. The resistance of ^^^ 'Vo il in in diameter has a resistance of 80 fl 
diameter of the wire. If ipn(,th of wire with a diameter of 
what will be the resistance of the same length of wire wnn 

0.25 in.? 

2 The po«=, 

ÄÄ “p * if ,he ™,,a“ is increa“d '° 
180 V? 



44 3. 400 W of power is dissipated in a certain resistor. How much power 
will be dissipated in this resistor if the voltage is tripled? 

4. 400 W of power is dissipated in a certain resistor. How much power 
will be dissipated in this resistor if the voltage is reduced to one-third of 
its original value? 

ANSWERS 

1. 56.4 0 - __0 ... 1002 240 10,000 240 L. / / O W . . .-r = - - — “ 
1802 X 32,400 X 

3. 3600 W ... Since no actual voltage is stated, assume the voltage is 1. The tripled 
voltage will then be 3. Hence, 

I2 400 
32 X 

1 400 
9 X 

X = 3600 W 

4. 44.4 W .. .The ratio of the original voltage to the new voltage will be 3 to 1. 
The ratio of the original power to the new power will be 400 to x. Since it is a 
direct proportion, set these two ratios equal, but not until you square the voltage 
ratio. 

32 400 9 400 
l2 x lx 

REARRANGING FORMULAS WITH + AND - SIGNS...The 
-L J- methods of solving formulas so far discussed won’t work for formulas 

that have plus or minus signs in them, such as R = + R2 + Ri. Sup¬ 
pose we know the values of R, R}, and R} and want to find the value of 
R2. We can rearrange the formula into the form R2 = R — R, - R2, 
and thus find R2, by remembering two simple rules: 

1. Any term can be moved from one side of the equals sign to the other 
provided the sign in front of the term is changed when the term is moved. 
(Strictly speaking, the same term but with the opposite sign is added on 
each side of the equals sign. The net result is as stated in the rule.) 

2. The signs in front of the terms may be changed at will, but if any one 
of the signs is changed, all the signs must be changed. (Again strictly 
speaking, both sides of the equation are multiplied by either +1 or — 1.) 

Now using rule 1, lets move R in the formula R = R t + R2 + R} to the 
right side of the equals sign. Doing that will leave nothing to the left of 
the equals sign, so we write a zero there. Thus we have 0 = R\ + R2 + 
R} - R. Of course it makes no difference in what order we write the 
terms on the right of the equals sign. We could just as well write 0 = 



R¡ - R + R3 + R2. Our next step is to move R2 from the right side of 
the equals sign over to the left side, remembering to change its sign when 
we move it. Now we have -R2 = Rt + R} - R. Finally, we get rid of 
the minus sign in front of R2 by using rule 2 to change the sign of every 
term. This gives us R2 = — Rt — R2 + R, which can be written equally 
well as R2 = R - Rt - R2. 

It is easy to see why we can move terms from one side to the other of an 
equals sign if we change the signs of the terms moved. For example, let’s 
consider the equation 6 + 8 - 5 = 9. If we change the sign of -5 and 
move it to the right, we have 6 + 8 = 9 + 5, which is a true equality. In 
this new equation we might move the 9 to the left, giving us 6 + 8 - 9 = 
5, which is still true. No matter what term you move, the right and left 
sides of the equation will stay equal if you always change the sign of every 
term that you move to the other side. 

WHAT HAVE YOU LEARNED? 

1. Given the formula A+D-C=Q+R, rearrange it to find the 
value of C when A = 2, D = 6, Q = 9, R = 7. 

2. In the formula of Problem 1 we can move 0 and R to the left side of 
the equals sign and maintain the true equality only if we change the 
(a) -of both Q and R. 

3. If, in Problem 1 we moved A and D to the right side of the equals sign, 
what would be the value of — C? How would you change the true equality 
to obtain a value for + C? 

4. If you had a series string of resistors whose total resistance R, was 
1567 Q and you knew the values Rt = 256 ß and R2 = 653 ß but not 
the value of R}, find the value of R3 by using the formula R, = Rt + 
R2 + R3. 

5. Kirchhoff’s current law states that the total current entering a given 
point equals the total current leaving that point. If two currents /, = 20 
mA and /2 = 30 mA enter a given point and two currents I3 and /4 leave 
that point, what is the value of /4 if i3 = 12.5 mA? 

6. Kirchhoff’s voltage law states that the sum of the voltage rises in a 
complete loop equals the sum of the voltage drops. If Et and E2 are rises 
and E3 and £4 are drops, what is the value of E^ if E\ = 30 V, E2 = 15 V, 
and E3 = 17.8 V? 

45 



46 ANSWERS 

1. -8 ... Rearranging the formula for C, we move Q and R to the left of the 
equals sign, remembering to change the signs of Q and R. We move C to the right 
ofthe equals sign, being careful to change its sign. Thus we have A + D - Q -
R = C and 2 + 6 — 9-7-C = -8 
2. Signs 3. 8 . . . Rearranging, you would have -C = Q + R - A - D 
— C = 9 + 7 — 2-6 = 8. To obtain a value for + C without changing the 
trueequality, we would have to change the sign of every term. Hence+C = -8. 
4. 658 A...R, = R\ + R2 + R}- Rearranging, R} = R, - Rt - R2 and 
Ri - 1567 fl - 256 fl - 653 fl = 658 fl. 
5. 37.5 mA . . . Using Kirchhoff's current law, we know that + ¡2 = A + A-
Solving for ¡4, It, = l¡ + 12 — 1} = 20 mA + 30 mA — 12.5 mA. 
6. 27.2 V... Using Kirchhoff’s voltage law, we know Et + E2 = E} + Ej. 
Solving for £4, £4 = £| + E2 - £3 = 30 V + 15 V — 17.8 V = 27.2 V. 

LESSON 2104-1 

USING CURVES AND PHASORS 

EXAMINATION 

Circle the number of the correct answer for each question that follows. When you 
are finished, transfer the answers to the answer sheet by putting X's in the proper 
squares. When the graded answer sheet is returned to you, correct in this book 
any questions you may have missed. By doing so, you will have a record of the 
correct answers to all questions for review purposes. 

1. Given the formula A = find the value of K if A is 1.2, B is 

0.3, and C is 7. 
(1) 0.7 
(2) 4.86 

(3) 70 
(4) 0.486 

O  7.0 
(6) 48.6 

2. Rearrange the formula H 

w 
(3)

(2) N - 0 

N 

N 

to find the value of N. 

(5) N _ 

<6) « -

w 
2HW 
tR 
HW 
2tr£ 

3. An inductance has a reactance of 4500 Q at a frequency of 5 MHz. 
What is the inductance? 
(1) 14.3 gH 0> 143 X 10"6 H (5) 0.143 mH 
(2) 13.8 X 10’mH (4) 138 x 10’mH (6) 14,300 mH 



4. Given the formula V, = 
0 Vc = V, - V, - vb

(3) Vc = V, + Va + Vb

+ Vb - Vc, find the value of Vc. 
(4) Vc = - V, + - r* 

(5) Vc = Va - V, + Vb

(6) Vc- -V,-Vb+ Va

5. Given the formula/0 = 1 
2irVLC' 

find the value of L if/0 = 500 kHz 

and C = 25 nF. 
(1) 2.03 mH 
O 4.06 X 10-’ H 
(3) 0.0406 pH 

(4) 12.7 X IO"’H 
(5) 1.27 X IO'3 H 
(6) 40.6 m H 

(7) 20.3 mH 
(8) 4.06 mH i 

6. Rearrange the formula A = B2CD to find the value of B. 

(1) B -
VCD 

(2) B = 
CD 

W B = — 
CD 

7. Rearrange the formula A = B\/C to find the value of C. 

(1) C = A2B2 (2) C = ßc = (4) C = — 
B2 B 2 B 

41 

8. The formula for the energy IV in joules stored in an inductor is FF = 
LI2
-y-, where L is in henrys and / is in amperes. What value of current 

must flow through a 10-H inductor to store 7220 joules of energy? 
038 A (3) 3.8 A (5) 190 A 
(2) 19 A (4) 12 A (6) 1.2 A 

9. A graph has linear scales if 
01 the curve drawn on the graph is a straight line. 
(2) both scales start at zero. 
(3) the scales have both positive and negative values. 
(4) the scale divisions are equally spaced. 

10. In drawing a curve to points plotted by laboratory measurements you 
should 
(1) be sure that the curve is smooth and passes exactly through every 

plotted point. 
(2) always use semilogarithmic graph paper. 
0 draw a smooth curve that follows the general trend of the plotted 

points, but does not necessarily pass through all of them. 
(4) draw the curve so that all the plotted points are a little below the 

curve. 



48 11. On a graph showing both positive and negative values, negative values 
are always 

to the left and below the origin. 
(2) to the right and below the origin. 
(3) to the left and above the origin. 
(4) to the right and above the origin. 

Fig. 32 

12. The higher the temperature of the area in which a semiconductor is 
used, the lower the power the semiconductor can handle without 
overheating. Manufacturers publish power derating curves that show 
how the permissible power dissipation decreases with temperature. 
Figure 32 is the power derating curve for a certain semiconductor 
device. If the power dissipation for the intended use is 10 W, the 
temperature where the semiconductor is used (called the ambient 
temperature) must not be greater than 
(1) 0°C. (2) 19°C. Q 53°C. (4) 60°C. (5) 100°C. 

13. The curve in Fig. 32 is known in electronics as a 0 linear curve. (3) semilogarithmic curve. 
(2) parabolic curve. (4) logarithmic curve. 

(5) none of the above. 



Fig. 33 

14. Conducting diodes have a small voltage drop across them. This, of 
course, is undesirable, since it is a voltage loss to the circuit being fed 
through the diode. Figure 33 shows that a typical 1N253 diode carry¬ 
ing 800 mA at an operating temperature of 25°C will have a voltage 
across it of 
(1) 0.8 V. G 0.85 V. (5) 0.97 V. 
(2) 0.81 V. (4) 0.9 V. 

15. Figure 33 shows that for higher diode temperatures, the conducting 
voltage loss across the diode is 
(1) the same as at lower temperatures. 
(2) greater than at lower temperatures. 
0  less than at lower temperatures. 

16. Figure 33 shows that at a temperature of 25°C the diode will not con¬ 
duct if the voltage across it is less than about 
(0 0.4 V. (3) 0.8 V. (5) 1.3 V. 
0 0.62 V. (4) 1.04 V. 

17. If you double the current through the diode of Fig. 33 (say from 0.8 A 
up to 1.6 A), then the voltage loss across the diode will 

49 



50 (1) also double. 
0 increase but will be much less than twice as much. 
(3) more than double. 
(4) decrease but not greatly. 

Average plate characteristics 

Fig. 34 

18. The curve for £r = — 5 V in Fig. 34 is 
(1) a linear curve. 
0 a linear curve for values of plate voltage between 150 and 250 V. 
(3) a linear curve for plate voltage values above 50 V. 
(4) nonlinear throughout its length. 

19. For the tube type 12BH7-A, the curves of which are given in Fig. 34, 
what is the plate current if the grid bias voltage is - 10 V and the plate 
voltage is 300 V? 
(1) 18 mA (2) 33 mA 0 23 mA (4) 7 mA 

20. What grid bias voltage is needed for a 12BH7-A tube if the plate 
current is to be 25 mA when the plate voltage is 250 V? 
(1) -7V O-9V (3) -4 V (4) -5.5 V 

21. In the type 6AU6A tube, the curves for which are given in Fig. 35, if 
the grid voltage is kept at -2 V, how does varying the plate voltage 
affect the plate current? 

The plate current is approximately the same for any value of plate 
voltage over 50 V. 



Fig. 35 

(2) The plate current is proportional to the plate voltage. 
(3) Plate current increases rapidly with increase in plate voltage for 

all plate voltage values greater than 50 V. 
(4) A 100-V change in plate voltage changes the plate current a little 

less than 2 mA. 

22. Vectors are used to represent quantities that 
(1) continuously vary. 
(2) cannot be measured. 
& have both direction and magnitude. 
(4) have both negative and positive values. 

23. What is the largest possible angle? 
(1) An angle can be any size—there is no upper limit. 
(2) 90° O 180° (4) 360° 

24. What do we mean by a negative angle? 
(1) One that is less than 0°. 
(2) An angle greater than 90°. 
(3) An angle greater than 180°. 

An angle considered as formed by a line rotating clockwise. 

25. Three phasors, A. B. and C, are shown in Fig. 36. Phasor C 
(1) leads phasor J by 80°. 
(2) lags phasor A by 80°. 
(3) leads phasor A by 120°. 

lags phasor A by 120°. 

51 
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Fig. 36 

26. With reference to phasors A and C in Fig._¿6, we can also say that 
(1) phasor A leads phasor C by 60°. 
(2) phasor A lags phasor C by 60°. 
(3) phasor A leads phasor C by 240°. 
0 phasor A lags phasor C by 240°. 

27. What is the resultant voltage of phasors A and B in Fig. 36? (Ignore 
phasor C.) O 
(1) 121 (2) 125 O 132 (4) 138 I * 

28. In Fig. 36, what is the angle of lead or lag between the resultant of 
phasors A and B and phasor A 2 
0 17° (2) 32° (3) 21° (4) 13° 

t 
It’ 

29. Given the formula F = — , find /.if F = 0.667, W = 160, and E = 30. 

(1) 0.000139 (3) 0.281 (5) 8 (7) 7200 
(2)0.125 0  3.56 (6) 3200 (8) None of the above 

30. The formula for magnetomotive force F in gilberts is F = 1.26A7, 
where N is the number of turns and / is the current in amperes. If the 
current is 4 A, how many turns are required to produce a force of 
1000 gilberts? 
© 198 turns (2) 312 turns (3) 3200 turns (4) 5000 turns 

(5) None of the above 

A AH 2
31. Given the formula M = ——-—, find the value of H if M = 30, A = 

Nb / 
40, A = 50, and b = 2. 
0 4.33 (2) 13.7 (3) 18.7 (4) 350 ’ 

(5) None of the above 

END OF EXAM 
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A chat with your instructor 

Mathematics can be fun. You will be surprised to find how easy and 
pleasant it is to learn mathematics by our teaching methods. 

More and more, top success in electronics requires a knowledge of 
mathematics. This lesson is the most important of the math lessons. 
That is because you will use the math in this lesson in practically 
every electronics problem you will ever work. 

The most important thing you can learn about mathematics is to check 
and recheck your work so you are sure your answer is right. Remem¬ 
ber that in practical work an incorrect answer is worse than no an¬ 
swer at all. Your employer may rely on your figures and spend much 
time and money, only to waste both time and money because you 
made a mistake in your figuring. Don’t expect me to give you much 
credit on a problem because you know how to work it. I want the 
right answer. You can get it by being neat and careful and by always 
checking your work. 

If you have not yet done so, start the habit now of studying regularly 
every day; one or two hours a day is enough for good progress. 

Remember that I am nere to help you. Don’t hesitate to write if there 
is anything in this lesson that you are unable to understand. You will 
get a prompt reply. 
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Putting Formulas to Work 

USING FRACTIONS IN ELECTRONICS 
Fractions play a most important role in electronics. The expression 

E of Ohm’s law for current I, for example is -, which is, of course, a 
n 

fraction. Similarly, to determine resistance R, we must solve for 
E another fraction, j . Nor is the use of fractions confined to Ohm’s law. 

Electronic formulas abound with examples, to which you will be in-
I t p 

troduced in subsequent lessons, such as C = - or R or 
R CE 

P 1 1 E =——, and X =—— or C =— to mention just a few. 
I uC uX J

FRACTION MEANS DIVIDE ... In a fraction the number above 
the bar is called the numerator, and the number below the bar is 

5 called the denominator. Thus, in the fraction - , the numerator is 5 
6 

E and the denominator is 6. In the fraction , the numerator is E and 

the denominator is R. 

One meaning of a fraction is that the numerator is to be divided by 
12 E the denominator. Thus, — means 12 4- 3, which is 4.— means the 
3 R 

voltage E is to be divided by the resistance R. 

In electronics, division is usually indicated as a fraction. The division 
sign, -s-, is rarely used. Thus in electronics, instead of 16 4- 2, we write 
16 P 
— . Similarly, we write—rather than P 4- E. 
¿ E 



WHAT HAVE YOU LEARNED? 3 

As soon as you answer each question, check with the answer given at 
the end of this exercise. 

1. Change each of the following expressions to an equivalent form 
which is often used in electronics. 
(a) 3 -e- 7 is the same as — — (d) 1 
(b) 2 -i- 3 is the same as. (e) Q 
(c) Q -4- C is the same as _ 

-s- Ä is the same as 
-8- 2 is the same as_' 

2. Complete the following statements: 
3 . 

(a) The numerator of the fraction—is 
4 

is 
R (b) The numerator of the fraction——is 
Zy 

is_¿ . 

. The denominator 

. The denominator 

3. Remembering that “fraction means divide,” complete the following: 

(b)A =:_^ 

4. If X = 5 ohms and Z = 12 ohms, the fraction y = j/itf-n-
/j 

5. (a) Given the formula I = — ; if P = 10 and E = 5, 1 =- -
K 

(b) Given the formula R = ; if t= 2000 and C = 4, R = — 

(c) Given the formula E = ̂-; if Q = 750 and C = 25, E = — 

6. (a) The resistance R of a circuit is found by dividing the time con-
stantj^y the capacitance C. The formula for resistance R is 

(b) If the time constant is 40 and the capacitance is 2, the resis¬ 
tance R is  &— ohms. 

7. (a) The current I in a circuit is found by dividing thg power P by 
the voltage E. The formula for current I is - -

(b) If the power is 20 watts and the voltage is 5 volts, the current 
I = _ amperes. 
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Fig. 1 

8. A diagram of a simple lamp circuit is shown in Fig. 1. Current flow 
is_» ó_amperes. 

ANSWERS 

1. (a)^ ; (b)—; (c)^; (d) 1 ; (e)^ 2. (a) 3, 4; (b) R, Z 
7 3 C R 2 

5 
3. (a) 4; (b> 4; (c) 7; (d) 5; (e) 6 4. — 

5. (a) 7 =—= —= 2; (b) R = -L = ^l = 500; (c) E = = — = 30 
E 5 C 4 C 25 

6. (a) R =—; (b) R = — = — = 20 
C C 2 
P 20 

7. (a) I = — ; (b) I = = — =4 amp. 
E 5 

1 E 6 1 8. — amp or 0.5 amp ... From Ohm’s law for current, I —— = — =— amp. 
2 R 12 2 

2 THE IMPORTANCE OF CORRECT UNITS .. . Before substituting 
values in a formula, you must check to see that the values are ex¬ 
pressed in terms of the units called for by the formula. For example, 
do not substitute a value for inches when the formula calls for a 
value for feet. 

To illustrate, let us consider the formula for the length of a floor: 

Length, in feet = ̂ aJnsguarefeeL 
width, in feet 

It is simpler to write this formula as 

L =A 
W 

Where L = length, in feet 
A = area, in square feet 
W = width, in feet 



The following illustrates the use of this formula when all quantities 
are given in the correct units. 

Example .. . Find the length of a floor which has an area of 200 sq ft and is 20 
ft wide. 

Solution .. . The formula calls for the area in square feet and the width in 
feet. Since A = 200 sq ft and W = 20 ft, these dimensions are given in the cor¬ 
rect units and they can be substituted directly into the formula. 

, A 200 sq ft . nL --1-= 10 ft, ans. 
W 20 ft 

The following example illustrates the use of a formula when the 
quantities are not in the correct units. 

Example . .. Find the length, in feet, of a floor when the area is 10 sq yd and 
the width is 108 in. 

Solution . .. A = 10 sq yd; W = 108 in. Here A is given in square yards in¬ 
stead of square feet as called for by the formula, and W is given in inches in¬ 
stead of feet. Before we attempt to solve for L, we must convert the values for 
A and W into the units called for by the formula. 

To convert A in square yards to A in square feet, we note that 

1 sq yd = 3 ft X 3 ft = 9 sq ft, 

and therefore 

A, in square feet = 9 X A, in square yards = 9 X 10 = 90 sq ft 

Similarly, to convert W in inches to W in feet, we note that 1 ft = 12 in, and 
therefore 

W, in feet = in inches = 1^ = 9 ft

Knowing that A = 90 sq ft and W = 9 ft, we can now solve the problem: 

r A 90 sq ft , „„„ 
L = W = “9ft = 10

5 

WHAT HAVE YOU LEARNED? 

1. (a) If one box weighs 2 lb, and a second box weighs 48 oz, the 
total weight of the two boxes is__ pounds. (There are 
16 oz in a pound). 

(b) Converting units to other units is something we do every day. 
In this problem all units must be converted to cents. A young-



6 ster carries two dimes, a half dollar, ten pennies, three quar¬ 
ters, and nine nickels to the store. He is carrying Û dollars. 

2. The formula for the speed of an automobile is 

V =— 
t 

where V = speed, in miles per hour 
X = distance, in miles 
t = time, in hours 

The speed of a car which travels 160 miles in 240 min is / 0 
miles per hour. 

3. The formula for the width of a platform is 

W = A Li 

where W = width, in yards 
A = area, in square yards 
L = length in yards 

If a platform has an area of 54 sq ft and a length of 72 in., its width is 
__yards. 

ANSWERS 

1. (a) 5 lbs . .. Since there are 16 oz in a pound, the second box weighs 3 lb. 
(b) $2 . .. The youngster carries 

2 dimes = $ .20 
1 half dollar = .50 

10 pennies = .10 
3 quarters = .75 
9 nickels = .45 

$2.00 
2. 40 miles per hr ... X = 160 miles, and time t = 240 min, but the problem 

calls for t in hours. Since there are 60 min in 1 hr, t = 240 min = 240 = 4 

hr. 
Then 

V = = 40 miles per hr 
t 4 

3. W — 3 yd ... A = 54 sq ft, but the formula calls for A  in square yards. Since 

there are 9 sq ft in 1 sq yd, A = 6 sq yd. L  is given as 72 in, but the 

formula calls for this dimension in yards. Since there are 36 in. in a yard, 



L = = 2 yd. Then <50 

W =4 =4= 3 yd 

MULTIPLYING IN FORMULAS ... So far we have discussed only 

formulas in which the right-hand term is a fraction, such as C = — 

and f = . Here we will discuss formulas which make use of multi-
A 

... . nrn 2 X W J z W plication, such as E = I X R, v =---» and / — g . 

To indicate multiplication in formulas, it is customary to place the 
symbols together and omit the multiplication sign, X, between sym¬ 
bols. Thus we can write AB rather than A X B, 2tt rather than 2 x w, 

and rather than 2 * w . 
rí K 

Example . .. Let P = E,E. If E, = 30 and /, = 2, P =-

Solution .. . P = E, x I, 
P = 30 X 2 = 60, ans. 

Explanation ... We rewrite P = E,I, as P = E, xl, since two letters or 
symbols together without a sign between them should be multiplied. 

Example... P = E,E + E2E- If E, = 20, E = 10, E2 = 5, and E = 30, 
P =_ 

Solution ... P = EJ, + E2E (1) 
P = E, x E + E2 x I, (2) 
P = 20 X 10 + 5 X 30 (3) 
P = 200 + 150 (4) 
P = 350, ans. (5) 

Explanation ... Note that we must perform the multiplications before we can 
add. That is, we first find E, X E and E2 X E, as shown in step 4, and then add 
as in step 5. 

Example .. . Let K = y . If E = 6. P, = 20, E — 4, and R2 = 5, K —-
4 2^2 

o „ PR, 5 X 20 _ 100 _ e „„„ 
Solution .. . K =-fò = 1"^5-=^õ' - 5, ans. 

WHAT HAVE YOU LEARNED? 

1. Rewrite the following electronic formulas, omitting the multiplica¬ 
tion sign: 

1 



8 (a) Q = C X E = 
(b) E = Z, X R + I2 X R2 = 

(c) h =-4 X ff X X t_ ;_ 

L t— 
(d) Xc =-- 1—- _= / 

2 X it X f X C 

2. Complete the following statements: 
(a) If t = RC, R = 4000, and C = 2, t = 80^0 

(b) If R = , K = 2, L = 30, and m = 5, R = /X._ 

(c) If 7, = , N2 = 5, I2 = 4, and N, = 10, I, = 2— 

(d) If K = , E, = 3, R2 = 40, E2 = 6, and R, = 2, K = /O 

3. In the diagram shown in Fig. 2, battery voltage E is applied across 
three circuit elements, a resistor, a lamp, and a toaster. I is the total 
current supplied by the battery. I, is the current flowing through the 
resistor R:, I, is the current flowing through the lamp R2-, and I, is 
the current flowing through the toaster R}. If E = 20 volts R = 10 
ohms, R2 = 5 ohms, and R, = 2 ohms, 

(a) Z = J , j2 = , I, = (Hint: Use 
Onm s law for current.) 

(b) £ ï W*. (Hint: Use 
the formula P = EI, where P, in watts, is the power used by 
the element; E, in volts, is the voltage applied across the ele¬ 
ment; and I, in amperes, is the current flowing through the 
element. 

(c) Find the total power P used by the three elements. (Use the 
formula P = P + P2 + p^ p = MpfTK 

(d) The total battery current I is found by the formula 
1 = 1 + I2 + Z. I = 

(e) Find the total power supplied by the battery. (Use the formula 
— , where P, in watts, is the total power supplied by the 



battery; E, in volts, is the battery voltage; and I, in amperes, 9 
is the total battery current.) P = 3 2Q 

ANSWERS 

1. (a) Q = CE; (b) E = ER, + ER,; (c) H ; (d) Xc = 
L ¿TTJ^ 

2. (a) 8000... t = RC =4000 X 2 = 8000 

(b) 12... R = — = 2 4' 30 = 12 m 5 
(c) 2 I _ X 4 _ 20 _ g (c) _ 10 - 10 - z 

(d) 10 .. .K = E R1 = 3 x 40 = 120 = 10 
E,R, 6x2 12 

3. (a) E = 2 amp, E' = 4 amp, E = 10 amp... Since I = — , current through 

the resistor R, is I, 20 = —— = 2 amp, current through the lamp R, is E 20 
5 

= 4 amp, and current through the toaster R, is E = — 10 amp. 

(b) P, = 40 watts, P, = 80 watts, P, = 200 watts... For t he resistor, P, = 
E,E = 20 X 2 = 40 watts. For the lamp, P, = E,I, = 20 x 4 = 80 
watts. For the toaster, P, = E,I, = 20 X 10 = 200 watts. 

(c) 320 watts ..P=P, + P, + P, = 40 + 80 + 200 = 320 watts 
(d) I = 16 amp ...1=1, + E + A = 2 + 4 + 10 = 16 amp 
(e) 320 watts . . . E = 20 volts, I = 16 amp, P = EI = 20 x 16 = 320 

watts. Note that this answer agrees with the answer to Problem 3(c). 
This checks that the power supplied by the battery is the same as the 
total power consumed by the circuit elements. 

CANCELLATION ... After the numerical values have been substi¬ 
tuted into the fraction of a formula, the work can often be shortened 
by the use of cancellation. However, cancellation cannot be used if 
there is a plus or minus sign in the numerator or denominator. 

Example ... —=_ 
7x5 

4x7 4 
Solution ... „ — =— , ans. 

7x5 5 

Explanation . . . Like terms — 7’s in this case — that appear one above and 

one below the fraction line are canceled (deleted). This leaves in this problem 
4 above and 5 below to form the answer. 

Example . .. Simplify the following problem by cancellation: 
6x7 
6 + 1 -



10 Solution .. . A-X_L= _§ X 7 g 
6+1 7 ’ ' 

Explanation .. . The problem, as stated, cannot be immediately solved by can¬ 
cellation because the denominator contains an addition sign, + . Therefore, we 
must first eliminate the plus sign by adding the 1 to the 6. Then cancellation 
can be used. 

Cancellation is not limited to deleting like terms as in the examples 
above. You may also cancel by dividing any two terms, one in the 
numerator and one in the denominator, by any number that will 
divide evenly into the two terms. 

Example... 3 X 2 X 5 X 7 
4 X 3 X 7 X 3 

1 

PM- = A, ans. 
2x3 6 

Solution ... f~ X , X X 7 = 
4 X » X 7 X 3 
2 

Explanation ... We can cancel the two 3’s and two 7’s because a 3 and a 7 ap¬ 
pear both above and below the fraction line. But we can also cancel further. 
Notice that a 2 appears above the fraction line and a 4 appears below. Dividing 
each number by 2, we cross out the 2 above the fraction line and mark a “1” 

above it, showing that-|-= 1. In the same way, we draw a line through the 4, 

but place a 2 below it, indicating that A = 2. 

Example .. X 5 x 6 _ 
9x7x4 

1 
2 

Solution . . A X 5 x 0 _ 5x1 _ 5 
9x7x4' 3x2 6 
3 2 

Explanation .. . Since one 7 appears above the fraction line and another below, 

the 7’s can immediately be canceled. Thus the fraction becomes^ X 6 To can-
9X4 

cel further, note that the 6 in the numerator and the 9 in the denominator are 
each divisible by 3. Canceling gives us 

2 
5x6 
0X4 
3 

and since the 2 in the numerator and 4 in the denominator are both divisible 
by 2, we get 



1 
I 

5 X 6 _ 5 X 1 _ 5 
0X4 3x2 6 
3 2 

11 

WHAT HAVE YOU LEARNED? 

1. Simplify the following problems by cancellation (when possible): 

(a) 
3X5 
5X4 

(b) 9X3 _ 
13 X 7 
4X3 
9 X 

(d) 
7 + 14 =
7 X 9 

8 X H X 6 
9 X 4 X H 
2 X 3 X 4 X 9 _ 
6 X 7 X 9 X 2 

(g) 
2 + 4-1 
7X5 

(h) 
RCE 
CEQ 

2. Let E =^-- H 4 = 2, N2 = 10, and N, = 2, I, = - • 
N I 

3. IfX = ¥^,L = 4, W = 7, G = 7, and H = 6, X = -

ANSWERS 

1 3x8_ A The 5’s can be canceled because they appear above 
h w 4,"lx4 4 

and below the fraction line. 

27 9x3 27 The numbers jn this problem do not yield to can-
' ' 91 " 13 X 7 91 

cellation because (1) no number is repeated in the numerator and de¬ 
nominator; (2) no whole number (except 1) can be divided into a term in 
the numerator and one in the denominator. 

1 1 
, . 1 4 X 3 _ 1 X 1 _ 1 
,C’ 6 9 X 8 3x2 6 

3 2 
1 

(mA 7 + 14 _ AL =A Because there is a plus sign in the numerator 
' ’ 3 " ■ 7 X 9 63 3 

3 
we must add before we can cancel. 
2 2 

£ 8 X 1/1 X +2x2 ^4 
e 3'"9 X 4 X 14 3X1 3 

3 1 



12 1 2 
A ÍXiXÍ X9 1 X 2 _2 
7 "6 X 7 X 9 X 2 '7 7 

2 

1 
la} 1 2 + 4-1 6-1 5 1 w ■ > j . 
(g) y • • •— 5- = 7~x 5 = ~7~x 8 = ~7' khnunnte ™e addition and sub¬ 

traction signs before attempting to cancel. 
R R@ E R 

(h)-ç- .. — Q • Both the Cs and E’s can be canceled because both a C 

and an E appear above and below the fraction line. 
1 

2. 10...Z, = -~i = ~^-= 10 3. X = -...X = Ã X 4 X 7 _JL 
N. 2 2 4x7x02 

2 

HOW DECIMALS ARE USED 
IN ELECTRONICS 

MEANING OF DECIMALS ... Many quantities in electronics are 
expressed in terms of decimals. A decimal is a fraction whose denom¬ 
inator is either 10 or the product of one or more 10’s. Thus, the de¬ 
nominator may be 100, 1000, 10,000, 100,000, etc. Decimals may be 
written in fraction form as 

3 5 3 25 167 .. 2755 
10 10 100 100 1000 10,000 etC ‘ 

The denominator of a decimal is usually not written out; instead, it 
is indicated by the use of a decimal point. Thus, the decimals given 
in the preceding paragraph in fraction form would be written as 0.3, 
0.5, 0.03, 0.25, 0.167, and 0.2755. 

If a number is mixed—that is, contains both a whole number and a 
fraction—the whole number is written in front of the decimal point 

5 and the fraction is written after the decimal point. For example, 2^ 

is written in decimals as 2.5. 

The rule for locating the decimal point is very important and should 
be memorized: In a decimal, the number of digits after the decimal 
point is equal to the number of zeros in the unwritten denominator. 



13 Thus, the decimal 0.7 indicates there is one zero in the denominator, 

or the decimal could be written in fraction form as The mixed 

number 1.82, with two digits after the decimal point, could be writ-
82 

ten as ly^ . The decimal 7.045, which has three digits after the deci-

45 
mal point could be written as 7 Tqqq , which has three zeros in the 

denominator. 

Adding or removing zeros from the end of a decimal does not change its 
value. Thus, 7.30 may be rewritten 7.3, 7.300, 7.3000, 7.30000, etc. 

WHAT HAVE YOU LEARNED? 

1. Write the following in fractional form. (Hint: The number of zeros 
in the denominator of the fraction must equal the number of digits 
after the decimal point in the decimal.) 

(a) 0.7 = _ 
(b) 0.07 = 
(c) 0.007 = 

(d) 0.73 = . 
(e) 0.073 = 
(f) 0.743 = 

(g) 2.08 =-
(h) 4.3 =-

2. Express the following in decimal form: 
(a) A tenth of a dollar = $_ 
(b) A half of a dollar = $_ 
(c) A quarter of a dollar = $_ 

(d) of an ohm = _ ohm 

(e) 3 r — of an ampere = _ ampere 

(f) JÕÕÕ of a volt = - volt

(g) JÕÕÕ of an inch = - inch

2 
(h) t ÖQÖ ooo of an amPere = - ampere 

432 (i) - of a megacycle = - megacycle 

ANSWERS 

, , , 7 7 7 73 , . 73 ... 743 
1. (a) 10 ; (b) 100 ; (c) 1000 ; (d) 100 ; (e) 10()0 , (f) 1()00 , 



, . 208 „8 ... 43 , 3 
<g) 100 or 2 100 > <h> io or 4 io 

2. (a) $.10 or of a dollar; (b) $.50 

9^ 
(c) $.25 or^^-of a dollar; (d) 0.1 ohm; (e) 0.3 amp 

(f) 0.075 volt... The number of digits after the decimal point must equal 
the number of zeros in the denominator of the fraction. 

(g) 0.375 in.; (h) 0.000002 amp; (i) 0.0432 megacycle 

g ADDING AND SUBTRACTING DECIMALS ... To add or sub¬ 
tract decimals, write the numbers so that the decimal points are lo¬ 
cated directly under each other and then proceed as with whole num¬ 
bers. Place the decimal point in the answer under the other decimal 
points. 

Example .. . 41.67 + 0.5 + 200 + 3.425 =_ 

Solution... 41.670 
0.500 

200.000 
3.425 

245.595, ans. 

Explanation .. . The numbers are written with the decimal points located 
directly under each other. Zeros have been added at the ends of figures so that 
each figure will have the same number of decimal places. As stated in the pre¬ 
ceding section, adding or removing zeros after a decimal will not change the 
value of the decimal. As shown above, adding zeros is sometimes a useful device 
because the values of the decimals in relation to each other can be more easily 
seen. 

WHAT HAVE YOU LEARNED? 

1. (a) 47 + 0.003 = _ 
(b) 21.611 + 6888.32 + 3.4167 =_ 
(c) 37.1065 + 432.07 + 4.20733 + 11.706 =_ 
(d) 21.611 - 8.78 = _ 
(e) 53 - 0.0501 =_ 
(f) 10 — 2.32 + 5 =_ (Hint: Note that two 

operations, addition and subtraction, are involved.) 
(g) Which is the larger number, 3.31 or 3.297? 
(h) Which is the larger number, 4.03 or 4.005? 

2. (a) If R = R, + R2 + R„ and if R, = 7.23 ohms, R2 = 47,000 
ohms, and R3 = 36.98 ohms, R =_ 



(b) If I = I, + I2 — I3, and if I, = 2.5 amp, I2 = 14.93 amp, and 15 
I3 = 7.938 amp, I =_ 

(c) If P = P, — P2, and if P, = 23,748.92 watts and P2 = 14,621.-
436 watts, P = _ _ 

Fig. 3 

R i 
-1 

0.7328 ohms 

: >r2 
>11402 ohms 

R 3 
--1

0.127 ohms 

3. (a) In the diagram shown in Fig. 3, if R = R, + R2 + R3, R = 

(b) Since E = IR, if I = 10, E = _ 
(c) If power P = EI, P =_ 

ANSWERS 
1. (a) 47.003 ... 47.000 

.003 
47.003 

In any whole number, such as 47, the decimal point is considered to be 
at the end of the number. As an aid in adding, zeros have been placed 
after the decimal point which follows 47. 

(b) 6913.3477 ... 21.6110 (c) 485.08983 ... 37.10650 
6888.3200 432.07000 

3,4167 4.20733 
6913.3477 11.70600 

485.08983 
(d) 12.831... 21.611 (e) 52.9499 ... 53.0000 

-8.780 -.0501 
12.831 52.9499 

(f) 12.6« ... 10 - 2.32 + 5 = 10 + 5 - 2.32 = 15 - 2.32 = 12.68. In the 
solution shown, the numbers to be added, 5 and 10, are combined first, 
then from this sum, which is 15, the number 2.32 is subtracted. 

( g) 3.31 ... To see whether 3.31 or 3.297 is larger, add zeros to the end of 3.31 
to have an equal numer of decimal places for both numbers. This gives 
3.310 as compared with 3.297. We see immediately that while both num¬ 
bers contain the same whole number, 3, one whole number is followed by 
310 one-thousandths and the other by only 297 one-thousandths. There¬ 
fore, 3.31 is the larger of the two numbers. 

( h) 4.03... 4.030 versus 4.005, or 30 one-thousandths versus 5 one-thousandths. 
2. (a) 47,044.21 ohms (b) 9.492 amp ... 2.50 17.430 

+ 14.93 -7.938 
17.43 9.492 amp 

(c) 9127.484 watts 



16 3. (a) R = 2.0 ohms ... 0.7328 
1.1402 
0.1270 
2.0000 ohms 

(b) E = 20 volts ... E = 10 X 2 = 20 volts 
(c) P = 200 watts .. . P = EI = 20 X 10 = 200 watts 

MULTIPLYING DECIMALS ... Decimals are multiplied like whole 
numbers, but special attention must be given to placing the decimal 
point in the answer. 

First, let us define the term “decimal places.” The number of decimal 
places in any figure is the number of digits to the right of the decimal 
point. Thus, there are two decimal places in the figure 41.28, for ex¬ 
ample, because there are two digits to the right of the decimal point. 
Similarly, there are three decimal places in the figure 4210.438, four 
decimal places in the figure 38.4321, etc. 

To multiply decimals, the number of decimal places in the answer 
must equal the sum of the decimal places in the number being multi¬ 
plied and the decimal places in the multiplier. 

Example ... 20.1 x 32.54 =_ 

Solution ... 2 0(D «—» 1 place + 2 places = 3 places 
3 2,0 «---1

804 
1005 
4 02 

60 3 _ 
6 5 4$ 5 4) ans. 

Explanation .. . Decimals are multiplied like whole numbers. To place the dec¬ 
imal point in the answer, we note that there is one decimal place in the num¬ 
ber being multiplied and that there are two decimal places in the multiplier. 
Therefore, there must be three decimal places in the answer, and we place the 
decimal point accordingly. 

Example .. . 21.32 x 1.325 = _ 

Solution ... 2 1.3 2 
1.3 2 5 

1 0660 
4 2 64 

63 9 6 
2 13 2 
2 8.2 4 9 0 0 = 28.249, ans. 



17 Explanation .. . Since there are two decimal places in the number being multi¬ 
plied and three decimal places in the multiplier, there must be five decimal 
places in the answer. Note: Do not remove the zeros from the end of the 
answer until the decimal point has been located. 

Example . .. 0.0423 X 0.00253 = _ 

Solution ... 0.0 4 2 3 
0.0 0 2 5 3 

12 69 
2 115 

_ 8 4 6 
0.0 0 0 1 0 7 0 1 9, ans. 

Explanation . . . Note that the multiplication of numbers yields a 6-digit fig¬ 
ure, 107019. But since there are four decimal places in the number being multi¬ 
plied and five decimal places in the multiplier, there must be a total of nine 
decimal places in the answer. Therefore, we add three zeros before the figure 
107019 to locate the decimal point. 

WHAT HAVE YOU LEARNED? 

1. Indicate the number of decimal places in each of the following 
numbers: 
(a) 31.29 (d) 0.70831 (f) 0.0089276100 
(b) 12.2 (e) 0.00059 (g) 3.14159265 
(c) 479.030 

2. Find E, in volts, when 
(a) I = 2.1 amp; R = 7 ohms 
(b) I = 15.2 amp; R = 57.31 ohms 
(c) I = 21.29 amp; R = 2.934 ohms 
(d) I = 0.00152 amp; R = 0.0743 ohms 

3. Find P, in watts, when 
(a) I = 2.75 amp; E = 5 volts 
(b) I = 29.3 amp; E = 75.79 volts 
(c) I = 1.534 amp; E = 0.00345 volts 

ANSWERS 

1. (a) Two . . . There are two decimal places in 31.29 because there are two 
digits to the right of the decimal point. 

(b) One: (c) three: (d) five; (e) five; (f) ten; (g) eight 



18 2. (a) 14.7 volts... E = IR = 2.1 X 7 = 14.7 volts 
(b) 871.112 volts... E = IR = 15.2 x 57.31 

5 7.3 1 
1 5.2 

11462 
28655 
573 1 
8 7 1.1 1 2 

(c) 62.46486 ... E = IR = 21.29 X 
(d) 0.000112936 volts.. . E = IR = 

.00152 
.0 7 4 3 
456 

608 
_ 1 06 4_ 
0.0 0 0 1 1 2 9 3 6 

Because there are two decimal places 
in the number to be multiplied and 
there is one decimal place in the multi -
plier, there must be three decimal 
places in the answer. 

2.934 = 62.46486 volts 
0.00152 X 0.0743 
There are five decimal places in the 
number to be multipled and four deci¬ 
mal places in the multiplier. Hence, 
there must be nine decimal places in 
the answer. To locate the decimal 
point, we add three zeros before the 
number 112936. 

3. (a) 13.75 watts... P = EI — 2.75 X 5 = 13.75 watts 
(b) 2220.647 watts; (c) 0.00529230 watts or 0.0052923 watts ... Zeros at the 

end of a decimal value have no meaning and so can be dropped. 

g CHECKING DECIMAL POINT LOCATION ... An answer in which 
the decimal point is incorrectly located is useless. In fact, it can lead 
to further errors. To guard against such a mistake, after working each 
multiplication problem involving decimals you should verify that the 
decimal point is correctly located. 

For example, if we multiply 2.17 by 12.23 correctly, we will obtain 
26.5391. To verify the location of the decimal point, we notice that 
2.17 X 12.23 is very roughly equal to 2 X 12, or 24. This is in rough 
agreement with the answer and therefore checks the placement of the 
decimal point. If the answer to the check had been 2.4 or 240, it 
would have shown that the answer to the problem was wrong, be¬ 
cause there would then be a very great difference between the two 
answers. 

Example... 1.42 x 2.97 = _ 
Solution ... 1.4 2 

2.9 7 
994 

1278 
2 8 4 
4.2 17 4, ans. 

Explanation . . . To check the position of the decimal point, we can see that 
1.42 X 2.97 is very roughly equal to 1 x 3 = 3. Since the answer to the check 
problem is 3 as compared with the answer to the real problem of 4.2174 (and 



not, for example, 10 times as much or only -- as much), we can conclude the 19 

decimal point is correctly placed. 

WHAT HAVE YOU LEARNED? 

1. Check the location of the decimal points in the following problems 
and note whether they are right or wrong. If wrong, relocate the deci¬ 
mal point to its correct position. 

(a) 7.2 X 1.1 = 79.2 
(b) 21.75 X 33.96 = 738.63 
(c) 246.795 X 0.00753 = 18.5836635 

2. Mentally position the decimal point: 
(a) 11.1 X 10.3 = 11433 
(b) 0.25 X 82.4 = 20600 
(c) 0.012 X 0.473 = 5676 

ANSWERS 

1. (a) Wrong; should be 7.92 ... To check position of the decimal point, multi¬ 
ply 7x1=7. This check shows the final decimal should be much 
smaller than 79.2. 

(b) Right ... To check, multiply approximately comparable figures, such as 
20 X 30. This gives 600, which is in hundreds, as is the answer. 

(c) Wrong; should be 1.85836635... To check, use a sample problem such 
as 200 X 0.007 = 1.4. This shows an answer of 18-1- is much too high. 

2. (a) 114.33... Check: 11 X 10 = 110 
(b) 20.6 ... Check: 0.2 X 80 = 16 
(c) 0.005676 ... Check: 0.01 X 0.5 = 0.005 

MULTIPLYING BY 10’S... In electronics, it is very often useful to 
be able to multiply quickly by 10,000, 1000, etc. 

To multiply any number by 10, simply move the decimal point over 
one place to the right; to multiply by 100, move the decimal point 
two places to the right; to multiply by 1000, move the decimal point 
three places to the right, etc. In other words, move the decimal point 
one place to the right for each zero in the multiplier. 

Example... 4 x 100 =-

Solution .. . 400 

Explanation . . . Because there are two zeros in 100, move the decimal point 



20 two places to the right. Since 4 may be written 4.00, 

100 X 4 = 100 X 4.00 = 400 

Example .. . 26.3578 x 1000 = _. 

Solution .. . 26,357.8 

Explanation .. . The multiplier 1000 contains three zeros, and we therefore 
move the decimal point in 26.3578 three places to the right. 

WHAT HAVE YOU LEARNED? 

1. Use the procedure for multiplying by 10’s to solve the following 
problems: 

(a) 6.875 X 100 =_ 
(b) 1000 X 41.286 = _ 
(c) 6 X 10,000 =_ 
(d) 0.0047 X 10 =_ 
(e) 0.00251 X 10,000 =_ 
(f) 247.1 X 1000 = _ 
(g) 1000 X 1000 =_ 

2. A given voltage applied across a circuit causes a current of 2 ma to 
flow. Raising this voltage to 1000 times its original value increases 
the current 1000 times. The new value of current is _ milli¬ 
amperes. 

3. The lowest frequency, /, to which a certain loudspeaker will re¬ 
spond is 100 cps. 

(a) When f¡ is multiplied by 100, the new frequency,_ 
cycles per second, can still be heard as a sound. 

(b) When f, is multiplied by 10,000, the new frequency,_ 
cycles per second, falls within the standard broadcast band. 

(c) When f, is multiplied by 100,000, the new frequency,_ 
cycles per second, is one used by station WWV, of the Nation¬ 
al Bureau of Standards. 

ANSWERS 

1. (a) 687.5 . .. 6.875 X 100 = 687.5. Move the decimal point one place to the 
right for each zero in the multiplier. 

(b) 41,286 . .. 1000 X 41.286 = 41, 286 
(c) 60,000. . . 6 X 10,000 = 6.0000 X 10,000 = 60,000. In any whole num-



ber, the decimal point is considered to be at the end of the number. Also, 
zeros can be added to the end of any decimal without changing its value, 

(d) 0.047 .. . 0.0047 X 10 = 0.047. Because the multiplier (for convenience, 
we consider 10 to be the multiplier) contains one zero, we move the deci¬ 
mal point one place to the right. 

(e) 25.1 ... 0.00251 X 10,000 = 0̂02^1 = 25.1 Here we have indicated 
graphically how the decimal point is moved four places to the right. 

(f) 247,100. .. 247.1 X 1000 = 247.^10^ = 247,100. After adding zeros at 
the end of the number to be multiplied, we move the decimal point three 
places to the right. 

(g) 1,000,000... 1000 X 1000 = 100Q4)00t = 1,000,000 
2. 2000 ... Increasing the voltage increases the current 1000 times. Since the 

original current was 2 ma, 1000 X 2 =2000 ma. 
3. (a) 10,000... 100 X 100 = 10,000 cps 

(b) 1,000,000... 100 X 10,000 = 10Q.W0Q = 1,000,000 cps 
(c) 10,000,000 ... 100 X 100,000 = lOQ^OOOfi = 10,000,000 cps 

21 

1 O MULTIPLYING BY 0.1, 0.01, 0.001, ETC.... Just as it is important 
to be able to multiply quickly by 10’s, 100’s etc., so it is important to be 
able to multiply quickly by tenths, hundredths, thousandths, etc. 

To multiply by 0.1, 0.01, 0.001, 0.0001, etc., move the decimal point 
one place to the left in the number being multiplied for each digit to 
the right of the decimal point in the multiplier. 

Example . .. 32.68 x 0.01 =_ 

Solution . .. 0.3268, ans. 

Explanation . .. Since there are two digits to the right of the decimal point in 
the multiplier, the decimal point in the number being multiplied must be moved 
two places to the left. 

Example . .. 427 x 0.00010 = _ 

Solution .. . 427 x 0.0001 = 0.0427, ans. 

Explanation .. . First remove all zeros from the end of the multiplier. Because 
there are four digits remaining to the right of the decimal point in the multi¬ 
plier, we must move the decimal point in the number 427 four places to the 
left. To move the decimal point four places to the left, we must add a zero be¬ 
tween 427 and the decimal point. 

WHAT HAVE YOU LEARNED? 

1. Use the procedure for multiplying by tenths, hundredths, etc. to 
solve the following problems. 



22 (a) 4.7 X 0.1 =_ 
(b) 237 X 0.1 =_ 
(c) 0.035 X 0.1 =_ 
(d) 63,000 X 0.01 = _ 
(e) 7 X 0.001 =_ 
(f) 23 X 1000 X 0.001 = _ 
(g) 23 X 1000 X 0.00001 = _ 
(h) 0.1 X 0.1 = _ 
(j) 100 X 0.01 = _ 
(k) 0.00251 X 10,000 = _ 
(1) 0.178 X 0.0001 = _ 

2. A useful relation to know is that 1 amp = 1000 ma. (Hint: To con¬ 
vert amperes to milliamperes, multiply by 1000.) 

(a) 2 amp =_ milliamperes 
(b) 0.5 amp =- milliamperes 
(c) 2.5 amp =_ milliamperes 
(d) 17.6 amp =_ milliamperes 

3. Since 1 amp = 1000 ma, 1 ma must equal ̂ amp = 0.001 amp. 

(Hint: To convert milliamperes to amperes, multiply by 0.001.) 
(a) 1 ma = - ampere (d) 2000 ma =_ amperes 
(b) 2 ma = - ampere (e) 3500 ma = _ amperes 
(c) 500 ma =- ampere (f) 6326 ma = _ amperes 

4. (a) In a d-c circuit, if E = 20 volts and R = 200 ohms, I = 
- ampere = _ milliamperes. 

(b) If E = 3 volts and R = 6 ohms, I = _ milliamperes. 
(c) If E = 10 volts and R = 10,000 ohms, I = _ milli¬ 

amperes. 

Fig. 4 

5. In Fig. 4, meter A reads the current flow through the resistor R, 
and voltmeter V reads the voltage drop across R. 

(a) If the current reading is 10 ma and R = 50,000 ohms, the volt¬ 
meter reading is _ volts. 

(b) If the current reading is 5 ma and R = 50,000 ohms, the volt¬ 
meter reading is _ volts. 

(c) If the current reading is 50 ma and R = 82 kilohms, the volt-



meter reading is _ kilovolts. (Hint: 1 ma = 0.001 
amp, 1 kilohm = 1000 ohms, and 1 kv = 1000 volts.) 

ANSWERS 

1. (a) 0.47 ... 4.7 x 0.1 = 0.47. Because there is one digit to the right of the 
decimal point in the multiplier, 0.1, we must move the decimal point one 
place to the left in the number being multiplied, 4.7. 

(b) 23.7... 237 X 0.1 = 23.7 (c) 0.0035 ... 0.035 X 0.1 = 0.0035 
(d) 630 ... 63,000 x 0.01 = 630.00 = 630. Here there are two digits to the 

right of the decimal point in the multiplier, 0.01. Hence, we move the 
decimal point to the number being multiplied two places to the left. 

(e) 0.007 ... 7 X 0.001 = 0.007. To move the decimal point three places to 
the left in the number being multiplied, 7, we must place two zeros be¬ 
fore the number. 

(f) 23... 23 X 1000 X 0.001 - 23,000 x 0.001 = 23.000 = 23. Notice that 
the final answer is the same as the original number to be multiplied. 
This is because 1000 X 0.001 = 1. 

(g) 0.23... 23 X 1000 X 0.00001 = 23,000 X 0.00001 = 0.23 
(h) 0.01 (j) 1... 100 X 0.01 = 1 (k) 25.1 ... 0.00251 X 10,000 = 25.1 
(1) 0.0000178 ... 0.178 X 0.0001 = 0.0000178. Because there are four digits 

to the right of the decimal point in the multiplier, 0.0001, we must move 
the decimal point in the number 0.178 four places to the left. We add 
four zeros before the number to locate the decimal point. 

2. (a) 2000 ma ... 2 amp X 1000 = 2000 ma 
(b) 500; (c) 2500; (d) 17,600 

3. (a) 0.001 amp... 1 ma X 0.001 = 0.001 amp 
(b) 0.002 (c) 0.5 amp ... 500 x 0.001 = 0.5 amp 
(d) 2; (e) 3.5; (f) 6.326 

4. (a) 0.1 amp, 100 ma ... Use the formula, 
. E _ 20 1 _ a , 
1 “ R “ 200 ~ 10 ° 1 P

(b) 500 ma .. . 

I = = -1 = 0.5 amp 0.5 X K b 
(c) 1 ma . .. 

, E _ 10 1 
~ R 10,000 ~1000 amP “ 

5. (a) 500 volts . .. Use the formula E = IR, where E is in volts, I is in amperes, 
and R is in ohms. I is given in milliamperes and must therefore be con¬ 
verted to amperes for use in the formula: 

Z =10 ma = 10 X 0.001 = 0.01 amp 
Then 
E = IR = 0.01 X 50,000 = 500 volts 

(b) 250 volts ... Converting 5 ma to amperes, 5 X 0.001 = 0.005 amp. 
Then E — IR — 0.005 X 50,000 = 250 volts 

(c) 4.1 kv ... Z = 50 ma = 50 X 0.001 = 0.05 amp; R = 82 kilohms = 82 
X 1000 = 82,000 ohms. Then E = IR = 0.05 X 82,000 = 4,100 volts. 

Since there are 1000 volts in 1 kv, E = —00 = 4.1 kv. 
1000 

0.1 amp X 1000 = 100 ma 

1000 = 500 ma 

1 ma 

23 



24 HOW ACCURATE SHOULD YOUR ANSWERS BE?... In the 
next topic you will study the division of decimals. The question 
that arises is to how many places the division should be carried. If 
you divide 4 by 3, is it adequate to write the answer to only two 
places as 1.3? Or should you carry it further to 1.33, or still further to 
1.333, or even to 1.333333? 

Experience shows that answers to three significant figures are suffi¬ 
ciently accurate for most practical electronics problems, and is there¬ 
fore the accuracy your instructor will expect from you. The significant 
figures in a number are the digits of the number, excluding any zeros 
at the beginning or end put there for the purpose of placing the decimal 
point. Each of the numbers 1.33, 468, and 52.3 has three significant 
figures, since each has three digits. Each of the numbers 1.333, 1333, 
460.6, and 46.06 has four significant figures. Each of the numbers 1.3 
and 13 has two significant figures. 

Suppose you read the current in a circuit on your meter as 1.62 ma. 
You would say that you have read the meter to an accuracy of three 
significant figures. If you convert your reading to amperes by multi¬ 
plying by 0.001, the result, 0.00162 amp., is still accurate to three 
significant figures. The reason is that the accuracy was determined by 
how carefully you read the meter, and it would not be affected by 
converting from one unit to another. The zeros in front of the digits 
162 are not part of your meter reading, but were added after the 
reading was made in order to spot the decimal point. They have nothing 
to do with the accuracy of your reading and are therefore not signifi¬ 
cant figures. The three significant figures in 0.00162 are the 1, the 6, 
and the 2. 

Similarly, the reading of 1.62 ma can be changed to microamperes by 
multiplying by 1000, giving 1620 /¿a, which is still accurate to three 
significant figures. The zero was added to properly locate the decimal 
point, and it is not a significant figure. 

In summary, the number of significant figures in a value is the number 
of digits, not counting zeros at the beginning or end of the number. 

Examples .. . State the number of significant figures in each of the values listed. 

387.56 Five significant figures 

0.00027 Two significant figures . . . Don’t count zeros at the beginning of 
a number. 



48,000,000 Two significant figures . . . Don’t count zeros at the end of 
a number. 

40085 Five significant figures 

0.040085 Five significant figures . . . Don’t count zeros at the beginning of 
a number. 

4008500 Five significant figures . . . Don’t count zeros at the end of 
a number. 

60,009 Five significant figures 

25 

Examples . . . Round the following numbers off to three significant figures: 

4.68335 4.68, ans. 

28.768 28.8, ans. . , . An answer of 28.7 is also acceptable. Strictly 
speaking, it is better to increase the last retained digit by 1 
when the following digit is 5 or greater. We will not insist that 
you do so, however. 

0.0004482 0.000448, ans. 

836,487 836,000, ans. 

3.002 3.00, ans. .. . When rounding a number off to three figures, retain 
zeros needed at the end to make three figures. 

50.07 50.1, ans. .. . 50.0 is also acceptable 

WHAT HAVE YOU LEARNED? 

1. To how many significant figures should your answer to problems 
in this course be carried?_ 

2. How many significant figures are there in each of the following 
numbers? 
(a) 7 (e) 400,082 (h) 0.0000007945 
(b) 0.393 (f) 404 (i) 23,000,000 
(c) 424.1 (g) 0.00003 (j) 23.0025 
(d) 324.921 

3. Round off the following numbers to three significant figures. 
(a) 46.3528 (d) 234,876 (g) 82.06 
(b) 0.22242 (e) 0.030417 (h) 32.999 
(c) 0.000573194 (f) 5.502 



26 4. Solve to three significant figures: 
(a) If Z = 10.10 amp. and R = 2.02 ohms, E =-
(b) If E = 100.7465 volts and I = 0.6295 amp., P in watts = 

_ (Hint: Use P = EI.) 

ANSWERS 

1. Three ... Of course, your answer will not be wrong if you carry to more than 
three, although extra and needless work is involved. You will not get full 
credit if you use less than three significant figures. 

2. 

3. 

4. 

(a) 
(b) 
(c) 
(d) 
(a) 
(b) 
(c) 
(a) 

(b) 

One 
Three 
Four 
Six 
46.4 (or 46.3) 
0.222 
0.000573 

(e) Six 
(f) Three 
(g) One 

(d) 235,000 (or 234,000) 
(e) 0.0304 
(f) 5.50 

(h) Four 
(i) Two 
(j) Six 

(g) 82.1 (or 82.0) 
(h) 33.0 (or 32.9) 

20.4 . .. E = IR = 10.10 X 2.02 = 20.4020 = 20.4 volts. E, as com¬ 
puted, is shown with five significant figures. Because only three signifi¬ 
cant figures are required, we may strike the unneeded digits at the end. 
63.6 watts ... P = EI = 100.7465 X 0.6295. To save work, we can re¬ 
duce each of the terms to three significant figures at the start. Because 
the fourth digit in 100.7465 is 5 or greater, we add 1 to the third digit, 
giving us 101. Similarly, the fourth digit in Ò.6295 is 5; therefore, we add 
1 to the preceding digit, 9, giving us 0.630. Then, P = EI = 101 x 0.630 
= 63.63 watts. The last digit is dropped to round the number off to 
three significant figures. 
We could also round off these numbers to 100 and 0.629, which would 
give us 100 X 0.629 = 62.9 watts. Strictly speaking, 63.6 watts is a bet¬ 
ter answer, but we would accept either one. 

An illustration of a division problem is shown below. The divisor, 
dividend, and quotient (answer) are identified. 

"1 O DIVISION OF DECIMALS . . . Decimals in division, just as in 
multiplication, are treated like whole numbers, but special attention 
must be given to placing the decimal point in the answer. 

20 quotient 
divisor 24 / 480 dividend 

One important rule for dividing decimals is this: first eliminate the 
decimal point from the divisor. To do so, move the decimal point to 
the right end of the divisor. Note the number of places you have 
moved the decimal point, and then move the decimal point in the 



dividend an equal number of places to the right. Place the decimal 
point in the quotient directly above the decimal point in the dividend. 

Example ... In the following division problem, eliminate the decimal point 
from the divisor and place the decimal point in the quotient. 0.0211 / 0.004362 

Solution .. . 0^2,1,!^ / Q.0,0,4,3,.62 = 211 / 43162 

Explanation .. . The decimal point in the divisor was moved four places to the 
right. Therefore, the decimal point in the dividend was also moved four places 
to the right. The decimal point in the quotient is placed directly above the deci¬ 
mal point in the dividend. 

Next divide the divisor into the dividend. Place the first digit of the quotient 
directly over the last digit used in the dividend for finding the first digit of the 
quotient. 

Example ... In the following problem, locate the first digit of the quotient: 
211 ' 43'62 

.2 
Solution ... 21 1 ' 43.62 

27 

Explanation ... 211 cannot be divided into 4 or into 43. But it can be divided 
into 436 about 2 times. Therefore, place a 2 in the quotient directly over the 
6 in the dividend. 

Complete the division. 

Example .. . Complete the solution of the following problem to four significant 
figures and round off to three significant figures. 

.2 
211 / 43.62 

.2 06 7 = 0.207 
Solution ... 2 1 1 / 4 3.6 2 0 0 

4 2 2 
14 20 
1266 
15 4 0 
14 7 7 

Explanation .. . Notice that two zeros have been added to the end of the 
dividend. They permit carrying out the quotient to the required number of 
significant figures. 



28 Be very careful to keep each digit in the quotient directly above the last 
digit in the dividend used in getting that digit in the quotient. Notice 
that the 6 in the quotient in the above example goes above the first zero 
of the dividend, since this zero was the last digit brought down to form 
1420, into which 211 is divided to get the 6. Before the zero was 
brought down to form 1420, the 2 of the dividend was brought down 
to form 142. Since the divisor, 211, would not divide into 142, a zero 
was placed in the quotient above the 2 in the dividend. 

Place a zero in the quotient after the decimal point each time the 
divisor is tried but will not go into the available part of the dividend. 
Such zeros locate the decimal point and are as essential as any other 
digits in the answer. 

Example .. . 324 f 0.7642 = _ 

,002358 
Solution .. . 324 z 0.764200 

648 
1162 
972 
1900 
1620 
2800 
2592 
208 

Explanation ... To locate the first digit of the quotient, note that 324 cannot 
be divided into 7. Therefore, place a zero in the quotient after the decimal point 
and directly above the 7. Likewise, 324 cannot be divided into 76. Therefore, 
place a zero in the quotient above the 6. But 324 can be divided into 764 two 
times; therefore, place a 2 in the quotient above the 4, etc. 

WHAT HAVE YOU LEARNED? 

1. Solve the following problems. Carry the quotients to three signifi¬ 
cant figures. 

31. 
2.68 

(b) ^9 =_ 
231.1 

(c) 400.5 
681 

(d) 0.000497 
0.01011 
14 _ 
236 ~ — 

(f) 271 
11.48 



. , 3 , , 0.01 
487 0.003 

... 1 . . 3.04 (h) — (0) - - ■ = ' ' 425 ' 200 

... 1 , . 0.00012 
(1) - = (p) - Z- = ' ' 500 0.006 
... 1 , . 0.0008 (1) = (q)  ——- = 67,000 4000 

(k) 014 - (r) ^- = 
W 23 0.2 
/n 760,000 _ 4250 _ 
1 ' 0.04 1 
. . 0.01 
<n” 0.01 “ 
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2. (a) In a d-c circuit, E = 9.3 volts, Z = 3.1 amp, R = _ 
(b) If E = 97.7 volts, I = 3.16 amp, R =_ 
(c) If E = 141 volts, I = 0.707 amp, R =_ 

3. In the formula C =~, where C is capacitance, in farads; t is time, 
K 

in seconds; and R is resistance, in ohms: 
(a) If t = 2 sec and R = 1000 ohms, C = _ farad. 
(b) If t = 0.001 sec and R = 20 ohms, C = - farad. 
(c) If t = 1.8 sec and R = 2200 ohms, C = _ farad. 

ANSWERS 

1. (a) 11.8... 1 1.8 
2.6 8 /3 1.70*0 

2 68 
490 
268 
2 2 20 
2 14 4 

76 
(b) 0.0000212 (h) 0.00235 
(c) 0.588 (i) 0.00200 
(d) 0.0492 (j) 0.0000149 
(e) 0.0593 (k) 0.00609 
(f) 23.6 (1) 19,000,000 
(g) 0.00616 (m) 1.00 

2. (a) 3 ohms ...R = ~  = 3 

(b) 30.9 ohms; (c) 199 ohms 

(n) 3.33 
(o) 0.0152 
(p) 0.0200 
(q) 0.000 000 200 
(r) 10.0 
(s) 4250 
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13 

3. (a) 0.002 ... C = 0.002 farad ... or, 0.00200 farad. However, K 100() 
zeros at the end of a decimal value have no meaning and can be dropped. 

(b) 0.00005 farad 

« 0.00081«. = 0.000818 farad 

CHANGING FRACTIONS TO DECIMALS ... Earlier we said that 
g 

a fraction is a form for division. That is, in a fraction such as —the 

numerator is to be divided by the denominator. 

A fraction can be converted to a decimal merely by carrying out the 
indicated division in the manner of topic 12. 

WHAT HAVE YOU LEARNED? 

w à = 
<b)A= . 

, , 39 
(c > ñ = 

1. Convert the following fractions to decimals by dividing in the 
manner of topic 12. 

<d) = 

(e) 11|=. 

ANSWERS 

1. (a) 0.1; (b) 0.428 (or 0.429); (c) 1.86 
(d) 1.41 ... To solve for the mixed number, simply convert the fraction to a 

decimal and add the whole number. (e) 11.7 

RECIPROCALS . . . The reciprocal of a number is 1 divided by that 

number. Thus, the reciprocal of 2 is^-; that of 34 is ; that of 

92,300 is 02^300 ’ and that °f °-000592 1S 0.000592 ’ 

The reciprocal is converted to decimal form simply by carrying out 
the indicated division. Although a reciprocal is just a division prob¬ 
lem which has a numerator of 1, it finds a great many applications in 
electronics. 



WHAT HAVE YOU LEARNED? 31 

1. Find the reciprocals of the following numbers: 
(a) 4 (d) 1000 (g) 0.521 
(b) 8 (e) 0.002 (h) 0.000732 
(c) 64 (f) 6370 

2. The conductance, in mhos, of a circuit is equal to the reciprocal of 
the circuit resistance in ohms. 
(a) A 150-ohm resistor has a conductance of- mhos. 
(b) A 0.025-ohm resistor has a conductance of_ mhos. 
(c) A 5000-ohm resistor has a conductance of- mhos. 
(d) Conductance is the reciprocal of-

3. In a certain circuit, B = i If = 0-25, X2 = 3.33, 
1 -^2 ^3 

and X3 = 14.3, B =-

4. i = 4 , where f is the frequency of an alternating current, in cycles 

per second, and t is the period, or time for each cycle, in seconds. If 
f = 60 cps, the time required for each cycle is _ second. 

5. Xc = — , where Xc is capacitive reactance, in ohms; w = 3.14; 

f = frequency, in cycles per second; and C = capacitance, in farads. 
If f = 60 cps and C = 0.00005 farad, Xc = _ohms. (Hint: 
Perform the multiplication in the denominator and then solve the 
reciprocal.) 

6. When three resistances Rt, R2, and R3 are in parallel, the com¬ 
bined resistance is found by the formula 

R = _I_ 
J_ + _L + J_ 
R, R, R, 

If R„ R,, and Ä3 are 18.3 ohms, 4.67 ohms, and 5.5 ohms, respective¬ 
ly, the combined resistance is _ ohms. (Hint: First convert 
each reciprocal to its decimal value.) 

ANSWERS 

1. (a) 0.250; (b) 0.125; (c) 0.0156; (d) 0.001; (e) 500; 



32 (f) 0.000157; 
2. (a) 0.00667; 

3. 4.37... B = 

(g) 1.92; (h) 1366 (or 1370 if rounded off) 
(b) 40; (c) 0.0002 (d) resistance. 

J- + A_ + J_ 
0.25 3.33 14.3 

= 4 4- 0.300 + 0.0699 
B = 4.37 

4. 0.0167 ... t = 4-= — = 0.0167 sec 
f 60 

5. 52.9 ohms . .. Xc = -J— =---2t7/c 2 X 3.14 X 60 X 0.00005 
2 X 3.14 = 6.28 6.28 x 60 = 376.8 = 377 (3 significant figures) 

377 X 0.00005 = 0.01885 = 0.0189 —-- = 52.9 ohms 
0.0189 

6. 2.22 ...R =- i-=-i_ 
A + 1 +L - 1 + +
R, R, R, 18.3 4.67 5.5 

= 0.0546 
18.3 

-Í— = 0.214 
4.67 

-ï— = 0.182 
5.5 

Äthen  -=—1—= 2.22 ohms 
0.0546 + 0.214 + 0.182 0.451 

15 PERCENTAGE ... Electronic quantities are frequently expressed in 
terms of per cent. For example, the efficiency of the final stage of a 
transmitter or the effectiveness of a filter in a power supply is often 
expressed in terms of per cent. 

One per cent of a number is one one-hundredth of it. Thus, 12 per 
12 cent of a number is , or 0.12 of it. 

To express a decimal in per cent form, move the decimal point two 
places to the right and add either the per cent sign, %, or the words 
“per cent.” Thus, 0.0147 is equal to 1.47%. Conversely, when a value 
is given in per cent form, it can be changed to a simple decimal by 
moving the decimal point two places to the left and discarding the % 
sign or the words “per cent.” Thus, 37% is equal to 0.37. 

Values which are expressed in terms of per cent should be changed to 
decimals before being used in computations. 

Example .. . 25% of 32 = _ 



33 

per cent of 56. 
Example .. • 3 5 18

3.5 _ o 0625 = 06.25% = 6.25% 
Solution...-^ the per cent form by 

—; the "nt si" moving the decimal point two P 

" . • 0.» w a b, m0^ «"ÏÏ 

in °“ 

WHAT HAVE YOU LEARNED? 

binaos in decimal form: 
! Express the following percen ag« (c) 150%

(a) 2% w

2. Express the f^g enUge 

3. 7.1% of 148 = 

4. 241% of 100 = -
per cent of 612. 

5. 41 is - F

6. 1 is output divided 
per cent of 1000. 

f Qnv device is equal to its power 
7. The efficiency of any d as

by its power input. Ihisca 

_ fl X ioo% 

.. P is the output power, in watts; 

säs» ■ .. 

stage is P Resistor A has a tolerance 
utnrs are rated at 2200 ohms. Resistor 8 Two resistors are i« 



34 of 10% and B a tolerance of 2%. This means that the actual resistance 
of A will be within 10% of its rated value, and that of B within 2%. 

(a) The actual resistance of the ± 10% resistor will lie between 
_ ohms and _ ohms. 

(b) The actual resistance of the 2% resistor will lie between 
- ohms and _ ohms. 

9. The voltage regulation of a power supply is given by the formula 

regulation (reg) = En — Ef 
E/ 

where En is the no-load voltage and E/is the full-load voltage. When 
the no-load voltage is 150 volts and the full-load voltage is 130 volts, 
the regulation is _ per cent. 

ANSWERS 

1. (a) 0.02; (b) 0.17; (c) 1.50 
2. (a) 9%; (b) 275%; (c) 87.5% 
3. 10.5... 7.1% = 0.071; 0.071 x 148 = 10.5 
4. 241 

5. 6.70%.. 
41 

. = 0.06699 = 6.70% 
olZ 

6 01 - -0001 =0.1» 

7. 60... i) = B» X 100 _ 3 x 100 _ gQ% 
Pi 5 

15.4% 

8. (a) 1980 (and) 2420 ... 10% of 2200 = 220 ohms 
maximum value = 2200 + 220 = 2420 ohms 
minimum value = 2200 — 220 = 1980 ohms 

(b) 2156 and 2244 
9. 15.4... reg = En-E^ _ 150 - 130 _ _20_ _ 0 1538 _ 

E/ 130 130 

POWERS OF A NUMBER 

16 THE MEANING AND USE OF POWERS OF A NUMBER... 
When a number is multiplied by itself one or more times, we call 
this raising the number to a certain power. For example, 4x4 indi¬ 
cates that 4 is being raised to its second power. Similarly, 2x2x2 
indicates that 2 is being raised to its third power, since three 2’s are 
being multiplied. 

To indicate that a number is being raised to a certain power, a super¬ 
script is used. Thus, 42 means 4 is being raised to its second power, 



which is equal to 4 x 4 = 16. Similarly, 23 means 2 is being raised to 
its third power, which is another way of saying 2 X 2 X 2 = 8. 

35 

When a number is raised to its second power, it is usually referred to 
as being “squared.” Thus, 372 is 37 squared, which is 37 X 37 = 1369. 
When a number is raised to its third power, it is said to be “cubed.” 
Thus, 73 may be called 7 cubed, and it equals 7x7x7, which is 343. 

Sometimes letter symbols are raised to certain powers. Thus, 

E' = ExExExE, R2 = R x R 

Example ... 3* = _ 

Solution ... 3* = 3 x 3 x 3 x 3 = 81, ans. 

Explanation .. . The superscript tells you that the 3 should appear 4 times in 
the expression for multiplication. 

Example .. . Given the formula P = EI, express P in terms of I and R only. 
(Hint: E = IR) 

Solution .. . P = EI = (IR)I = I x I X R = PR, ans. 

Explanation .. . P = EI. Substituting IR for E, we get P = (IR) x I, etc. To 
state the formula P = PR in words, we say that power P equals current 
I squared, or P, times the resistance R. 

Example .. . Given the formula P = PR, find P when I is 3 and R is 4. 

Solution ... P = PR = 32 x 4 = 3 X 3 x 4 = 36, ans. 

WHAT HAVE YOU LEARNED? 

1. In the problem 12 x 12 x 12, the number 12 is being raised to its 
third_ 

2. Solve the following: 
(a) 2112 =- (d) When E = 7, E2 = _ 
(b) 63 =- (e) When I = 0.524, P =_ 
(c) 100‘ =_ 

3. (a) P = PR. If I = 2.63 and R = 12, P =_ 

(b) P = Ç . If E = 31.5 and R = 12, P =_ 
K 
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Fig. 5 

o-
line 
o— 

Resistor 
3 amp 
40 ohms 

4. In the circuit given in Fig. 5 a toaster, a lamp, and a resistor are 
connected across a voltage source. The resistance of each unit and the 
current drawn by each unit are marked. Using the formula P = PR, 
where I is in amperes and R is in ohms, find the power used by each 
of the three devices. 

(a) Power Pt used by the resistor = - watts. 
(b) Power P2 used by the lamp = -watts. 
(c) Power used by the toaster = - watts. 
(d ) Total power P used by all three elements = -watts. 

(Hint: P = Pt + P, + P,) 

ANSWERS 

1. Power 
2. (a) 44,521... 21F = 211 X 211 = 44,521 

(b) 216...6 X 6 X 6 = 216 
(c) 100,000,000. .. 100* = 100 X 100 X 100 X 100 = 100,000,000 
(d) 49... E! = 7 X 7 = 49 (e) 0.275 

3. (a) 83.0.. . P = PR = I X I X R = 2.63 X 2.63 X 12 = 83.0 

(b) 82.7 ... P = ^-= 315 * 31- = 82.7 
/i 

4. (a) 360 ... P, = pRt = 3 X 3 X 40 = 360 watts 
(b) 240; (c) 720 
(d) 1320 ... P = P, + P2 + P, = 360 + 240 + 720 = 1320 watts 

WORKING PROBLEMS IN RIGHT ORDER . . . When a number 
of different steps are involved in working a problem, you must pay 
particular attention that you do the steps in the correct order. The 
thing to remember is that multiplications must be done first, before 
any adding or subtracting is done. 

Example ...2 + 3x4 + 5 =-

Solution .. .2 + 3x44-5 = 
2 + 12 + 5 = 19, ans. 

Explanation . . . First multiply the 3 by the 4, and then add. Notice that you 
would obtain a wrong answer if one or both of the additions were done first. 
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Example . . . Find K in the formula below if R, — 0.2 and Ä, — 20. 

v- _ 2 4- R\Rj 
“ R2 - 12 
2 + 0.2x20 (1) 

Solution . .. K = 2o - 12 

„ _ 2 + 4 (2) 
K - 20 - 12 

iz 3 (3) = JL =" , ans. 
ß 4 
4 

Explanation After the given values are substituted in the formula, the multi¬ 
plication is done as shown in step 2. No cancellation can be done until both the 
numerator and denominator are free of plus and minus signs-something you 
never want to forget. Therefore after step 2 is completed, the values in the numer¬ 
ator are added, and in the denominator subtracted, as indicated. Since the result¬ 
ing value, 8 is free of plus and minus signs, cancellation can now be done. 

Now let’s look at the problem 20-6 + 4. Since there are no multipli¬ 
cation signs, you can work the problem in any order you want to -
but keep on your toes. Notice that the minus sign is m front of the 6, 
and there is a plus sign in front of the 4. This means that the 6, and 
only the 6, is to be subtracted. Don’t make the mistake of subtracting 
6 + 4 from the 20, which would give a wrong answer of 10. Since 20 -
6 is 14 and 14 + 4 is 18, the correct answer is 18. Another way is to 
add the 20 and the 4, to give 24, and then subtract the 6 to give 18. 

If a problem has parentheses, the rule to remember is that the part 
of the problem within the parentheses should be worked first. After 
this is done, follow the working order explained above. For example, 
to find the value of 20 - (6 + 4), first add the 6 and 4 in parentheses. 
Then the problem becomes 20 — 10, which equals 10, the answer. 

Example .. . Find K in the formula below if Ä, = 3 and R2 = 5 

K = 2 + R,R2 + (2 + R,)R2

Solution ...K = 2 + 3x5 + (2 + 3)5 
Working first the part in parentheses, K = 2 + 3x5 + 5x5 
Doing the multiplications next, K = 2 + 15 + 25 = 42, ans. 

SUMMARY PROBLEMS TO INCREASE YOUR SKILL...The 
basic principles involved in working with formulas have been covered. 
The problems which follow give you additional practice on the prin¬ 
ciples most often missed by students. 

37 



38 WHAT HAVE YOU LEARNED? 

1. Fill in the blanks: 
(a) There are 1000 milliamperes in one ampere. Therefore to con¬ 

vert amperes to milliamperes, you would multiply by - , 
and to convert milliamperes to amperes, you would multiply 
by -
As an example, 50 amperes is equal to - ma, and 50 ma 
is equal to _ amperes. 

(b) There are 1000 millivolts in one volt. Therefore, 400 millivolts 
is equal to _ volts, and 1.6 volts is equal to - mv. 

(c) There are 1000 ohms in one kilohm. Therefore, 0.28 ohms is 
equal to _ kilohms, and 0.28 kilohms is equal to -
ohms. 

2. In the formula t = -=- where t is the time in seconds, L is the in¬ 

ductance in henries, and R is the resistance in ohms, what is the 
value of t in minutes, if L is 320 millihenries (there are 1000 milli¬ 
henries in a henry), and R is 0.004 kilohms? 

3. A parallel circuit has two branches. 16.4 amperes flows in one 
branch and 85 milliamperes in the other. What is the exact total cur¬ 
rent? (It would be the sum of the two branch currents.) 

4. Given the formula Q = G 
3 + hR 

find the value of Q if h is equal 

to—, R is equal to 20, and G is equal to 60. 

5. What is the area in square inches of a square that is 0.3 ft on each 
side? There are 144 square inches in a square foot. 

6. One formula for circuit power is P — — where P is the power in 

watts, E is the voltage in volts, and R is the resistance in ohms. If 
the voltage is 6 volts and the resistance 3 kilohms, what is the power 
in milliwatts? 

ANSWERS 

1. (a) 1000; 0.001; 50,000; 0.05 ... Compare with Problems 2 and 3 on page 22. 
(b) 0.4 volts; 1600 mv 
(c) 0.00028 kilohms; 280 ohms 



2. 0.00133 minutes... You must always remember in using formulas to change 
the given units to units required by the formula. 320 millihenries = 0.32 

j 0 32 
henries, and 0.004 kilohms equal 4 ohms. Hence, i = — = —-— = 0.08 sec-

K 4 
onds. Notice that the information with the formula says that t will be in sec¬ 

onds. Since the question asks for the answer in minutes, — 0.00133, the 

time in minutes. 
3. 16.485 amperes... Notice that one value is given in amperes and the other 

in milliamperes. You can add to values only if they are in the same units. 85 
ma = 0.085 amperes. 16.4 -I- 0.085 = 16.485 amperes, the answer. 

j a ® — 60 4. 8.57.. .Q - g + hR - g 2Q

5 

60 60 
3 + 4 7 

8.57 

You must remember: (1) you cannot cancel as long as there is a + sign in 
either the numerator or the denominator—(See Topic 4)—hence, you can’t 
cancel the 3 into the 60 and (2) when you have both + and X signs in the 
denominator (or the numerator), you must multiply before you add (See 
Topic 17). 

5. 12.96 sq in ... 0.32 = 0.3 X 0.3 = 0.09 sq ft. Changing to square inches, 0.09 
X 144 = 12.96 sq in. 

6. 12 milliwatts ... First of all you must change kilohms to ohms, since the for¬ 
mula says that R must be in ohms. 3 kilohms = 3000 ohms. 

p _ E2 62 _ 36 
R 3000 3000 0.012 watts 

Now 0.012 watts must be changed to milliwatts. 0.012 watts = 12 milliwatts. 

LESSON 2101-2 

PUTTING FORMULAS TO WORK 

EXAMINATION 

The purpose of this exam is to give you additional training in mathematics used in 
electronics, and so both you and your instructor can make sure that you under¬ 
stand the principles taught in the lesson. Since finding out your mistakes and 
the reasons you made them will help you in following lessons, it is important 
that you mail this examination as soon as it is completed. Then start on the 
next lesson, without waiting for the return of this examination. 

Circle the number of the correct answer for each question that follows. When you are finished, 

transfer the answers to the answer sheet by putting X’s in the proper squares. When the graded 

answer sheet is returned to you, correct in this book any questions you may have missed. By 

doing so, you will have a record of the correct answers to all questions for review purposes. 
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40 1. Which one of the following statements is correct? 
0) All the statements below. 
(2) You should study the lesson topic by topic, skipping nothing, 

and work every practice problem before doing the examination. 
(3) There are two aspects to working a problem. The first is know¬ 

ing how, and the second is using adequate care and sufficient 
checking to get the right answer. Both are important. 

(4) A wrong answer due to a misplaced decimal point is worse 
from a practical point of view than no answer at all. 

(5) Experts in math always recheck their work'. 
(6) You will complete your training program quicker (and with 

better grades) if you don’t hurry through this lesson and the 
other early lessons—in particular, never skip any What Have 
You Learned? questions. 

2. How accurate should your answers be to most practical problems 
in electronics, and to problems in your course? 
(1) To at least one decimal place, and better to two. 

To three decimal places. 
(3) To two significant figures. 

© To three significant figures. 

3. In which selection below is the value given not rounded off to 
three significant figures? 
(11 6.2830 becomes 6.28 when rounded off to three significant 

figures. 
(2) 40.3388 becomes 40.3. 

0.000406329 becomes 0.0004063. 
(4) 21,448 becomes 21,400. 

4. Before substituting values in a formula in electronics you must 
first make certain 
(1) that all values substituted are rounded off to three significant 

figures. 
@ that the values being substituted are in the same units 

as called for by the formula. 
(3) that the decimal point is moved one digit to the right for all 

values to go in the denominator. 
(4) that the formula does not require the use of a slide rule. 

E 
5. The formula for finding the current of a circuit is I where I 

is the current in amperes, E is the voltage in volts, and R is the 



resistance in ohms. Suppose the circuit voltage is 3.5 kilovolts. 
One kilovolt is equal to 1000 volts. The value to substitute for 
E in the formula is 
(1) 0.0035 (3) 350 
(2) 3.5 3500 

(5) 35,000 

W 
6. The formula for finding the voltage in a certain circuit is E = , 

where E is the voltage in volts, W is the work done in joules, I is 
the current in amperes, and t is the time in seconds. Suppose we 
want to find the voltage when the work done is 240 joules, the 
current is 20 milliamperes, and the time is 5 minutes. The very 
first thing you must do is 
(1) change milliamperes to amperes and kilovolts to volts. 
(2) change joules to watts and milliamperes to amperes. 
(3) change kilovolts to volts and minutes to seconds. 

change milliamperes to amperes and minutes to seconds. 

What is the voltage for the problem in Question 6 above? 
(1) 0.04 volts 40 volts 
(2) 2.4 volts (6) 400 volts 
(3) 2.5 volts 
(4) 25 volts 

(7) 2400 volts 
(8) None of the above 

8. How much is the square of 0.4? 
(1) 0.0016 0  0.16 
(2) 0.016 (4) 1.6 

(5) 16 

9. How much is the square of 0.04? 
(1) 0.000016 0  0.0016 
(2 ) 0.00016 (4) 0.016 

(5) 0.16 

10. How much is 2 X 0.2? 
(1) 0.004 ( 2 ) 0.04 O 0.4 (4) 4 

11. How much is the square of 0.2? 
(1) 0.004 ¿ï 0.04 (3) 0.4 (4) 4 
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12. The power used in a circuit can be found by the formula P = PR, 
where P is the power in watts, I is the current in amperes, and R 



42 is the resistance in ohms. If the current is 50 milliamperes, and 
the resistance is 8 ohms, find the power. 
(1) 0.2 watt (4) 20 watts 
(2) 2 watts (5) 320 watts 
(3) 3.2 watts (6) 20,000 watts 

None of the above 

13. The cut off point of a tube is equal to the plate voltage divided by 
the amplification factor. If we let Ec stand for cut off point, Ep for 
plate voltage, and for amplification factor, which of the following 
would correctly express this statement in formula form? 

(1) Ec = Ep X n 

(3) ¡i = Ep X Ec 

(4) Ep =-$-
Hie 

Q Ec=^e 

161 * 

14. To find the total current in a parallel circuit, you add the currents 
in the branches. If there are four branches with currents of 32 
amperes, 3.52 amperes, 46 milliamperes, and 5 milliamperes, what 
is the exact total current? 

35.571 amperes (4) 39.17 amperes 
(2) 36.48 amperes (5) 44.12 amperes 
(3) 36.957 amperes (6) 86.52 amperes 

(7) None of the above 

15. A parallel circuit has two branches. The current in one branch is 
0.0643 amperes and the total current is 6 amperes. What is the 
exact current in the other branch? Remember that the total cur¬ 
rent is the sum of the currents in the two branches. 
(1) 5.0357 amp @ 5.9357 amp 
(2) 5.0457 amp (5) 6.0643 amp 
(3) 5.357 amp (6) 6.643 amp 

(7) None of the above 

16. Multiply 604.058 by 7.0809. The exact answer is 
(1) 47.17088922 0 4277.2742922 
(2) 427.72742922 (5) 4717.088922 
(3) 471.7088922 (6) 42,772.742922 

(7) None of the above 

17. As a check to make sure you have your decimal point in Problem 
16 in the right place, make a rough calculation as follows: Note 



that 604.058 is roughly 600 and that 7.0809 is roughly 7. There¬ 
fore the correct answer should be on the order of 
(1) 42 Q 4200 
(2) 420 (4) 42,000 

43 

18. What is the value of 0.00208 x 34.2, rounded off to three signifi¬ 
cant figures? 
(1) 0.000711 (4) 0.711 
(2) 0.00711 (5) 7.11 
o 0.0711 (6) 71.1 

19. A 540,000-ohm resistor has a tolerance of 4 percent. What is the 
minimum (least) value of resistance that this resistor could have, 
assuming it is within its tolerance? 
(1) 21,600 ohms (3) 537,840 ohms 

518,400 ohms (4) 561,600 ohms 
(5) None of the above 

0.25 per cent. 
2.5 per cent, 
cent. 

20. If you divide 2 by 8 you get the decimal 0.25. Changed to per¬ 
centage, the decimal 0.25 is equal to 
(1) 0.0025 per cent. (3) 
(2) 0.025 per cent. (4) 

25 per 

21. 23 is what per cent of 91? 
(1) 0.253 per cent 25.3 per cent 
(2) 2.53 per cent (5) 39.6 per cent 
(3) 3.96 per cent (6) 396 per cent 

22. The conductance of a circuit in mhos is equal to the reciprocal of 
the circuit resistance in ohms. If a circuit has a resistance of 73 
ohms, what is the circuit conductance? 
(1) 0.00137 mho (4) 0.73 mho 
O 0.0137 mho (5) 1.37 mhos 
(3) 0.137 mho (6) 73 mhos 

23. Find the value of 0-003 
0.00001 

(1) 0.00333 
(2) 0.0333 
(3) 3.33 
(4) 30 

(5) 100 
0 300 
(7) 3000 
(8) None of the above 



44 24. What is the value of 40 — 8 + 2? 
(1) 30 
0 34 
(3) Both 30 and 34 are correct answers, depending upon how the 

problem is worked. 

25. Below are shown the work of Joe and Harry in finding the value 
of 18 + 36 

9 X 12 X 2 
3 

Joe’s work: X + X - 3 
#xXx^ 

1 
« 

Harry’s work: — + 36 
9 X 12 X 2 

54 = 1 
# X X X 2 ~ 4 

2 
Which man has worked the problem correctly and why? 
(1) Joe worked it correctly, because he first cancelled as much as 

he could. 
(2) Joe worked the problem correctly because he wrote the ans-

3 
wer as 3 rather than as — 

0 Harry worked the problem correctly because he removed the 
plus sign from the numerator before cancelling. 

(4) Both Joe and Harry worked the problem correctly, because 
there are two right answers. 

26. Find the value of 6x7 + 3 
6x7-3 

(1) -1 621.154 
(2) 1 (4) 2.5 

27. The gain of a feedback amplifier is found by the formula 

G = A 
1 + AB 

, where G = gain of the amplifier, A = gain without 

feedback and B = fraction of output which is fed back. If the 

gain without feedback is 72, and B what is the gain of the 

amplifier? 
(1) Not enough information is given to calculate the gain. 
(2) 0.9 (4) 8.87 
08 (5) 9 

28. The formula for finding the combined resistance of four resistors 
in parallel is 



R = _ I_ 
1 1 1 1 
Ä, + R2 + R, + R. 

45 

Find the combined resistance if R =3 ohms, R2 = 4 ohms, R2 = 
5 ohms, and RA = 6 ohms. 
(1) 0.95 ohm © 1.053 ohms (3) 2.14 ohms 
(4) 4.5 ohms (5) 9.5 ohms 

WARNING: This examination cannot be graded unless you write the 
full lesson number (2101-2) on your Answer Sheet. The -2 on the end 
of 2101-2 tells us which edition of the lesson you have, which we must 
know before we can grade your paper. So be sure not to leave off the -2. 





How to Earn Tuition Credits, 

Cash Awards, and Technical Books 

Your status as a CIE student qualifies you for an almost unlimited opportunity 
to earn these awards. Some students earn enough to pay their entire tuition or 
build a fine reference library ... and there is almost no work involved! 

That sounds too good to be true? Sure it does, but it can’t be said any other 
wav because those are the facts. Take a look at the simple procedure involved 
and see if you don’t agree it is the easiest way to earn money that you know about. 

1. Make up a list of friends or fellow workers that you think would benefit 
from a CIE Course. 

2. Explain to them how CIE lessons are easy to understand; the small 
study units; the clear print; and the use of many illustrations. With 
new programmed methods of instruction, studying is made easy ... it’s 
actually fun! You can study anywhere... any time. There are no classes 
to attend ... no other books or equipment to buy. 

3. Have them send a post card to the CIE Registrar and ask for full infor¬ 
mation - MAKE SURE YOUR NAME and STUDENT NUMBER 
ARE ON THE CARD. (This insures your proper credit.) 

4. We will see to it that he gets the complete CIE story (of course your 
encouraging comments will help). When the enrollment is received you 
will receive your award. 

To make your job a bit easier, we will send you a supply of printed post cards 
that don’t even require postage stamps. Send a card or letter to 

Registrar 
Cleveland Institute of Electronics 
1776 East 17th Street 
Cleveland, Ohio 44114 

and you will promptly receive a supply of Student Referral Cards. 

Don’t forget, a separate award for each and every new student that enrolls as 
the result of your identifiable referral. Make sure your prospects mention your 
name and number. 



CLEVELAND INSTITUTE OF ELECTRONICS / CLEVELAND, OHIO 



electronics 
CLEVELAND INSTITUTE OF ELECTRONICS [ CLEVELAND, OHIO 

Roots, Proportion and 
Negative Numbers 

CM 

CM 
o 

An AUTO-PROGRAMMED. Lesson 



-
r
t
X
V
N
 

ABOUT THE AUTHOR 

Bernard D. Ross, a member of the Technical Staff of the Cleveland Institute of 
Electronics, has had many years of practical experience in electronics. His career 
has included work as a technician at the Cyclotron and Servomechanisms Lab¬ 
oratories at the Massachusetts Institute of Technology and the Magnetron 
Laboratory of the Raytheon Company. 

Mr. Ross, a former radio ham, graduated from the Electrical Course at Lowell 
Institute, and attended the Massachusetts Institute of Technology in Electrical 
Engineering. He served in the Navy during World War II. 

The author has been employed as a Senior Handbook Writer for the Republic 
Aviation Corp., Designers for Industry, and Thompson Ramo Wooldridge and 
as assistant editor for Machine Design. He is a member of the Society for 
Technical Writers and Publishers. 

This is an AUTO PROGRAMMED Lesson exclusive with the 
Cleveland Institute of Electronics. It is your assur¬ 
ance of the finest in technical education and training. 
• Trademark_______. 

Accredited by the Accrediting Commission 
of the National Home Study Council 

The Accrediting Commission has been approved by the U.S. 
Office of Education as a “nationally recognized accrediting 
agency" 



CLEVELAND INSTITUTE OF ELECTRONICS 

Roots, Proportion 
and Negative Numbers 

By BERNARD D. ROSS 
Technical Staff 
Cleveland Institute of Electronics 



In this lesson you will learn... 

ROOTS... 
1. The Meaning of Roots ... 
2. Separating Numbers into Periods... 
3. Working a Square Root Problem ... 
4. More Square Root Problems... 
5. Solving Formulas Containing Roots ... 
6. The Right Triangle ... 
7. Finding the Hypotenuse ... 

RATIO AND PROPORTION ... 
8. Meaning of a Ratio... 
9. Meaning of a Proportion ... 
10. Law of Proportion ... 
11. Meaning of Direct Proportion ... 
12. Setting up Problems in Direct Proportion ... 
13. Meaning of Inverse Proportion ... 
14. Direct or Inverse Proportion?... 
15. Proportional to the Square Root... 

NEGATIVE NUMBERS... 
16. Meaning of Negative Numbers... 
17. Adding Positive and Negative Numbers ... 

USING PROPORTION TO SOLVE EQUATIONS. 
18. How It Is Done ... 
19. More Examples Using Proportion in Equations .. . 

EXAMINATION... 

Frontispiece: An electronic wave analyzer is used in 
making wind tunnel tests. Courtesy, Spec¬ 
tral Dynamics Corporation of San Diego 

Library of Congress Catalog Card Number: 63-12726 

© Copyright 1967, 1966, 1964, 1963 Cleveland Institute of Electronics. 
All Rights Reserved/Printed in the United States of America. 
THIRD EDITION/First Revised Printing/January, 1967. 

Pages 2 to 12 
Page 2 
Page 3 
Page 4 
Page 6 
Page 8 
Page 9 

Page 10 

Pages 12 to 29 
Page 12 
Page 13 
Page 14 
Page 17 
Page 19 
Page 22 
Page 25 
Page 28 

Pages 29 to 32 
Page 29 
Page 31 

. Pages 32 to 36 
Page 32 
Page 34 

Page 36 



2102-2 

A chat with your instructor 

In this lesson you will study square roots, the use of square roots in 
formulas, the properties of a right triangle, ratios and proportions, 
how negative numbers are used in electronics, and how to sum up 
voltages around a series circuit or loop. 

This is a wide-ranging assignment, and I advise you to extend your 
study over regular daily periods so that you will absorb the assign¬ 
ment topic by topic and not try to digest large amounts of learning at 
irregular intervals. 

You may find the most difficult part of this lesson is learning to ex¬ 
tract the square root. As explained in the topic on square roots, never 
forget the importance of first pointing off a number into periods, 
starting at the decimal point. This is such a simple operation that 
many beginning students think it is unnecessary. As a result, failing 
to point off a number into periods is the most common cause of error 
in extracting the square root. 

Pay particular attention to topics on ratio and proportion. No other 
subject in mathematics will be of as much help to you in understand¬ 
ing electronics. Almost every lesson in this course and almost every 
article on electronics that you will read will make some reference to 
a ratio or a proportion. 

The topics in this lesson have been carefully selected to cover the 
facts you will need to know in order to handle practical problems in 
electronics. Since there is nothing in. this lesson that you will not need 
later, there is nothing in this lesson that you can afford to hurry 
through. 

Make regular study a habit. It will make learning easier and will help 
you retain what you have already learned. 



2 Using Roots, Proportions, 
and Negative Numbers to 
Solve Electronics Problems 

ROOTS 
THE MEANING OF ROOTS ... The square root of a number is the 
value which, when raised to the second power, will give that number. 
Thus, the square root of 64 is 8, because 82 = 8 X 8 = 64. 

The symbol for finding a square root is the radical sign, / ’. For 
example, »64 means “the square root of 64.” 

The cube root of a number is the value which, when raised to the 
third power, will give that number. Thus, the cube root of 8 is 2, 
because 23 = 2x2x2 = 8. 

The symbol for finding a cube root is the radical sign with a small 3 
placed at the upper left. For example, means “the cube root of 8.” 

Roots greater than the cube root are indicated by using a higher 
number by the radical sign. Thus, / 32 means “the fifth root of 32, 
which is 2 because 25 = 2 X 2 X 2 X 2 X 2 = 32. 

WHAT HAVE YOU LEARNED? 

1. » 4 = _ê— 

2. / 25 = 

3. / 81 = _?_ 

4. »T44 = /*- -

5. / 1 =_/_ 

6. »nr = _o_ 

7. = n_ 

8. nr = X_ 

9. i + »49 = .11_ 

10. / 9 + 16 = 

(Hint: I — 
, where I is in amperes, P is in 

watts, and R is in ohms.) 

11. If 10 kw (kilowatts) of power is supplied to a d-c circuit and the 
resistance of the circuit is 100 ohms, the current flow is 7^-



ANSWERS 3 

1. 2 2. 5 3. 9 4. 12 5. 1 6. O 
9. 13 ... /36 + / 49 = 6 + 7 = 13 
10. 5... /9 + 16 = ^25 - 5 

11 10 /=Æ = /10 X 1000 
/ R / 100 

= <100 = 10 

7. 3 8. 2 

SEPARATING NUMBERS INTO PERIODS ... The first step in 
extracting the square root of a number is to point off the number 
into periods of two figures each starting at the decimal point and go¬ 
ing out to both the right and left. 

Example .. . Point off the number 24,656.213. 

Solution .. . 2'46'56.21'30 

Explanation . . . You can rapidly point off periods by inserting marks after 
each period, 2'46'56.21'30, starting from the decimal point and going to both 
left and right. Notice that a zero has been added at the end of the number to 
complete the second period to the right of the decimal point. Notice also that 
the comma used to point off a number in thousands is not used when a number 
is pointed off into periods. 

For every period in the number, there will be one digit in the root. 
The root of 2'46'56.21'30, for example, is 157.02. This has three digits 
in front of the decimal point and two digits following to correspond 
to the three periods in front of the decimal point in the number and 
the two periods following. 

WHAT HAVE YOU LEARNED? 

Separate the following numbers into periods as required for extract¬ 
ing the square root. Add zeros where necessary to form at least four 
periods. 

1. 36M71-1* 5. '23'* " >c0 8. O.'odöö’o 0 fi» 

2. T^obo.W 6. 2'25^0 ‘o0 9. 5io«’ e° 6° 

3. 87,823 !o ° 7. o!o8öö 10. 4^L7<’’<’<’ 

4. 5.67*80 oj 

7 ■ 



4 ANSWERS 

1. 36'48'71.10 2. 7'50'00.21 
3. 8'78'23.00 ... Since a decimal point is not shown in the given number, it is 

understood to be located at the end of the number. 
4. 5.67'80'00 7. 0.08'00'00'00 9. 5.00'00'00 
5. 23.00'00'00 8. 0.00'60'00'00 10. 4'21.70'00 
6. 2.25'00'00 

Q WORKING A SQUARE ROOT PROBLEM... The method can be 
learned best from the following example. 

Example ... Find the square root of 5.4. Carry the answer out to four signifi¬ 
cant figures. 

Solution ... 5.40'00'00' | 2,323 = 2.323, ans. 
4_ 

43 1 40 
1 29 

462 |TT 00 
9 24 

4643 I 1 76 00 
1 39 29 

Explanation . . . This explanation is divided into the steps that you should 
take when you work square root problems. 

1. Divide the original number into periods. Add sufficient zeros to make four 
periods, so that the root can be worked out to four figures. 

2. Find the largest square in the left-hand period and use its root as the first 
digit of the answer. The number in the left-hand period is 5. The largest square 
that will fit into 5 is 4. Write 4 underneath the 5, and place a 2, that is, the 
root of 4, in the box as the first digit of the answer. 

3. Find the first remainder. Subtract 4 from 5 and bring down the next period, 
40, joining it to the remainder 1. This gives 140 as the first remainder. Notice 
that for square roots, one period at a time is brought down. 

4. Double the root already found and add a zero for a trial divisor. Write this 
value at the left of the first remainder. The problem so far will look like this: 

5.40'00'00 |2 
4 

40 I 1 40 

5. Find how many times the first trial divisor will go into the first remainder. 
Because 40 will go into 140 three times, write the number 3 as the second digit 
of the answer and also write 3 in place of the zero at the end of the divisor. 
Now the problem looks like this: 



5.40'00'00 [23_ 
4 

43 I 1 40 

6 Multiply the corrected divisor by the number just placed in the a^wer and 
place the product underneath the first remainder. Thus, 43 X 3 - 129, and this 
number is placed underneath the 140. 

7. Subtract and bring down the next period to form the second remainder, 
which in this example is 1100. 

8. Find the trial divisor, as 
a zero at its end. Write this 

before, by doubling the partial answer and adding 
second trial divisor, 460, to the left of the second 

remainder. 
9. Because the trial divisor will go into 1100, the trial remainder, twice insert 
a 2 as the third digit of the answer and also replace the 0 at the end of the trial 

divisor with the 2. giving 462. 

10 Multiply 462, the corrected divisor, by the digit 2 just placed in the Miswer, 
2 X 462 =924, and enter the product under the second remainder. So tar the 

work looks like this: 

43 

4 62 

5.40'00'00 I 232 
4_ 
1 40 
1 29 
11 00 
9 24 

11 The rest of the solution is a repetition of steps already explained. Subtract 
the number 924 from 1100, and bring down the next period to Pye a third 
remainder of 17600. Double the partial root 232 
get the third trial divisor, 4640, which can be divided into 1 -600 three times. 
Therefore, write a 3 as the fourth digit of the root and change the zero at the 

end of the trial divisor to a 3. 

12. Locate the decimal point. Notice there is one period to the left of the r¬ 
mal point and there are three periods to the right. Hence, in the root 2323 
there will be one digit to the left of the decimal point and three digits to the 

right, or 2.323. 
13. Check your answer. Does 2.323 X 2.323 approximately equal the original 

number, 5.4? 

WHAT HAVE YOU LEARNED? 

1. /53l5,^4 = 7^ 

2. /1 7'9<P = 



6 3. /38b7 = Ll t 1 

4. / 0.67$ = 0‘ / 

5. / Icfo.dOO = J 3 / 

ANSWERS 

1. 732... 

143 

1462 

53'58'24 1732 
49 
4 58 
4 29 
|29 24 
29 24 

2. 4.23 3. 61.7 4. 0.824 5. 331 

MORE SQUARE ROOT PROBLEMS... 

Example .. . / 4451 =_ 

Solution .. . 44'51.00 | 66.7 = 66.7, ans. 
36 

126 Fã 51 
7 56 

1327 I 95 00 
92 89 

Explanation .. . Finding the square root of 4451 presents no unusual difficulty 
until an attempt is made to multiply the trial divisor, 120, by 7, which appears 
to be the second digit of the root, and to subtract this product from the first 
remainder: 

44'51.00'00 I 67 
36 

127[851 
8 89 

Because 7 x 127 is greater than 851, it is necessary to change 7, the apparent 
second digit of the root, to the next lower number. Thus the partial root becomes 
66, the divisor becomes 126, and the rest of the problem is solved in the regular 
way. 

Example .. . /6513 =_ 

Solution ... 

1607 

65'13.00 180.7 
64 
1 13 00 
1 12 49 



Explanation .. . In the usual manner, the first remainder is found to be 113. 
The work so far is as follows: 

65'13.00 |8 
64 

160 FT 13 

But 160 can not be divided into 113. Therefore, a zero is placed in.the root as 
the second digit. A zero is also added to the end of the divisor 160, making the 
trial divisor 1600. Then the next period is brought down. This gives: 

65'13.001 80 
64 

1600 IT 13 00 

The divisor. 1600, will go into the dividend 7 times; therefore, the 7 is written 
as the third digit of the root, and it is also used in place of the last zero in 1600. 
The work now proceeds in the regular manner. 

WHAT HAVE YOU LEARNED? 

Extract the following square roots. It is satisfactory to carry the an¬ 
swers to three significant figures, although a greater degree of accu¬ 
racy is usually given in the answers to these problems for the benefit 
of those students who may wish to practice extracting the square 
root to more significant figures. 

1. / 93,421 9. / 0.00025 17. /10 

2. / 0.000014 10. /2 18. /100 

3. /12,251 11. / 20 19. /1000 

4. / 7574 12. / 0.0000004 20. /4.5 

5. / 757.4 13. / 64,000,000 21. /50 

6. / 25 14. / 6,400,000 22. /802 

7. / 2.5 15. / 3.811 23. 0.000001 

8. /0.25 16. / 0.6369 



8 ANSWERS 

1. 305.648... 

605 

9'34'21.00'00'00' | 305.648 
9 
34 21 
30 25 

6106 3 96 00 
3 66 36 

61124 

611288 

29 64 00 
24 44 96 
5 19 04 00 
4 89 03 04 

2. 00.00'00'1 

67 

4'00'00' 
9 
5 00 
4 69 

1 0,00374 

744 31 00 
29 76 

10. 1.41421 17. 3.16228 
11. 4.47214 18. 10 
12. 0.00063246 19. 31.6228 
13. 8000 20. 2.1213 
14. 2529.82 21. 7.07107 
15. 1.952 22. 28.3196 
16. 0.79806 23. 0.001 

3. 110.684 
4. 87.0287 
5. 27.5209 
6. 5 
7. 1.58114 
8. 0.5 
9. 0.01581 

C SOLVING FORMULAS CONTAINING ROOTS ... When a root 
appears as a term in a problem, first find the root and then solve the 
problem in the usual way. 

Example . .. g + =_ 
Solution .. . 6 + / 3! + 41 = 6 + / 9 + 16 

= 6 + i 25 = 6 + 5 = 11, ans. 

WHAT HAVE YOU LEARNED? 

1. In the formula K 

K = AZÀ_ 
/ LpL, 

if M = 20, Lp = 10, and L, = 30, 

2. In the formula Z = / ß2 + (Xl — Xc)1, if R = 5, Xl — 16, and 
Xc = 9, Z = 'ff C 

3. In the formula f =- * if L = 10 and C = 0.002, f = h ¡3.-
2t7 y LC y 

(Note: w, the Greek letter pi, is a value that indicates the relationship 
between the diameter of a circle and its circumference, and it is always 



equal to 3.1416. Memorize this value. For most practical calculations, 
though, 3.14 may be used as the value of 77.) 

9 

4. In the formula I = if P = 
C R 

21 and R = 0.7, I = ^4 & . 
5. An electric iron which has a resistance of 60 ohms draws 1.5 kw 
of power. Current flow through the iron is__amperes. 

(Hint: Use the formula I = /— 
/ R 

where I is in amperes, 

and R is in ohms.) 

P is in watts, 

6. If a resistor is marked 10,000 ohms, 100 watts, it can carry */ 
amperes. 

ANSWERS 

1. 1.16.. .K = M 20 
/ LpL, / 10 X 30 

20 
300 

2. 8.60... Z = / R1 + (Xl - XcY = / 52 + (16 - 9)’ 
= / 25 + 72 = /25 + 49 = /TT = 8.60 

3. 1.13 ... f =- ;- = - 1
2w/ LC 2 X 3.14 / 10 X 0.002 

6.28 y 0.02 6.28 x 0.141 0.885 

THE RIGHT TRIANGLE ... The triangle in Fig. 1 is called a right 
triangle because one of its sides, BC (the line extending between 
points B and C), is perpendicular to one of the other sides, AC (the 
line extending between points A and C). That is, side AC is “square” 
to side BC. The angle at C is 90° and is called a right angle. 

The longest side of a right triangle is called its hypotenuse. The hy¬ 
potenuse is always opposite the right angle. The other two sides are 
called the legs. In Fig. 1, AB is the hypotenuse and AC and BC 
are the legs. 



Fig. 1 A right triangle. 

WHAT HAVE YOU LEARNED? 

A right angle contains_7 — degrees. 

There are legs in a right triangle. 

The hypotenuse is always located opposite the —_ angle. 

ANSWERS 

1. 90 2. 2 3. Right 

FINDING THE HYPOTENUSE ... In practical electronics prob¬ 
lems it is often necessary to find the length of the hypotenuse when 
the lengths of the other two sides of a triangle are known. 

Rule ... The hypotenuse of a right triangle is equal to the square root 
of the sum of the squares of the other two sides, or 

AB = AC2 + BC2

where AB, AC, and BC are all sides of the triangle as shown in the 
Fig. 1. 

Example ... In Fig. 1, if BC = 32 and AC = 21, AB = - . 

Solution ... AB =/212 + 322

= /441 + 1024 

= /1465 = 38.3, ans. 

Right triangles find much use in electronics calculations as applied to 
a-c circuits. A typical circuit with resistance R, reactance X, and im¬ 
pedance Z and its representation by a right triangle are shown in Fig. 2. 



11 

Fig. 2 A series a-c circuit and its representation by a right triangle. 

Example ... In the formula Z = / X2 + Ä2, if X = 120 ohms and Ä = 160 ohms, 
Z = _ ohms. 

Solution ...Z= /X2 + Ä2 = / 1202 + 16O2

= /14,400 + 25,600 = / 40,000 

= 200 ohms, ans. 

WHAT HAVE YOU LEARNED? 

1. In Fig. 1, if BC = 2.1 and AC = 1.69, AB = 2'7* 

2. If a room is 12 ft wide and 20 ft long, the distance between oppo¬ 
site corners of the room is 2 3'3 feet. 

3. An a-c circuit consisting of a resistor and a capacitor in parallel is 
shown in Fig. 3. The total current flow It is equal to the hypotenuse 
of a right triangle in which the current through the resistor Ik is 
equal to one leg and the current through the capacitor Ic is equal to 
the other leg. If Ic = 12 amp and Ir = 15 amp, It = /f.^-ampsres 

4. A series a-c circuit consists of an inductor and a resistor, as shown 
in Fig. 2. If Xi. = 25 ohms and R = 35 ohms, Z = _ ohms. 

Ir = 15 

Fig. 3 



12 ANSWERS 

1. 2.70 
2. 23.3 ... /12’ + 20’ = /144 + 400 = /544~ = 23.3 ft 
3. 19.2 ... h = / 12’ 4- 15’ = / 144 + 225 = / 369 - 19.2 amp 
4. 43.0 ohms 

RATIO AND PROPORTION 

MEANING OF A RATIO ... Two quantities may be compared by 
dividing the magnitude of the first quantity by the magnitude of the 
second. The quotient obtained is called the ratio of the two quanti-

g 
ties. Thus, the ratio of 8 amp to 4 amp is —, or 2, while the ratio of 4 

• 4 amp to 8 amp is—, or 0.5. 
o 

If the plate voltage on a tube is 300 volts and the screen voltage on 
the tube is 200 volts, how can we express the relationship between 
the two voltages? We can say that the ratio of the plate voltage to 
the screen voltage is 300 to 200. (This can also be written—not said—as 

300 3 
300:200.) In fractional form the ratio is , or^-. 

It is much better to say that the ratio of the plate voltage to 
the screen voltage is 3 to 2 than to say 300 to 200, because the mind 
can more easily comprehend the exact relationship between the two 

values when smaller numbers are used. Since 300 _ 3 
200 2 

1.5, we can 

say that the ratio of the plate voltage to the screen voltage is 1.5, 
which may also be expressed as 1.5 to 1 or 1.5:1. 

In relating two numbers by a ratio, make sure they represent quanti¬ 
ties that are measured in the same units or in related units. For ex-

ß 
ample, the ratio of 6 in. to 2 ft is not — . We must first change 2 ft to 

24 in., so that both quantities are in the same units. The ratio then is 
6 1 n oc — , or 0.25. 
24 4 ’ 

WHAT HAVE YOU LEARNED? 

1. (a) The ratio 21 to 7 is 
(b) The ratio 7 to 21 is 



2. A man earns $90 a week and saves $10 each week. The ratio of his 
savings to earnings is -

13 

3. Electrolyte for a bank of storage batteries consists of 5 qt of sul¬ 
furic acid mixed with 4 gal of water. The ratio of acid to water is 
£.7$ J h- (Hint: 4 qt = 1 gal) 

4. To deliver maximum undistorted power to a load, the ratio of the 
load impedance to the plate impedance in the output stage of a vac¬ 
uum-tube amplifier should be 2 to 1. If the plate impedance of the 
output is 6000 ohms, the load impedance should be K_ ohms. 

5. The ratio of the circumference of a circle to its diameter is 3.14, a 
value which is usually represented by the symbol w. If a circle has a 
diameter of 8 in., its circumference is _ 2S, / in>

6. If a circle has a circumference of 8 in., its diameter is 

ANSWERS 

21 3 
1. (a) This ratio may be written as 3 to 1, 3:1, or 3. 

7 1 
(b) 0.333, 1:3, or 1 to 3. 

2. 0.111, 1:9, or 1 to 9. 

5 
3. ,g, 5:16, 5 to 16, or 0.313 ... 5 qt of acid is mixed with 4 gal of water. Both 
quantities must be in the same units before their ratio can be found. 4x4 = 

5 16 qt. Therefore, the ratio of acid to water will bev^, etc. 
16 

4. 12,000 ohms ... You may interpret the problem statement as 
load impedance _ 2 
plate impedance 1 

Since the ratio is 2 to 1, the load impedance should be twice the plate imped¬ 
ance. Therefore, if the plate impedance is 6000 ohms, the load impedance should 
be 12,000 ohms. 

5. 25.1 in ... Thcumference— g Therefore, the circumference must be 3.14 
diameter 

times the diameter, and 3.14 X 8 = 25.1 in. 

6. 2.55 in ... — £ = 2.55 in. 
3.14 

g MEANING OF PROPORTION ... The ratio of 10 to 5 is or 2, 

8 10 8 
and the ratio of 8 to 4 is—7-, or 2. Therefore -z- =—j-, because each 4 5 4’ 
ratio is equal to 2. Such a statement of the equality of two ratios is 



14 called a proportion. A proportion is an equation that states that two 
ratios are equal. 

The above proportion should be read, “10 is to 5 as 8 is to 4. The 
values 10, 5, 8, and 4 are called the terms of the proportion. Every 
proportion has four terms. 

It is important to note that an equation of the form I — or E — j 

j F F P 
can be rewritten as—=—or —= —, and therefore these equations 

1 n 1 ï 

I E 
may also be considered as proportions. Thus-p=-^-can be read as I 

is to 1 as E is to R. 

WHAT HAVE YOU LEARNED? 

1. A proportion is an equation stating that — ratios are equal. 

2. There are _terms in a proportion. 

3. The proportion = || is read 3 > W -

p 
4. The equation E = if considered as a proportion, is read -

ANSWERS 

1. Two 2. 4 3. 3 is to 10 as 18 is to 60 
4. E is to 1 as P is to / 

10 LAW OF PROPORTION ... In most practical problems, three of 
the four terms which make up a proportion are given and the fourth 
term must be found. To find this fourth term, we make use of the 
important principle that in a proportion the cross products are equal. 
The meaning of the term “cross products” is illustrated in Fig. 4. 

When three terms of a proportion are known, the fourth term, or the 
unknown term, is represented by a symbol. If there is no standard 
symbol for the unknown term, the letter x is commonly used. For ex-



Fig. 4 In any proportion the cross products are equal. 

ample, the proportion 10 is to 5 as 8 is to what would be written as 

10 =A 
5 X ’ 

We can find the value of the unknown term by remembering that in 
a proportion the cross products must be equal. In the proportion in 
the preceding paragraph one cross product is 5 X 8 =40; therefore, 
the other product, 10 X x must also equal 40. If x is 4, this condition 
will be satisfied. And we found the value 4 by dividing 40 by 10. 

This leads to the following rule for finding the unknown term in a 
proportion. 

Rule ... To find the unknown term of a proportion, find the cross 
product both terms of which are known and divide that cross prod¬ 
uct by the known value in the other cross product. 

r 1 y 
Example .. . If — = , x =-

11 ZO.o 

A 11 X 12 =132 

Solution ... 

x X 25.3 =25.3x 

x = = 5.22, ans. 

Explanation .. . Both terms are known in cross product A. Their product is 132. 
This product is divided by the known term, 25.3, in cross product B. 

WHAT HAVE YOU LEARNED? 

In Problems 1 to 7, solve for x: 



16 
1. 18 _2_ y z / 
6 x X

17.5 _ X 
157.5 27 

3. 30 = 7 
210“ x 

c 100 X v ~ s < 

5- ~=L75 * ' 25

c x 30 _ _ 
‘ 20“ 12 " •> Û

7. 3.25:4.33 = x:83 - (> 2 , 

4. 15 =_27yc3 75 
X. 675 4

8. Given the formula E —-j-, where E is 60 and I is 10, find the 

value of P. 

X L 9. Given the formula for the Q of a circuit, Q =—^, in which Xl 
K 

and R are in ohms, what value must R be to give a Q of 100 when Xl 
is 500 ohms? 

10. In a voltage transformer, the ratio of the secondary voltage Es to 
the primary voltage Ep is equal to the ratio of the number of turns 
on the secondary winding Ns to the number of turns on the primary 
winding Np. Write this statement as a proportion. -x/az 
11. A voltage transformer has 200 turns on its primary and 800 turns 
on its secondary. If 115 volts is applied to the primary winding of this 
transformer, what is the secondary voltage? ÿ 

ANSWERS 

1. 1...X = ? * 3 = 1 
io 

2. 3 3. 49 4. 375 5. 25 6. 50 
7. 62.3 ... Before attempting to solve a proportion written in the form A:B = 

A C C:D, always rewrite it in the form — . 

8. 600 .. . Substitute 60 for E and 10 for I in ~ = ~t giving . Then 

solve the proportion by cross products: P = — X 10 _ ggg 

9. 5 ohms ... By using ^^^^and substituting the given values, 122.= 222.. 
1 K 1 R 

By solving the proportion for R, we have R = 2̂ 0 x * = 5. 



10. 

11. 

e^_2L 
Ep Np 

460 volts... By substituting in the proportion of Problem 10, we have 
E, 800 
115 200 

E, =  ‘^OQ 800 = 460 VoltS

17 

MEANING OF DIRECT PROPORTION ... One quantity is directly 
proportional to another quantity when the ratio of any two values of 
the first quantity is equal to the ratio of the two corresponding 
values of the other quantity. 

For example, in the formula I =-5-, let us suppose R is fixed at 10 
R 

ohms. Then, as E increases, I increases (see Fig. 5). Suppose first 
that E = 40 volts. We can then write 

Fig. 5 Direct proportion. In the formula I = — , I is directly proportional to E: as E 
increases, I increases a proportional amount. The graph shows the values 
of I (when R is constant at 10 ohms) as E varies. For example, when E = 
60 volts, I = 6 amp. . 



18 Now suppose that E = 60 volts, and we can write 

T E2 60 „ 
4 = «- =Iõ = 6amp

The ratio of the first current to the new current is 

I, _ £amp _ 2 
I2 6 amp 3 

The ratio of the first voltage to the new voltage is 

E, _ 40 volts _ 2 
E2 60 volts 3 

Since the ratio of the two currents is equal to the ratio of the two 
voltages, the current in a d-c circuit, when the resistance is constant, 
is directly proportional to the voltage. We would write out this pro¬ 
portion as follows: 

first current _ first voltage _ Z, _ E 
second current second voltage I2 E2

WHAT HAVE YOU LEARNED? 

1. (a) In the equation P = 10 I, P is _ proportional to I. 
(b) As I increases, P *5 . 
(c) If I, = 10, P, =_ ¿A»_ 
(d) If I2 = 100, P2 = _ 

I ■d' (e) ^- = -

(0 £= -Á-
(g) Therefore, the ratio of values of P can be equated to the ratio 

of the two corresponding values of 1 as follows: dd -T\_ = 
— 

2. The reactance of an inductor is directly proportional to frequency. 
If the reactance X of a certain inductor is 100 ohms at 5 kc, the reac¬ 
tance is 250 ohms at _/ X_ kilocycles. 



ANSWERS 19 

1. (a) Directly (b) Increases (c) 100... P =10x1=10x10= 100 
(HMMO (f> _L 

2. 12.5 ... X, = 100 ohms, /, = 5 kc, X, = 250 ohms, f2 = _ kilocycles. 
Then 

X, f, 
100_ 5 
250 f, 

The cross product with the two known terms is 5 X 250 = 1250. Divide this 
cross product by the known term, 100, in the other cross product, 100 f¡: 

100'= 12 5 kc= ¿ 

12 SETTING UP PROBLEMS IN DIRECT PROPORTION ... Follow¬ 
ing the method of Topic 10, no one has any difficulty in working out 
problems in proportion. Setting up problems in proportion is equally 
easy—but only if you go at it in the right way. The following exam¬ 
ple shows you how. 

Example . .. An automobile traveling 35 miles per hour goes 150 miles in a cer¬ 
tain length of time. If the speed of the automobile was changed to 55 miles per 
hour, what will be the distance covered in the same length of time? 

Solution ... 

Speed Distance 

Original Values 
Values changed to 

35 mph 150 miles 
55 mph x miles 

— = X - 236 miles, ans. 
X 55 

Explanation ... You must begin every proportion problem by making a table 
as above. First decide what are the two types of values involved in this propor¬ 
tion. In this example, the two types are speed and distance. Hence, we write 
speed and distance as the column headings for our tpble, as shown. Two sets of 
values are involved. One set is the speed and distance first considered (35 mph 
and 150 miles). In the table above we have entered this set of values in the first 
row and called them “original values”. The other set is the speed and distance 
after the change in speed has been made. In the table we have titled the two 
for these values as “values changed to”. The speed for this set of values is 55 
mph, and we call the distance x, since we don’t as yet know its value. 



20 Having completed the table, we can now write down the proportion directly 
from the table, and then find the value of x in the proportion. Since ratios must 
always be made from like units, the two speed values make up one of the ratios 

. 35 mph „ , > .1 i* , r , , 
( 55 m ph 1 °* the proportion, and the two distance values form the other ratio 

(150 miles ) 
' X miles ' 

In making up the table for the above example, how do you know 
whether to put the speed column or the distance column on the left? 
It makes no difference. Similarly, it makes no difference whether you 
use “original values” or “values changed to” as the first row. Three 
other ways to make up the table of the above example are shown be¬ 
low. Although each table represents a different proportion, if you will 
work out the value for x in each of the three proportions, you will get 
236 miles in each case. 

Distance Speed 

Original values 
Values changed to 

150 miles 35 mph 
X miles 55 mph 

150 _ 35 
X 55 

; X = 236 miles, ans. 

Speed Distance 

Values changed to 
Original values 

55 mph X miles 
35 mph 150 miles 

S=̂õ ;x = 236miles-<,”s-
Distance Speed 

Values changed to 
Original values 

X miles 55 mph 
150 miles 35 mph 

=-^; X = 236 miles, ans. 
35 150 

Example .. . The resistance of a copper wire is directly proportional to its 
length. If a 5-mile length of copper wire has a resistance of 10 ohms, what is 
the resistance of a 6-mile length of the same wire? 



Solution ... 21 

Wire length Resistance 

Shorter wire 
Longer wire 

5 miles 10 ohms 
6 miles x ohms 

— — — ; x = 12 ohms, ans. 
6 x 

Explanation .. . The two types of values in this proportion are wire length and 
resistance, and these form the column headings. The shorter of the two wires 
has a length of 5 miles and a resistance of 10 ohms, and these two values are 
listed in the row marked “shorter wire”. In the bottom row, for the longer wire, 
6 miles is listed for wire length, and x for the resistance. 

WHAT HAVE YOU LEARNED? 

1. The ratio of the primary to secondary voltages of a transformer 
varies directly with the ratio of primary to secondary turns. If the 
primary of a transformer has 500 turns and 110 volts is impressed 
across it, and if the secondary has 23,000 turns, the secondary will 
deliver_ °._ volts. 

2. The reactance of an inductor is directly proportional to the fre¬ 
quency of the current through it. If the reactance of a certain induc¬ 
tor is 1500 ohms at 2100 cycles, the reactance will be _?/ _ ohms 
at 10,000 cycles. 

3. The reactance of an inductance at a certain frequency is 1200 ohms. 
If the frequency is doubled, the reactance will be 2 dO_ ohms. 

4. At very high frequencies the field strength at a receiving antenna 
a certain distance from the transmitter will be proportional to the 
frequency of the signal. If the field strength at a certain receiving an¬ 
tenna is 8 mv (millivolts) per meter at a frequency of 100 me (mega¬ 
cycles), the field strength will be _ Ä4_ millivolts per meter 
at a frequency of 200 me. 

5. When resistors are connected in series, the voltage drop across each 
resistor is directly proportional to the applied vpltage. If an applied 
voltage of 500 volts results in a voltage drop of 80 volts across a cer¬ 
tain resistor, an applied voltage of 300 volts will cause a voltage drop 
of _ Z_ volts across that resistor. 



22 ANSWERS 

1. 5060 volts... 

7140 ohms... 2. 

or 
3. 
quency, doubling the frequency also doubles the reactance. 
4. 16 millivolts per meter 
5. 48 volts 

7140 ohms when rounded off to three significant figures. 
2400 ohms... Since reactance of an inductor is directly proportional to fre-

Voltages Turns 

Primary 
Secondary 

110 volts 500 turns 
X volts 23,000 turns 

Reactance Frequency 

Lower frequency 
Higher frequency 

1500 ohms 2100 cycles 
X ohms 10,000 cycles 

•j O MEANING OF INVERSE PROPORTION .. . With direct propor-
tion, the only kind discussed so far, an increase in one quantity 
brings about a corresponding increase in the other. Thus, when the 
circuit voltage is doubled, the circuit current also doubles, since cur¬ 
rent is directly proportional to voltage. 

There is another kind of proportion, called inverse proportion, in 
which an increase in one quantity results in a decrease in the other. 
An example is the statement that the time required to travel by 
automobile between two towns is inversely proportional to the speed 
of the car. If the speed is doubled, the time is reduced to one-half 
that required at the original speed. 

One quantity is inversely proportional to another quantity when the 
ratio of any two values of the first quantity is the reciprocal of the 
ratio of any two corresponding values of the second quantity. 

E For example, in the formula I =— let us suppose that E is fixed at 
R 

10 volts. Then as R increases, I decreases, as shown in Fig. 6. 



Fig. 6 Inverse proportion. In the formula I = I is inversely proportional to R: 

as R increases, I decreases in inverse proportion. The graph shows the values 
of I (when E is constant at 10 volts) as R varies. For example, when R = 
40 ohms, I = 0.25 amp. 

To solve a problem involving inverse proportion, set up two ratios in 
the same manner as for a problem in direct proportion, as discussed 
in Topic 11. Now invert one of the ratios, but not both, and equate 
them to each other. The resulting proportion will be an inverse pro¬ 
portion. 

Example .. . The resistance of a wire is inversely proportional to its cross-sec¬ 
tional area. If the cross-sectional area of a certain length of wire is 45 circular 
mils (abbreviated cir mils) and its resistance is 82 ohms, the resistance of the 
same length of wire with a cross-sectional area of 18 cir mils will be -

ohms. 

Solution ... 

Area Resistance 

Smaller wire 
Bigger wire 

18 cm X ohms 
45 cm 82 ohms 

18 = 82 • X — 205 ohms, ans. 
45 X 

Explanation .. . Make up a table exactly as for direct proportion, and as shown 

Above. From the table, the two ratios involved in the proportion are and 

21 



24 x ohms , i• rv* i . . 
82~ohms • Now we come to the only difference between working a direct propor¬ 

tion and an inverse proportion; in an inverse proportion, invert one of the 

ratios (either one, but not both). In the example above we inverted A- to obtain 
82 

— . Thus the proportion becomes . 
X 45 X 

18 We could just as well have inverted the ratio 4=-, in which case the proportion 
45 

45 X 
would be jg = ̂ • Working out the value of x for this proportion, we get 205 

ohms, the same value as obtained above. 

WHAT HAVE YOU LEARNED? 

1. A given circuit includes two parallel branches, as shown in Fig. 7. 
The current through each branch is inversely proportional to the re¬ 
sistance of that branch. In branch 1 the resistance is 10 ohms and cur¬ 
rent flow is 6 amps. If the current in branch 2 is 2 amps, find the 
resistance (R2) of branch 2. 

branch I branch 2 

Fig. 7 

2. If increasing one quantity to 3 times its original value causes an¬ 
other related quantity to also triple in value, the two quantities are 
in (a) - proportion. If two quantities are in inverse propor¬ 
tion, and if the first quantity is increased to 4 times its original value, 
then the second quantity will change to (b> _ its orig¬ 
inal value. 

3. The reactance of a capacitor is inversely proportional to the fre¬ 
quency. If the reactance of a certain capacitor is 1500 ohms at 2100 
cycles, the reactance will be _ ohms at 10,000 cycles. 
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4. The reactance of a capacitor is _ ohms at 1200 kc (kilo- 21 
cycles) if its reactance is 300 ohms at 680 kc. 

5. The reactance of a certain capacitor at a certain frequency is 4800 
ohms. If the frequency is tripled, the reactance will be_ 
ohms (see Problem 3). 

ANSWERS 

1. 30 ohms... 

6 10 The two ratios areand i-. Since an inverse proportion is involved, one of the 

ratios must be inverted. Inverting givesHence the proportion is — = — . 
2 6 6 X 

2. (a) Direct; (b) one-fourth 

Current Resistance 

Branch 1 
Branch 2 

6 amps 10 ohms 
2 amps X ohms 

3. 315... 
A' 2100 

1500_ 10,000 A = 315 ohms 

4. 170.. A~ _ 6.80 
300 1200 

X = 170 ohms 

5. 1600 ohms... Since the reactance is inversely proportional to the frequency, 
making the frequency three times its original value will reduce the reactance to 
one-third its original value. 

DIRECT OR INVERSE PROPORTION?... In the examples and 
problems so far you have been told whether the proportion is direct 
or inverse. When you are not this fortunate, deciding which type of 
proportion is involved is easy if you go about it right. In any case you 
start in by making up a table for the proportion just as you have 
been doing. You then decide whether direct or inverse proportion is 
involved. To do this, note the two column headings in the table 
(speed and distance in the example on page 19). When the value of 
one of these headings goes up, does the value of the other heading 
also go up? If so, you have a direct proportion. If the value of one of 
the column headings goes down when the other goes up, you have an 
inverse proportion. In the example on page 19, when the speed in¬ 
creases, the distance also increases, because you know that the faster 
the car goes, the more distance it will cover in a certain length of 
time. Hence, the proportion is a direct one. 



26 Example ... If a full crew of 8 men can do a certain job in 28 days, how long 
would it take a short crew of 7 men to do the same job? 

Solution ... 

Days Men 

Full crew 
Short crew 

28 8 
X 7 

28 7 „„ . — =-^-: X = 32 davs X 8 

Explanation ... Is the proportion direct or inverse? The column headings are 
days and men. As the number of men increase, the number of days required to 
do the job will obviously go down. Hence, the proportion is inverse. Hence, of 

28 8 the two ratios in the table, —and •=, one must be inverted. We inverted the 
X 7 

, . . ., .. 28 7 second, to give the proportion —=— . X 8 

WHAT HAVE YOU LEARNED? 

1. If a train travels 378 miles in 11 hr, it will travel _ miles 
in 17 hr. 

2. If a ship sails 256 miles in IU/2 hr, it will sail _ miles 
in 179 hr. 

3. If I6V2 ft of coaxial cable costs $61.87, 28 ft of this same cable will 
cost _ . 

4. A vernier dial turns 10 revolutions each time the control shaft is 
turned 3°. The dial will turn _ revolutions when the shaft 
is turned 17°. 

5. If 10 men can do a job in 20 days, 25 men can do the same job in 
_ days. 

6. If 7 men can erect a radio tower in 5% days, 4 men can erect the 
tower in_ days. 

7. You are given the formula M = 2'nQ2rh. When h is equal to 30, 
then M is equal to 45. What will be the value of M when h is 72? As¬ 
sume that the values of Q, tt, and r do not change. 



2^0^ 
8. You are given the formula M = — . When h is equal to 30, 

then M is equal to 45. What will be the value of M when h is 72? As¬ 

sume that the values of Q, w, and r do not change. 

27 

ANSWERS 

1. 584 miles... 

Distance Time 

Original values 
Values changed to 

378 miles 11 hours 
x miles 17 hours 

The two column heading are time and distance. The more time the train travels 
the farther it will go. Hence, as time increases, distance increases—a direct pro-

378 11 portion. The proportion is = — . 

2. 3985 miles... A direct proportion is used. 
3. $105... 

Length Cost 

Short length 
Long length 

16.5 feet $61.87 
38 feet x 

The more you buy, the more it costs. Hence, as length increases, so does cost 
,. . .• 16.5 61.87 increase—a direct proportion. = —:— . 

oo X 
4. 56.7 revolutions... A direct proportion, since the more revolutions you give 
the vernier dial, the further in degrees the control shaft is turned. 
5. 8 days ... An inverse proportion. See Example on page 00. 
6. 9.19 days .. . An inverse proportion. 
7. 108... 

M h 

Original values 
Values changed to 

45 30 
x 72 

Now look at the formula carefully. Notice that the higher the value of h, the 
higher the value that M must be, since M is obtained by multiplying 27rQ!r by 

the value of h. Hence, the proportion involved is direct, and is ~ ; x = 108. 

8. 18.75 ... The table will be identical to the one for Question 7. Studying the 
formula, we notice that when h becomes higher, M must become less. You are 
dividing 2-nQ2r by h—the bigger the number you divide by, the lesser the quo¬ 
tient must be. Hence, an inverse proportion is involved. Inverting the ratio for 



28 15 PR0P0RTI0NAL T0 THE SQUARE OR ROOT... One quantity 
may be directly or inversely proportional to the square of some other 
quantity. Or one quantity may be proportional or inversely propor¬ 
tional to the square root of some other quantity. 

Example . . .The resistance of a wire is inversely proportional to the square of 
the diameter of the wire. If a wire 0.15 in. in diameter has a resistance of 70 
ohms, what will be the resistance of the same length of wire with a diameter 
of 0.25 in.? 

Solution . .. 

Resistance Diameter 
Small Wire 
Large Wire 

70 fl (0.15)2 in. 
X fl (0.25)1 in. 

X (0.15)!
70 (0.25)2
x _ 0.0225 
70 0.0625 

X = 25.2 ohms, ans. 

Explanation ... In the table, the diameter values are shown squared because 
the problem states that the proportion is to the square of the diameter. In set-

ting up the proportion, the resistance ratio in the table,is inverted to give 
X 

X 
yy because the problem says that an inverse proportion is involved. The diam¬ 

eter ratios could equally well have been inverted. 

WHAT HAVE YOU LEARNED? 

1. The resistance of a wire is inversely proportional to the square of 
the diameter of a wire. If a wire 0.21 inches in diameter has a resist¬ 
ance of 80 ohms, what will be the resistance of the same length of 
wire with a diameter of 0.25 inches? 

2. The power dissipated in a resistor is proportional to the square of 
the voltage impressed. If a voltage of 100 volts will dissipate 240 
watts in a certain resistor, how much power will be dissipated if the 
voltage is increased to 180 volts? 

3. 400 watts of power is dissipated in a certain resistor. How much 
power will be dissipated in this resistor if the voltage is tripled? 
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4. 400 watts of power is dissipated in a certain resistor. How much 29 
power will be dissipated in this resistor if the voltage is reduced to 
one-third of its original value? 

ANSWERS 

1. 56.4 ohms 
o 77« 1002 240 10,000 240 2. 778 watts... x = 778 watts 

3. 3600 watts ... As no actual voltage is stated, assume the voltage is 1. The 
tripled voltage will then be 3. Hence, 
I2 400 . 1 400 „„„„ .. =- * = 3600 watts 32 x 9 x 
4. 44.4 watts.. . The ratio of the original voltage to the new voltage will be 3 
to 1. The ratio of the original power to the new power will be 400 to x. As it is 
a direct proportion, set these two ratios equal, but not until after the voltage 
ratio is squared. 
32 400 . 9 400 , ... .. -77-=—— — =- ; x = 44.4 watts 
I2 X 1 X 

NEGATIVE NUMBERS 

MEANING OF NEGATIVE NUMBERS . .. Ordinary numbers used 
in counting and in most simple calculations are known as positive 
numbers. A positive number is any number greater than zero. A posi¬ 
tive number may be indicated by placing a plus sign in front of the 
number, which means the number is to be added, but this sign is very 
commonly omitted. Thus, + 6 and 6 have the same meaning; each is 
6 units greater than zero. 

In your work as an electronics technician you will also make use of 
numbers less than zero. Such numbers are called negative numbers. 
A negative number is indicated by placing a minus sign before the 
number. Thus, —6 means a number which is 6 units less than zero. 

As a simple example to show the use of positive and negative num¬ 
bers, 25 degrees above zero can be represented as 4-25°, and 25 de¬ 
grees below zero can be represented as —25°. In a card game a score 
of 12 “in the hole” can be represented as —12 (that is, 12 less than 
zero), and a score of 20 “to the good” can be represented as 4-20, al¬ 
though the sign 4- need not be written. 



30 In electronics it is convenient to consider some point of the circuit, 
frequently the chassis, as being at zero potential or voltage. Then 
points of higher voltage than the chassis are considered positive and 
points of lower voltage are considered negative. When we say that 
the grid of a certain tube is operated with a bias of —6 volts, we 
mean that the potential on the grid is 6 volts less than the cathode 
potential, the latter being considered as being zero volts. You will 

Fig. 8 

find many other uses of negative numbers in electronics as you pro¬ 
gress through this course. 

WHAT HAVE YOU LEARNED? 

1. 14 indicates 14 units _ than zero. 

2. —14 indicates 14 units A i J }_than zero. 

3. In a cold-climate area, the temperature varies in one day from 5° F 
to —15°F. "Is_°F is the colder temperature because_ 
mi 2^.6_ 

4. In Fig. 8 is shown a d-c circuit which uses two batteries, E, and E¡. 
The common lead between the two loops is at ground potential. The 
voltage at point A is w _volts. The voltage at point B is (b) 
_ 2 °_volts. Consider ground as being at zero potential. 

ANSWERS 

1. Greater... 14 is a positive number. 2. Less 
3. — 15°F is the colder temperature because it is 15° below zero. 
4. (a) +10; (b) — 20 ... The negative pole of E, is connected to the grounded 
line. Because the voltage of E, is 10 volts, point A, connected to the positive 
pole of E,, will be 10 volts above ground. 
The positive pole of E¡ is connected to ground. Point B connects to the nega¬ 
tive pole of E2, which is 20 volts below ground, or — 20 volts. Therefore, the 
voltage at B is — 20 volts. 



17 ADDING POSITIVE AND NEGATIVE NUMBERS... While the 31 
use of 4- or — signs in front of numbers provides an easy shorthand 
method for saying “above zero” or “below zero,” the real value in the 
use of these signs is that they make practical calculations easier. Two 
rules are used for adding positive and negative quantities: 

Rule 1 ... To add two or more numbers which have the same sign, 
find their sum by ordinary arithmetic and prefix this sum with the 
common sign. 

Rule 2 ... To add a positive number to a negative number, find their 
difference by ordinary arithmetic and then prefix this difference with 
the sign of the number that has the greater value when the signs are 
ignored. 

Example .. . The sum of —7 volts and —5 volts is _ volts. 

Solution ... Since a minus sign precedes both terms. Rule 1 will apply: 

7 + 5 =12 

Because the common sign of the two numbers is minus, the answer is —12. 

Example .. . The sum of 8 volts and —14 volts is - volts. 

Solution ... Since a positive number and a negative number are involved, Rule 
2 will apply. 

14 - 8 = 6 

The number with the greater value when the sign is ignored, —14, is negative, 
and therefore the answer is —6 volts. 

WHAT HAVE YOU LEARNED? 

1.7 + 2= _ 7_ 3. -9 + 2 = ” 7-

2. -6 -8 = 4. 24 -91 = " ¿ 7 

5. (a) The sum of 91 volts and —24 volts is -”-2- volts. 
(b) The sum of 91 volts and 24 volts is —// — volts. 

6. (a) The sum of —10 amp and +14 amp is _ 7- amperes. 
(b) The sum of +14 amp and —10 amp is—7 ^ amperes. 
(c) The sum of —14 amp and —10 amp is ~ a 7 amperes. 



32 7. The sum of +21 decibels and —21 decibels is__decibels. 

8. The sum of an inductive reactance of 0 ohms and a capacitive 
reactance of — 5 ohms is _~ £_ohms. 

9. If a — 12-amp current is added to another — 12-amp current, the 
result is a ~ 3 / -ampere current. 

10. 8 + 4 — 3 — 6 + 7 — 2= 

11. 4-9-7 + 3- 5- 6 = 

12. - 5 - 7 + 6 - 3 = ~ 

ANSWERS 

1. 9 2. — 14 ... —6 and —8 are to be added. 
3. — 7 ... Use Rule 2 to add —9 and +2. 
4.-67 5. (a) 67; (b) 115 6. (a) 4; (b) 4; (c) -24 7.0 8. -5 
9. — 24 ... The negative sign preceding the current value means that current 
flow is opposite to the direction assumed to be positive. 
10. +8 ... Add term by term. 8 + 4 = 12, giving 12 — 3 — 6 + 7 — 2. Then 
— 3 added to +12 equals +9, giving 

9 — 6 + 7 — 2 = 
3 + 7 - 2 = 

10 - 2 = 8 
11. - 20 12. - 9 

USING PROPORTIONS TO 
SOLVE EQUATIONS 

18 HOW IT IS DONE . . . Formulas in electronics are very often not 
given in a form that will allow us to directly find what we want. For 

example if you are given the formula E = , you can easily find E 

if you know the values of Q and C. But suppose that it is Q that you 
want to find and you already know the values of E and C. By using 
proportion, this is nearly as easy as finding E. A few examples will 
show you how. 

Example .. . The voltage E across a capacitor is found by the formula 

*4 



where Q is the quantity of electricity stored in coulombs and C is the capacity 
in farads. What is the capacity if 100 volts across a capacitor will store 0.02 
coulombs of electricity in the capacitor? 

Solution . . . Substituting the given values in the formula, we have 

100 = ̂ -

In accordance with the upper half of page 14, this can be written as a proportion 

as follows: 

100 _ 0.02 
T - C 

Now find the value of C as you would work any other proportion. 

,, _ 0,02 X 1 0.02 o 0002 farad, ans. 
C - 100 100 

WHAT HAVE YOU LEARNED? 

1. Using the formula in the last example, find the value of Q if E 
500 volts and C = 0.004 farads. 

2. The time constant of an inductance and resistance in series is given 

by the formula t = , where t is the time in seconds, L is inductance 
R 

in henrys, and R is the resistance in ohms. What value of R should you 
use with an inductance of 5 henrys in order to obtain a time constant 
of 0.4 second? • » 5 * 

3. Using the formula of Problem 2 above, if R is 100 ohms, what value 
should L be for a time constant of 0.2 second? 

4. The cut-off point of a tube E< in volts is given by the formula Ec = 

where Ep is the plate voltage, and p is the amplification factor. 

If p is 100, what plate voltage is needed so that the cut-off point will 
be 5 volts? 5 ¿ a 

ANSWERS 

1. 2 coulombs . . . E = £ ; 500 = Writing this as a proportion = 

Q_ . n = 500 X 0.004 _ 2 coulombs 
0004 1 na 
2 12.5 ohms . . . t = 4 ; 0.4 = % Writing this as a proportion, — — « 

K K 

- 5x1 _ 12.5 ohms 
0.4 

3. 20 henrys 4. 500 volts 



34 19 M0RE EXAMPLES USING PROPORTION IN EQUATIONS . . . 
IS IJ 

Example . . . Given the equation A = , find the value of K if H = 8, M — 
MC 

12, A = 4, and C = 6. 

Solution . . . Inserting the given values 
a _ KH . . _ 8 X K 

MC ’ 12 X 6 
Writing as a proportion 

4 _ 8 X K 
1 12 X 6 

To find K in this proportion (or any similar one) first find the cross products. 
Now take the cross product in which all the terms are known, and divide it by 
the product of the known terms in the other cross product. This is a slight 
extension to the Rule on page 15 for solving a proportion. 

4X12X6 = 1X8XX 
6 

A' = 6 = 36, ans. 
1 X^ 

-2" 

Example ... At what frequency will an inductance of 5 henrys have a reactance 
of 1000 ohms? The formula to use is Xl = 2irfL, where 2ir = 6.28, Xl is the react¬ 
ance in ohms, f is the frequency in cycles per second, and L is the inductance in 
henrys. 

Solution . . . Substituting in the formula 

Xl = 2irfL 
1000 = 6.28 X f X 5 

Writing as a proportion, 1000 _ 6.28 x f X 5 
1 ï 

Solving, 1000 X 1 = 1 X 6.28 X / X 5 

200 
f _ 4000 X 1 
' 1 X 6.28 X-& 

= 6’S =31.8 cps, ans. 
b.Zo 

WHAT HAVE YOU LEARNED? 

1. Given the formula Q = — 4 , find A if m = 12, m - 9, p = 15, 
mpH 



3. 

4. 

Using the formula of Problem 4, find E if W = 4 and C = 0.08. 5. 
(Hint: First find E2, and remember that E is the square root of E2.) 

ANSWERS 

2. 
m 

Using the formula of Problem 1, find H if Q = 200, A = 3, w = 12, 
= 9, and p = 15. 

Given the formula W =~^-, find C if W = 4 and E = 30. 

; 20 X 9 X 15 X 10 = 1 X 0.4 X A X 12 
1 V a i<j 2\ Iv 

6. Given the formula P = PR, where P is power in watts, I is current 
in amperes, and R is the resistance in ohms, find the current in milliam¬ 
peres if P = 5 watts, and R = 400 ohms. 7 „ 

7. Given the formula M = i7 L,^ , find L, if M = 40 and L, = 16. 
(Hint: Rewrite / L,L2 as X , find the value of <¿7, and then 
square to get 

1. 5625 ... Q = 0-4 Aw • 20 = 04 x A X 12 
mpH 9 X 15 X 10 

Given the formula Xc , find C if Xc = 500. and f = 2000 

8. Given the formula / =- ==, find the value of C if / = 6 and L 
oc / LC

4 _ 9 X 15 X 10 X 20 _ ™, 
0.4 X 12 -

2. 0.000533 ... 22() = ^4 x 3 X 12 
1 9 X 15 x H 

i j — 1 X 0.4 X 3 X 12 _ß 
H " 200 X 9 X 15 - ° 000533

c=5ÕÕT7lhk<i<» =M~ 

3. 0.000(160159...g=ax ^ xC

35 



36 a n nnÄRQ _(30)2 x C. p 4x2 8 00889 
4. 0.00889 ... T--g- ’ C - Tx (30)’ = 9ÕÕ = °°0889

5. 10. .. 4 = £^008 . E , = = 100; E = /1ÕÕ = 10 

6. 112 ma ... 5 = P X 400; j-= ? ^O0; p = = 0.0125 amp; 

/ = / 0.0125 = 0-112 amp =112 ma 

7. 100,..40=/Z7x/ï^;^=-^p^; Æ; = 10; L, = 10’ = 100 

8. 0.0000282 .. . f =-—- ; g = ---— 
6.28 X /T X /C 6.28 X /25 X C 

__1 X 1-= 0.00531 
6 X 6.28 X 5 

C = (0.00531)’ = 0.0000282 

LESSON 2102-2 

ROOTS, PROPORTION AND NEGATIVE NUMBERS 

EXAMINATION 

Circle the number of the correct answer for each question that follows. When you are finished, 

transfer the answers to the answer sheet by putting X’s in the proper squares. When the graded 
answer sheet is returned to you, correct in this book any questions you may have missed. By 

doing so, you will have a record of the correct answers to all questions for review purposes. 

1. What is the most common mistake made in extracting square 
root? 
(1) Getting the decimal point in the wrong place. 
© Failure to first of all separate the number into periods of two 

digits each, starting at the decimal point and working out 
from there in each direction. 

(3) Confusing extracting the square root with squaring a number. 
(4) Forgetting to double the partial answer in obtaining the trial 

divisor. 

2. If the square root of 49 is 7, what is the square root of 4.9? (Don’t 
forget to square your answer to see if it equals 4.9 as a check.) 

C/ (1) 0.07 (2) 0.273 (3) 0.7 
(4) 1.85 @ 2.21 (6) 2.73 
(7) 3.02 (8) None of the above 

3. Find the square root of 2,730,000,000 (to 3 significant figures). 
(1) 1650 © 52,200 (3) 16,500 

C (4) 16,800 (5) 52,800 (6) 165,000 
(7) None of the above 



4. The formula for the energy stored in a capacitor is W = ^E¡C, 
where ll is the energy stored in the capacitor in joules; E is the 
voltage across the capacitor in volts; and C is the capacitance in 

CS farads. If the voltage across a certain capacitor is 100 volts and 
the capacitance is 0.0002 farad, how much energy is stored 9 
(1) 0.5 joule © i.o joule (3) 2 joules 
(4) 5 joules ~ (5) 10 joules (6) 50 joules 

(7) None of the above 

NOTE: Many of the following problems involve several steps. Even though you work the prob¬ 

lems correctly, your third significant figure may frequently vary slightly from the choice we intend 

as the correct answer. This is because different practices in rounding off in the intermediate steps 
will give slightly different results. If you, for example, obtain an answer of 4.17 and one of our 

choices is 4.19, this should be taken as the answer, assuming, of course, you have not made a 

mistake. However, the variation should not be more than 2 or 3 in the third significant figure. 
If you obtain 4.17 and our nearest choice is 4.10, you should recheck your work. 

Given the formula H 

125 and Q is 32. 
(1) 0.0189 
(4) 0.3 
(7) 1.92 

—  i find the value of H if u is 12 N is 

(2) 0.03 @ 0.190 
<5> °-811 (6) 0.818 
(8) 3.0 

6. In the equation f = - , ¡f L is equal to 3.1 and C is equal to 
2tt /¿C 

0.022, what is the value of /? 
U) 00510 (2)0.0902 (3)0 193 
Q 0.610 (5) 0.902 (6) 61 0

193 (8) None of the above 

A square is 23.5 inches on each side. What is the 
between diagonally opposite corners? 
U) 1.96 ft (2) 2.53 ft 
(4) 30.3 ft (5) 33.2 ft 

(7) None of the above 

distance in feet 

@ 2.77 ft 
(6) 39.2 ft 

8. Every problem you work in electronics must be checked and 
double checked. In particular, you should 
O make all of the checks below. 
(2) check decimal point location by checking over calculations, 

and by considering whether or not your answer seems reason¬ 
able. 

(3) check carefully to make sure that your values are in the right 
units and that any necessary conversions are made. For ex¬ 
ample, check your work on Problem 7 above once more to see 
if you noticed that both feet and inches are involved, and 



38 that you made the necessary conversion. 
(4) check your work for mathematical errors. 

9. If you obtain an answer that is in amperes, and you want to 
change your answer to milliamperes, you should 
(1) multiply the answer in amperes by 100. 
(2) divide the answer in amperes by 100. 

multiply the answer in amperes by 1000. 
(4) divide the answer in amperes by 1000. 

10. A resistor is marked 2800 ohms and is rated at 100 watts. When 
dissipating rated wattage, what is the current through the resis-

P 
tor? The formula to use is I — where I is in amperes, P is in 

watts, and R is in ohms. 
(1) 0.189 milliamperes (4) 528 milliamperes 
(2) 28 milliamperes (5) 5.28 amperes 
(3) 189 milliamperes (6) 28 amperes 

© None of the above 

11. With reference to ratios, which of the following statements is not 
true? 

9 ( 1 ) The ratio — can be written 1 : 3. 

© By the statement “the ratio of A to B”, we mean “ — 

(3) Ratios must be made between quantities measured in the same 
unit or related units. 

(4) The ratio 0.25 to 1 can be written as1 . 

12. With reference to ratios, which one of the following statements is 
correct? 
(1) The ratio of 2 volts to 14 volts is 7:1. 
(2) The ratio of 4 volts to 3 ohms is 4:3. 
(3) The ratio of 4 amperes to 8 milliamperes is 1:2. 

The ratio of 5 millivolts to 20 millivolts is 1:4. 

13. The ratio of 200 yards to 300 feet can be written 
f O 2: 1 (3) 2:3 

(2) 1 :2 (4) 3:2 

14. The collector bias on a transistor is 30 volts and the base bias is 
6 volts. The ratio of base bias to collector bias is 
(1)5:1 01:5 (3) neither 



15. Having worked out the value of x in a proportion, you should 
check your answer by seeing if 

' the cross products are equal. 
" (2) the product of the numerators is equal to the product of the 

denominators. 
(3) one cross product divided by the other cross product gives 

the value of x. 
(4) the product of the two cross products is equal to x. 

39 

16. What is the value of x in the proportion 2-222 _ x_ ? 
9.6 0.48 

your answer in accordance with Question 15, paying particular 
attention to the decimal point position. 0 °-0016 (4) 0.144 (7) 1.6 
(2) 0.0144 (5) 0.16 (8) None of the above 

(6) 1.44 

17. A certain parallel circuit contains two branches. The current 
through each branch is inversely proportional to the resistance of 
the branch. The resistance of branch 1 is 540 ohms, and the cur¬ 
rent flowing through branch 1 is 0.17 amp. The current through 
branch 2 is 0.085 amp. What is the resistance of branch 2? To 
work this problem, first make a table. Then note whether the 
proportion is direct or inverse, and work accordingly. 

' (1) 36.5 ohms ✓* (2) 108 ohms $ 2 .IT "\Flins 
(4) 365 ohms 1080 ohms (6) 2700 ohms 

(7) None of the above 

18. The resistance of a wire is inversely proportional to its cross-sec¬ 
tional area. If the cross-sectional area of a certain wire is 125 cir¬ 
cular mils and the resistance is 42 ohms, what is the resistance of 
another wire of the same length with a cross-sectional area of 30 
circular mils? Don’t forget to make a table first. 
(1) 8.92 ohms (3) 17.5 ohms 

89.2 ohms (5) 101 ohms (6) 175 ohms 
(7) None of the above 

19. If the current in a transformer primary is constant, the current 
output from the secondary is inversely proportional to the num¬ 
ber of turns. If the secondary current output is 160 ma when 
there are 400 turns on the secondary, what would be the secondary 
current output if there were only 100 turns on the secondary? 

—-^Tl) 0.120 ma (3) 0.640 ma (5) 213 ma 
(2) 0.213 ma (4) 120 ma (Q 640 ma 



40 20. If the current in a transformer primary is constant, the current 
output from the secondary is inversely proportional to the num¬ 
ber of turns. If the current output is 160 ma when there are 400 
turns on the secondary, what will be the secondary current if you 
remove 100 turns from the secondary? 

(2 d) 0.120ma 
(4) 120 ma 

(2) 0.213 ma 
213 ma 

(7) None of the above 

(3) 0.640 ma 
(6) 640 ma 

21. If a 5 horsepower pump will empty a swimming pool in 8.5 hours, 
what size pump is needed to be able to empty the pool in 3 hours? 
(Check your answer to see if it seems reasonable.) 

/ (1) 1.41 horsepower @ 14.2 horsepower 
(2) 1.76 horsepower (5) 17.6 horsepower 
(3) 5.1 horsepower (6) 51 horsepower 

22. The resistance of wire is proportional to its length. If 1350 feet of 
wire has a resistance of 2.5 ohms, what is the resistance of 800 
feet of the same wire? 
(1) 0.148 ohm 
(2) 1.37 ohms 

1.48 ohms 

(4) 4.22 ohms 
(5) 4.32 ohms 
(6) 14.7 ohms 

23. An a-c generator which must run at 3600 RPM (revolutions per 
minute) is to be belt driven by a motor running at 1400 RPM. 
The motor pulley is 4 inches in diameter. What diameter pulley 
should you install on the generator shaft so that the generator 
will run at the right speed? (Pulley diameter is inversely propor-

X tional to speed.) 
(1) 1.26 inches (4) 10.3 inches 
O 1-56 inches (5) 12.6 inches 
(3) 4 inches (6) 15.6 inches 

24. The ratio of the secondary current in a transformer to the primary 
current is equal to the ratio of the number of turns on the primary 
to the number of turns on the secondary. By “ratio of secondary 
current to primary current” is meant 

secondary current primary current 
primary current “ secondary current 

25. Refer to Question 24. The “ratio of number of turns on the pri-
mary to the number of turns on the secondary” means 



primary turns 
secondary turns 

secondary turns 
primary turns 

41 

26. Refer to Questions 24 and 25. Remembering that a proportion 
is a statement that two ratios are equal, we know that the ratio 
of Question 24 must equal the ratio of Question 25. Therefore the 
proportion can be written 

11 ) secondary current 
primary current 
secondary current 
primary current 

secondary turns 
primary turns 
primary turns 
secondary turns 

27. Referring to Questions 24, 25, and 26, suppose that there are 600 
turns on the secondary and 150 turns on the primary, and the 
primary current is 10 amperes. Then from Question 26 the proper 
proportion to use to find the secondary current is 

■V _ 150 
10 — 600 

X _ 10 
150“ 600 

X _600 
10— 150 

(4) ^_= 600 
150 10 

28. Referring to Question 27, what is the value of the secondary 
current? 
Q 2.5 amps (3) 25 amps 
(2) 4 amps (4) 40 amps 

(5) None of the above 

29. The reactance of an inductor is directly proportional to the fre¬ 
quency. If the reactance of a certain inductor is 300 ohms at 4500 
cycles, what is the correct proportion for finding the reactance at 
5000 cps? Be sure to first make a table. 

_ 4500 4500 _ 5000 
- 5000 X 300 
X 4500 5000 

= - (4) - = -
5000 300 X 

(5) None of the above 

300 
X 
300 

(2) 4500 

30. Refer to Question 29. What is the reactance at 5000 cps? 
(1) 270 ohms 
(2) 311 ohms 

(3) 3330 ohms 
(X? None of the above 

)3 ï î J 
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31. Given the formula F = ,,7 

EI 
E = 30. 

(1) 0.000139 
(2) 0.125 
(3) 0.281 
(4) 3.56 

find I if F = 0.667, W = 160, and 

0 8 
(6) 3200 
(7) 7200 
(8) None of the above 

32. The formula for magnetomotive force (F) in gilberts is F = 1.26N/, 
where N is the number of turns and 1 is the current in amperes. 

*/If the current is 4 amperes, how many turns are required to pro¬ 
duce a force of 1000 gilberts? 

198 turns (3) 3200 turns 
(2) 312 turns (4) 5000 turns 

(5) None of the above 

100O - h m x y 
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A chat with your instructor 

In electronics a number of different circuit components are connected 
together to form a properly operating circuit. The current and voltage 
distribution within the circuit is determined by three things: resistance, 
inductance, and capacitance. 

You have already studied the uses of resistance in d-c circuits. The 
uses of inductance and capacitance are the subject of this lesson. 

Because inductance is based upon the characteristics of magnetic fields, 
you will study magnetism and magnetic fields before progressing to 
inductance. Capacitance is based upon the characteristics of electric 
or electrostatic fields, and so you will first study electric fields and then 
capacitance. 

There is a broad range of applications, sizes, and types of both inductors 
and capacitors. Therefore, you will briefly study the construction of some 
of the most commonly used types and be able to note their relative merits 
for different applications. 

The principles you will learn from this lesson are used in practically 
every electronic circuit. If you learn them well, you will find any elec¬ 
tronic circuit easier to understand. Because of this importance, be sure 
to write to me about anything you don’t fully understand. 

Inductance and 
Capacitance 

MAGNETISM AND MAGNETIC CIRCUITS 

You have already learned about electric charges and the relationship 
between voltage, current, and resistance in an electric circuit. In this 
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Fig. 1 Effect of magnetic poles. 

section you will learn that a magnetic circuit has properties that are 
exactly parallel to those of an electric circuit. 

PROPERTIES OF MAGNETS... If a straight magnet (called a bar 
magnet) is suspended and is free to turn, it will swing from side to side 
and come to rest in a north-south position. The end pointing toward 
the north is called the north-seeking pole, or simply the north pole, 
and the opposite end is called the south pole. 

Figure 1(a) shows that two north poles brought close together will repel 
each other, and Fig. 1(b) shows that a north and south pole will attract 
each other. A basic law of magnets is that like poles repel and unlike 
poles attract. Compare this with the law relating positive and negative 
charges. You will remember that like charges repel and unlike charges 
attract. 

Magnets also attract certain materials that are not magnets. Such ma¬ 
terials, of which iron is by far the best known and most important ex¬ 
ample, are called magnetic materials. Nickel and cobalt are also magnetic 
materials, but the attraction of a magnet for these materials is much less 
than for iron. 
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bar being magnetized 

bar magnetized 

Fig. 2 Molecular magnets in a steel bar are aligned by stroking the bar with 
a magnet. 

The theory of molecular alignment explains why some materials can be 
magnetized. The molecules of all magnetic materials are tiny magnets. 
When a piece of magnetic material, say, a bar of iron, is unmagnetized, 
these molecular magnets face in random directions. When that is the 
case, the magnetic field of each is neutralized by the fields of adjacent 
molecular magnets. 

However, if by some means the molecular magnets are so aligned that 
all of the north poles face in one direction and all the south poles face 
in the other direction, the entire bar will be one large magnet. A steel 
bar can be magnetized by stroking it several times in the same direction 
with a magnet, as shown in Fig. 2. The field of the magnet serves to 
align the molecular magnets in the bar. 

The alignment of the molecular magnets can sometimes be destroyed by 
mechanical shock or excessive heat, which explains why some permanent 
magnets lose their magnetism. So when you are handling an instrument or 
piece of equipment that contains a permanent magnet, you should take 
care not to drop it or subject it to unnecessary shock or heat that might 
weaken the magnet. 

MAGNETIC FIELDS... A piece of iron being attracted to a magnet 
does not move in a straight line; instead, it moves in a curved path, 



Fig. 3 Lines of force are drawn around a magnet to show direction in which 
the magnetic force acts. The space occupied by the lines is called the 
magnetic field. 

such as the path taken by nut A in Fig. 3. We draw lines, called lines of 
force, between the north and south poles of a magnet to show the direc¬ 
tion in which magnetic materials move, that is, the direction in which the 
magnetic force acts. 

In Fig. 3 the lines with arrows show the direction that a free-to-move 
north pole will take if placed within the magnetic field. For example, 
the north pole of magnet B in Fig. 3 moves from the north pole of the 
main magnet to the south pole by following the path shown; it is repelled 
by the north pole and attracted by the south pole. The arrows always 
point from north pole to south pole because that is the direction in 
which a north pole will always move. A south pole would follow one of 
the paths shown, but it would, of course, move in the direction opposite 
to the arrows. A piece of unmagnetized iron will follow one of the lines 
of force, and it will move in the direction of the closest pole. 

The lines of force we draw do more than indicate the direction of the 
magnetic action; they also indicate field strength. The closer together 
the lines are, the stronger the force at that point. At point C in Fig. 3 
the lines of force are close together. Therefore, the force of attraction or 
repulsion at that point in the field is strong. At point D the lines are 
farther apart, showing that the field (that is, the magnetic force) is weaker 
there. 



Each line of force is thought of as an unbroken loop that leaves the 
north pole, goes around to the south pole, and finally returns to the north 
pole through the interior of the magnet. If we replaced the magnet shown 
with a stronger magnet, we would draw more lines of force to indicate the 
greater strength. 

The lines of force as a group compose what is called the magnetic flux or 
the magnetic field. A single line of force is called a maxwell. A magnet 
with a flux of 10.000 lines of force (10,000 maxwells) is twice as strong as 
a magnet with a flux of 5000 maxwells. 

While the total number of lines of force emanating from a magnet 
indicates the general strength of a magnet, the strength varies with dis¬ 
tance from the magnet; that is, the field strength decreases rapidly as we 
move away from the poles of the magnet. As we have already mentioned, 
this is indicated by the lines of force being farther apart in weaker areas 
of the field. 

The force exerted by a magnet al any point in space is determined by 
the number of lines of force per square centimeter at that point. The 
strength is said to be one gauss if there is one line of force per square 
centimeter. A field strength of 8000 gausses means that there are 8000 
lines of force per square centimeter, and such a field is twice as strong 
as a 4000-gauss field; see Fig. 4. 

WHAT HAVE YOU LEARNED? 

1. The north-seeking pole of a magnet is attracted toward the earths 
geographic north pole. Therefore, the magnetic polarity of the earth in 
this region must be that of a - pole. 

2. If the south pole of one magnet is brought near the - pole 
of another, the magnets will move apart. 

3. Magnetic lines of force are also known as -

4. Magnetic lines of force are thought of as leaving the (□>- pole 
of a magnet and returning through the <b>- pole. 

5. The strength of the magnetic force at some point near a magnet would 
be measured in I maxwells) (gausses). 

6. A strong magnet has more (maxwells) (gausses) than a weak magnet. 
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two lines of force 
per square centimeter 
here; hence the field 
strength is 2 gausses 

five lines of force 
per square centimeter 
here; hence the field strength 
at this point is 5 gausses 

pole of permanent 
magnet or 
electromagnet 

total number of lines of 
force is 13; hence the 
strength of the magnet 
is 13 maxwells 

Fig. 4 Total number of lines of force is measured in maxwells. Gausses are a 
measure of the number of lines of force per square centimeter, and the 
number will vary with distance from the pole and the position of the 
1-cm square. 

7. The unit of measure of the number of lines of force per square centi¬ 
meter is the_ 

ANSWERS 

1. South ... Although the pole is located north geographically, it behaves like the 
south pole of a magnet. 
2. South 3. Maxwells 4. (a) North; (b) South 
5. Gausses ... The force exerted by the magnet at some point in space around the 
magnet is determined by the number of lines per square centimeter at that point, 
and that is measured in gausses. 
6. Maxwells ... The general strength of a magnet is determined by the total num¬ 
ber of lines of force the magnet produces, and that is measured in maxwells. 
The field strength in gausses varies with distance from poles, and the field is 
stronger near the pole of a weak magnet than it is some distance away from the 
pole of a strong magnet. Hence, gausses would not be a very satisfactory answer 
to the question. 
7. Gauss 

3 ELECTRON! AGNETISM ... If a compass (which is nothing but a small 
bar magnet mounted free to turn) is held close to a conductor carrying 
a current, its needle will be deflected and will take up a position at 



Fig. 5 Magnetic field around a straight wire carrying an electric current. 

right angles to the wire, as shown in Fig. 5. The deflection of the compass 
shows that an electric current has a magnetic field around it. This is one 
of the most useful properties of a current. Electricity would be of little 
use to us if it were not for the magnetic and electric fields associated with 
it. 

The shape of the flux around a current-carrying conductor is found, as 
shown in Fig. 5, by spreading iron filings on a card at right angles to 
the conductor. The filings will align themselves in paths that represent 
the lines of force. As the figure shows, the lines of force form circles 
around the conductor. They are closer together near the conductor 
because the field is stronger there. 

The strength of the field at a specific distance from the conductor is 
proportional to the strength of the current. Remembering that the direc¬ 
tion of lines of force is the direction in which a north pole tends to move, 
we can place the arrows on the lines of force in Fig. 5 by noting which 
way the north pole of the compass points. Reversing the current direction 
will reverse the direction of the lines of force. 

Figure 6 shows you how to tell the direction of the field around a current¬ 
carrying conductor. If you grasp the wire with your left hand so that 
your thumb points in the direction of electron flow, your fingers will 
point in the direction of the lines of force. 

The magnetic field around a straight wire is relatively weak. By winding 
the wire into a coil, such as the one in Fig. 7, the field strength is much 
increased. The coil becomes a magnet called an electromagnet when 
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Fig. 6 Left-hand rule for magnetic field around a straight wire carrying an 
electric current. 

current flows through it, and it has north and south poles at the ends 
where the field is strongest, just as a bar magnet has. An electromagnet 
has an important advantage over an ordinary magnet: you can cut off its 
magnetic field at any time by merely cutting off the current to the coil. 
For that reason, an electromagnet is called a temporary magnet, and a bar 
magnet is called a permanent magnet. 

You can greatly increase the strength of an electromagnet, such as the 
one of Fig. 7, by placing an iron bar within it. If the bar is a soft 
grade of iron, most of the magnetism in the bar will disappear when the 
current is cut off. The small amount that remains is called residual 
magnetism. Hard steel, such as a drill bit, will retain most of its mag¬ 
netism after the current is cut off, and thus it will become a permanent 
magnet. This shows you one way to make a permanent magnet. Special 
alloys are used for the strongest permanent magnets. One of the best 
known is Alnico, which is an alloy of o/uminum, nickel, iron, and cobalt. 

Fig. 7 Magnetic field about a coil of wire carrying a current. 



WHAT HAVE YOU LEARNED? 9 
1. In some a-c generators, magnetic fields must be continually reversed. 
(Temporary) (permanent) magnets are suitable for this purpose. 

2. Meter movements require a uniform magnetic strength for long periods 
of time, and-_-magnets meet this requirement. 

3. A lifting magnet consists of a magnetic material within a coil. When 
current flows through the coil, the material becomes magnetized. The 
material should be made of a <□>_ magnetic material so 
that the material held will be released when the current is cut off. After 
current is shut off, the material still has some <b>_ mag¬ 
netism. 

4. Decreasing the current in a straight wire _ the wire’s 
magnetic strength. 

5. The electron flow in the wire shown in Fig. 8 is in the direction of the 
arrow. By using arrows, show the direction of the lines of force. 

Fig. 8 

6. A large d-c generator requires a strong magnetic field. For this 
purpose (permanent magnets) (electromagnets) (either) could be used. 

ANSWERS 

I. Temporary ... If the magnet were permanent, you could not get the magnetic 
field to reverse. 
2. Permanent 3. (a) Temporary; (b) residual 4. Decreases 
5. 

Fig. 9 



10 

Fig. 10 When a wire carrying a current is bent into a loop, all the lines of 
magnetic force pass through the center of the loop in one direction and 
return outside the loop in the opposite direction. 

6. Electromagnets... Electromagnets can be made to be much stronger than 
permanent magnetscan be. 

THE FIELD OF A COIL ... Figure 10 shows why the magnetic field is 
increased when the current-carrying wire is coiled. Notice in Fig. 10 that 
all the lines inside the loop are in one direction and all the lines outside 
are in the other. Thus the field inside the coil is stronger than for a 
straight wire because the lines of force now act together. If we have 
more than one turn, as in Fig. 7, the magnetic forces set up by the 
various turns act together and form a still stronger field. The left-hand 
rule can be used to find the magnetic poles of the coil: Hold the coil 
with your left hand so that your fingers point in the direction of current 
flow. Your thumb will then point toward the north pole, as shown in Fig. 11. 

If a compass is held inside the coil of Fig. 7, the north pole of the needle 
will point toward the north pole of the coil, in contrast to the usual rule 
that like poles repel. The reason for this is that the north pole, as already 
explained, always points in the direction of the lines of force, and, as 
Fig. 7 shows, that direction is from south to north inside a coil. 

The number of turns and the current strength determine the amount of 
the force that sets up the magnetic field. This force is called magneto¬ 
motive force (mmf), and it corresponds to voltage in an electric circuit. 
Voltage is the force that sets up a current, and mmf is the force that 
sets up a magnetic field. Just how strong a field a given amount of mmf 
will set up depends upon how hard it is for lines of force to form in the 
path they must follow. Lines of force form in iron much easier than in 
air, so for the same mmf you may increase the number of lines of force 
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(a) (b) 

Fig* 1 1 Application of left-hand rule to multiple-turn coil carrying an electric 
current. 

of a coil several hundred times by inserting an iron core inside the coil. 
Compare this with an electric circuit: for a given voltage (which corre¬ 
sponds to mmf) the amount of current (which corresponds to lines of 
force) depends upon the circuit resistance. 

Just as you have resistance in an electric circuit, so you have an opposition 
to the setting up of a magnetic field. This opposition is called reluctance 
and is represented by the symbol (R. Air has a high reluctance, so that 
a high mmf is required to set up any great number of lines of force. 
Iron has a low reluctance, so that a small mmf will set up a strong field. 

The mml of a coil is measured by the ampere-turns and is equal to the 
product of the number of turns A on the coil and the current strength /, 
in amperes, or A x /. If 2 A (amperes) flows through a coil of 800 
turns, the mmf in ampere-turns is 800 x 2 = 1600 At (ampere-turns). 

The mmf can also be expressed in a unit called the gilbert. To get the 
mmf in gilberts, you merely multiply the ampere-turns by 1.26. Thus 
1600 At is equal to 1.26 x 1600 = 2016 gilberts. The number of ampere-
turns is multiplied by 1.26 so that the answers to magnetic circuit prob¬ 
lems involving mmf will come out right. 

Since the mmf depends upon the ampere-turns, one way to increase the 
mmf is to increase the current through the coil by raising the voltage 
across the coil. Surprisingly, increasing the number of turns won't in¬ 
crease the mmf unless the voltage across the coil is also increased. That is 
because, as the number of turns increases, the resistance also increases and 
the current therefore decreases. The net result is that the product A x 1 
does not change. 



12 WHAT HAVE YOU LEARNED? 

1. The force that causes a magnetic field to be set up is called <o>_ 
_ force, abbreviated o>>_ It corresponds to w_ in 
an electric circuit. 

2. The higher the magnetomotive force required to set up lines of force in 
a certain material, the higher the _ of the material. 

3. The direction of lines of force through the center of a coil is (the 
same as) (opposite to) the direction of lines of force outside the coil. 

4. Write does or does not after each of the following factors to indicate 
whether it does or does not influence the direction of the lines of force of 
an electromagnet: <□> Ampere-turns _ ; <b> magnetic material 
_ ; (c) direction of current flow through the winding_ 

5. A certain relay requires an electromagnet of at least 600 At to have 
sufficient magnetic pull. If a coil with 200 turns is used, the current 
through the coil should be at least _ amperes. 

6. The resistance of iron wire is w (higher) (lower) than the resistance 
of copper wire. What, then, would be the effect on the magnetic strength 
of a coil wound with iron wire if it were rewound with copper wire? 
That is, would the magnetic strength of the coil (t) (increase) or (decrease)? 

7. A coil has 1000 turns and has 0.25 A flowing through it. The magneto¬ 
motive force developed by the coil is (a) _ ampere-turns, or (b>_ 
gilberts. 

8. A voltage of 6 V (volts) is applied across a 200-turn coil with a resist¬ 
ance of 30 Í2 (ohms). The mmf developed by the coil is <o> _ ampere-
turns, or (b)_ gilberts. 

ANSWERS 

1. (a) Magnetomotive; (b) mmf; (c) voltage 
2. Reluctance 3. Opposite to ... Note Fig. 10. 
4. (a) Does not (b) Does not (c) Does... The direction of lines of force 
generated by an electromagnet is determined entirely by the direction of current 
flow through the winding. 
5. 3... 3 A X 200 turns = 600 At 
6. (a) Higher (b) Increase ... Since the resistance of the wire would decrease, 
current through the wire would increase for the same applied voltage. An increase 
in current would cause an increase in magnetic lines of force. 



7. (a) 250 (b) 315... 250 x 1.26 
8. (a) 40 (b) 50.4... First find the current. / = E/R = 6/30 = 0.2 A. 
Ampere-turns = / x A = 0.2 x 200 = 40. 40 x 1.26 = 50.4. 

THE MAGNETIC CIRCUIT... The easiest way to understand a mag¬ 
netic circuit is to compare it with an electric circuit, as we have done in 
Fig. 12. An iron path is shown for the magnetic field. Notice the symbol 
* (Greek phi), which represents the total number of lines of force (max¬ 
wells) set up. Flux (<I>), magnetomotive force (mmf), and reluctance ((R) 
in a magnetic circuit are related in the same way as are current, voltage, 
and resistance in an electric circuit. In an electric circuit you divide the 
voltage by the resistance to get the current. In a magnetic circuit you 
divide magnetomotive force, in gilberts, by reluctance to get the flux 
value: 

mmf (in gilberts) 
= (R 

Example .. . Referring to Fig. 12(a), assume that 400 turns are used, the current 
is 0.5 A, and the reluctance of the iron core is 0.2. What is the strength of the flux? 

Solution .. . First find the mmf in gilberts: 

mmf = 1.26Nl = 1.26 x 400 x 0.5 = 252 gilberts 

, mmf 252 „ ‘P = ■ = 1260 maxwells, ans. 

soft iron 

battery 

I 

resistance (R) of 
wire opposes and 
limits current flow 

reluctance (R) of 
magnetic path 
opposes and limits 
the flux 

battery voltage 
(E) forces current 
around conductor 

ampere-
turns 
(mmf) 
sets up 

magnetic 
flux (<p) 

_ mmf 
R 

IlNil 

(a) Magnetic circuit (b) Electric circuit 

Fig. 12 Comparison of a magnetic circuit and an electric circuit. 
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14 What determines the reluctance of the magnetic circuit? One thing 
already mentioned is the type of material used for the magnetic path. The 
reluctivity of air and the reluctivity of all other nonmagnetic materials 
are approximately equal. Magnetic materials have a much lower reluctiv¬ 
ity than nonmagnetic materials. The reluctance of the magnetic path will 
be proportional to its length, just as the resistance of a conductor is 
proportional to its length. Similarly, the reluctance of the magnetic path 
is inversely proportional to its cross-sectional area, just as the resistance of 
a conductor is inversely proportional to its cross-sectional area. 

Permeability, for which p (Greek mu) is the symbol, is a term used to 
describe the ease with which lines of force can be established in a given 
substance as compared with air. The permeability of air is considered to 
be unity, that is, 1. If we say a certain grade of iron has a permeability 
of 4000, we mean that, if an air magnetic path is replaced with this iron, 
we will have 4000 times as many lines of force as we had in air. In other 
words, the reluctivity of the iron is only 1 /4000 as much as that of air. 

The permeability of a magnetic material is not a constant value; it de¬ 
creases rapidly after a certain flux density in gausses is reached. After 
the number of lines of force in iron (or other magnetic material) reaches a 
certain density, a further increase cannot be set up easily. In other 
words, the circuit reluctance increases, which means that the permeability 
has decreased. The flux density at which the permeability starts to drop 
off rapidly in value is called the magnetic saturation point. Because we 
usually want the highest possible permeability (since that will give us the 
desired amount of flux with the least mmf), magnetic circuits are normally 
so designed that the flux density is below saturation. 

Magnetic saturation is said to occur when almost all of the tiny molecular 
magnets in the material have become aligned. Since a further increase in 
flux density cannot align more of the elementary magnets, the permeabil¬ 
ity of the material decreases. Saturation does not occur in nonmagnetic 
materials. The permeability of such materials is always 1. 

WHAT HAVE YOU LEARNED? 

1. If the magnetomotive force of a magnet is kept constant, the flux in the 
circuit can be increased by using a material with a w_ permeabil¬ 
ity. The (b)_of the circuit will then be less. 

2. Figure 13 shows a coil wound around a toroidal (doughnut-shaped) 



core. If the diameter D of the core is doubled, the reluctance of the 
core will be <□>_ If the cross-sectional area of the core 
(one of the ends you would see if you sawed the core in half ) is doubled, 
the reluctance of the core will be w-

3. Figure 14 shows how a magnetic shield can be used to isolate a meter 
from magnetic fields. Since magnetic fields follow the path of least 
reluctance, the material used should have a high -

4. What in the circuit of an electromagnet corresponds to a battery in 
an electric circuit?-— ■ 

Fig. 14 



16 5. Maxwells in a magnetic circuit correspond to (a)_in an 
electric circuit, and they are represented by the symbol (b>_ The 
property of a magnetic circuit that corresponds to resistance in an electric 
circuit is called w-, and it is represented by the symbol 
W)_ 

6. An air magnetic path has a flux of 500,000 maxwells. When an iron 
path of the same dimensions is used in place of the air path, the flux 
increases to 80,000.000 maxwells. The permeability of the iron is 
(•)- The reluctance of the air path is <b>_ times as great as 
the reluctance of the iron path. If doubling the ampere-turns when the 
iron path is used increases the flux to 90,000,000 maxwells, then the iron 
path is to_ 

ANSWERS 

1. (a) Higher; (b) reluctance 
2. (a) Doubled .. . The length of the path is doubled and reluctance is proportional 
to path length, (b) Halved 
3. Permeability 
4. The ampere-turns... A battery develops voltage, and ampere-turns develop 
mmf. 
5. (a) Amperes; (b) $; (c) reluctance; (d) (R 
6. (a) 160... 80.000,000/500,000 = 160 (b) 160 
(c) Saturated ... Provided saturation is not reached, doubling the mmf should 
approximately double the number of lines of force. 

INDUCED CURRENTS 

You have learned that current moving through a coil builds up a magnetic 
field around the coil. Now you will learn that this principle also works 
in reverse. That is, a coil moving through a magnetic field will have a 
current flow or voltage generated in the coil. Whenever the number of 
flux lines threading a coil changes, a voltage is induced in the coil. 

If it were not for the fact that a changing magnetic field sets up a current 
flow, generators, transformers, and most of the whole field of electronics 
would not be possible. For that reason, it is very important that you have 
a good understanding of some of the effects of inducing a current in a coil 
by a changing magnetic field. 

INDUCED VOLTAGE THROUGH MOTION ... Figure 15 shows a 
bar magnet being brought near a loop of wire. As the magnet gets 
nearer, the number of flux lines threading the loop increases. If we 



deflected, showing that current 
is flowing in the loop 

Fig. 15 Moving a magnet toward a wire loop induces a current in the loop. 
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watch the zero-centered microammeter (that’s one with the needle cen¬ 
tered, so that it is free to swing either way), we see that the meter 
needle is deflected. This shows that the changing field strength within 
the loop induced a current in the loop. If we now pull the magnet away 
from the loop, the meter needle will be deflected in the opposite direction. 
This shows that reversing the direction of magnet motion reversed the 
direction of the induced current. 

We can also look at the magnet as inducing a voltage in the loop. In 
Fig. 16 the magnet is moving toward the now-open loop so that the flux 
threading the loop is increasing. Electrons in the wire are thus caused 
to flow from A to B through the loop. Since there is no closed circuit, 
the electrons pile up at end B. giving that end a negative charge. At the 
same time, electrons have left end A, so that that end becomes positively 
charged. Hence, a voltage would be read by a voltmeter connected be¬ 
tween B and A. 

If the magnet is now pulled away from the coil, the direction of electron 
movement in the wire reverses. End B then becomes positively charged, 
and end A negatively charged. If we periodically move the magnet toward 
and away from the loop, an alternating voltage will be induced in the 
loop. 



18 

electrons electrons 
Fig. 16 Because of electron flow through the loop, an emf is developed across 

the loop. 

F ACTORS AFFECTING INDUCED VOLTAGE... When the 
amount of flux threading a loop or coil of wire is changing—either 
increasing or decreasing, a voltage is induced in the coil. The faster 
the bar magnet is moved toward the loop, the higher the induced voltage 
will be. That is because the magnetic flux threading the loop is increasing 
at a faster rate. The induced voltage, then, is proportional to the rate of 
change offlux threading the loop or coil. 

The rate of change of flux refers to the increase or decrease per second 
in the number of flux lines in the field. If the number of flux lines thread¬ 
ing the loop increases from 1000 lines to 1500 lines in one second, 
the flux has changed 500 lines in one second. In other words, the rate 
of change of flux is 500 lines per second. If the number of lines decreases 
from 10,000 lines to 6000 lines in 2 s (seconds), the change in flux is 
10,000 - 6000 = 4000 lines. The rate of change of flux is then 4000/2 = 
2000 lines per second. The induced voltage when the rate of flux change 
is 2000 lines per second, will be 4 times as great as when the rate of 
flux change is only 500 lines per second. 

It makes no difference whether the magnetic field is moved and the coil 
is stationary or the coil is moved and the field is stationary. All that 
is necessary to induce a voltage in the coil is some change in the number 
of flux lines threading the coil. 

Now let’s consider another factor that determines the magnitude of the 
voltage induced in a coil of wire by a changing magnetic field. Figure 17 
shows a coil made up of several turns of wire moving into a magnetic 
field. The voltage induced in each turn of wire is proportional to the 
rate of change of flux through that turn. Since there are several turns 
in series, the voltages of the individual turns add, thus producing a voltage 
across the entire coil that is equal to the sum of the individual voltages. 



coil moving in this direction 19 

induced voltage is equal to 
the sum of the voltage 
induced in each turn 

Fig. 1 7 A higher voltage is induced in a coil if more turns are added; it is equal 
to the voltage induced in each turn multiplied by the number of turns. 

Practical devices based on the principle of induced voltage have coils of 
many turns because the voltage induced in a single loop is not great. The 
induced voltage is proportional to the number of turns — multiply voltage 
induced in each turn by the number of turns to get the total induced 
voltage. You can find the voltage induced in a coil by the equation 

e “ 100,000,000z 

where e = induced voltage, in volts 
N = number of turns of the coil 
4’ = number of magnetic flux lines changed through the coil 
z = time for the flux lines to change 

and 100,000,000 is a factor which comes from the fact that when the 
flux changes at the rate of 100,000,000 lines of force per second, one 
volt is induced. 

Notice that the formula shows that the induced voltage increases if the 
number of turns of the coil is increased. Also notice that the formula 
shows that the induced voltage is proportional to the flux change 4> 
divided by time Z, or ^/t. This is precisely what is meant by the rale of 
change of flux. 

Example I ... A 30-turn coil of wire is passed through a magnetic field such that 
the flux lines threading the coil change at the rate of 2,000,000 lines of force 
in 0.2 s. The induced voltage is - volts. 



20 Solution ... 

N* 30 X 2,000.000 60.000.000 
e = - = - = - = 3 V, ans. 

100.000,000/ 100,000,000 X 0.2 20,000,000 

Now let’s consider another example with the same coil and the same 
magnetic field, the difference being that the coil is moved faster. 

Example 2 ... A 30-turn coil of wire is passed through a magnetic field such that 
the flux lines threading the coil change at the rate of 2,000,000 lines of force 
in 0.1 s. The induced voltage is _ volts. 

Solution . .. 

A4> 30 X 2,000,000 60,000,000 , „ 
e = - = - = - = 6 V, ans. 

100,000,000/ 100,000,000 X 0.1 10,000,000 

The induced voltage in the second example is twice as great because the 
same number of flux lines changes through the coil in only half the time. 

WHAT HAVE YOU LEARNED? 

1. A coil of wire is held at a fixed distance from a very powerful perma¬ 
nent magnet. The voltage induced in the coil will be 
(a) proportional to the strength of the magnetic field. 
(b) proportional to the number of turns of wire. 
(c) both (a) and (b). 
(d) zero. 

2. If the number of lines of flux threading a coil changes 2000 lines in 
0.006 s, the rate of change of flux is <□)_ lines per second. If the 
coil has 100 turns of wire, the voltage induced will be «_ volts. 

3. Figure 18 shows a simple tachometer for measuring the speed of a turn¬ 
table in rpm. A tiny permanent magnet is mounted on the turntable 
and passes a pickup coil once each revolution. As the magnet passes 
the coil, a voltage “spike” is induced in the coil. This is fed to a pulse¬ 
counting circuit that counts the number of spikes per minute and thus 
registers the speed of the turntable in rpm. Is the amplitude of the induced 
voltage spike affected by the speed of the turntable? <a> (yes) (no) Why? 
_ Using a stronger permanent magnet on the 
turntable would d»> (increase) (decrease) (not affect) the amplitude of the 
induced voltage spike. Doubling the number of turns in the pickup coil 
would cause the induced voltage spike to w (decrease to about one-half) 
(double) ( remain the same). 



voltage spikes induced in coil 

Fig. 18 

4. Figure 18 shows that the voltage of each spike reverses polarity, so that 
the induced current evidently flows in one direction during half of the 
spike period and in the other direction during the other half. When and 
why does this induced current reversal occur? 

ANSWERS 

1. (d)... Since the coil is held at a fixed distance from the magnet, there is no 
change in flux threading the coil. Therefore the voltage induced in it is zero. 
2. (a) 333,000... The flux changes 2000 lines in 0.006 s, so 2000/0.006 = 333,000 
lines per second. 
(b) 0.333 ... Using the formula 

A* 100 x 2000 200,000 
e = - = —-= —- = 0.333 V, ans. 

100,000,000/ 100.000,000 X 0.006 600,000 

3. (a) Yes... The induced voltage is proportional to the rate of change of flux 
threading the coil, so the faster the magnet moves past the coil, the higher the 
induced voltage spike will be. 
(b) Increase... For any given speed, the stronger the magnet, the more lines of 
flux that will change through the coil per second, so the higher the induced voltage 
will be. 
(c) Double... The induced voltage is directly proportional to the number of 
turns in the coil. 
4. As the revolving turntable brings the magnet closer and closer to the coil, the 
number of lines of force threading the coil continually increases, giving an induced 
voltage of one polarity. After the magnet passes the coil and starts to move away, 
the number of lines of force threading the coil decreases. This induces a voltage 
of the opposite polarity. The reversal in polarity occurs at the moment when the 
magnet is directly opposite the coil. 

21 



11 This field does not actually exist, 
because it is canceled out by the 
stronger field of the bar magnet.-i 
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Fig. 19 Changing the flux through a coil induces a current in the coil in such 
a direction as to oppose the action that induced it. 

O LENZ’S LAW AND DIRECTION OF INDUCED CURRENT... 
The direction of induced current is determined by Lenz’s law, also called 
the law of induced current, which states that the direction of an induced 
current is always such as to oppose the action that produced the induced 
current. In Fig. 19(a) the action that induces the current is the magnet 
moving toward the coil. The direction of the induced current must be 
such as to set up a force that opposes the magnet being moved toward 
the coil a force that tries to push the magnet away from the coil. 

You have learned that when current flows through a coil, the coil sets 



2 up lines of force and becomes an electromagnet. Thus the current induced 
in the coil in Fig. 19(a) makes the coil an electromagnet. By Lenz’s law 
the north pole of this electromagnet will be to the left so that it repels 
the bar magnet north pole being brought toward it. (Remember that like 
poles repel.) 

The induced current direction is such as to magnetize the coil so that it 
opposes the motion of the bar magnet. In Fig. 19(a) the current direction 
must make a north pole at the left end of the coil. To find that direction, 
use the left-hand rule. Hold the coil with your left hand so that your 
thumb points to the left (that is, toward the north pole of the coil). 
Then your fingers will point in the direction of current flow. 

In Fig. 19(b) the magnet is being pulled away from the coil. Now the 
direction of induced current is such as to set up an action trying to pull 
the magnet back toward the coil. The left end of the magnet now becomes 
a south pole so as to attract the north pole being pulled away. Knowing 
that the north pole of the coil must be to the right, the left-hand rule 
can be used as before to find the current direction. 

Figure 19(a) shows two magnetic fields opposing each other, the field of 
the magnet and the field produced by the coil current. The figure implies 
that these two flux sets flow in opposite directions within the coil. But 
it is impossible to have intermixed flux lines that are in opposite direc¬ 
tions. What happens is that the lines of force from the magnet, being the 
stronger, overcome the flux of the coil, so that there is in fact only one 
field, the field of the magnet as shown in Fig. 17. The effect of the lines 
of force that the coil is trying to set up in opposition to the field of the 
magnet is to weaken the field of the magnet. 

Thus the strength of the flux through the coil is less than it would be if 
it were not for the bucking action of the flux that the current through the 
coil is trying to set up. If R in Fig. 19(a) were increased so that the 
induced current would be less, then the flux threading the coil would be 
greater. Also, since the lower current could not set up such a strong 
opposition action, the magnet could be moved toward the coil easier than 
when R was of lower value. 

In Fig. 19(b\ where the two flux sets are aiding each other, the flux 
through the coil is higher than it would be if there were not current flow 
in the coil. If R were changed to a lower value, the increased induced 
current would further increase the flux through the coil. 



24 WHAT HAVE YOU LEARNED? 

1. Show that the direction of current flow in the loop of Fig. 15 is as 
indicated. 

2. Suppose in Fig. 19(a) that the bar magnet is held stationary and the 
coil is moved toward the magnet. The current direction through R will be 
(toward the right) (toward the left). 

3. The direction of induced current is always such as to produce an action 
that (aids) (opposes) the action that induced the current. 

4. The reason why moving a magnet toward a coil will induce a voltage is 
that (o) (the magnet and coil are changing their positions relative to each 
other) (the number of lines of force threading the coil is being varied). 
That being the case, having some component moving is not a necessary 
requirement for an induced voltage. The only requirement is to somehow 
vary the strength of the flux <b>_ the coil. In the next 
topic you will see how this can be done without having any moving parts. 

top view 
of coil 

coil moving in 
this direction 
at constant speed 

Fig. 20 

5. The amplitude of the induced voltage in Fig. 20 when the coil is in 
position C is (zero) (more than the induced voltage at position B or D) (the 
same as the induced voltage at position B or D). 

6. The induced voltages at positions B and D are of the (same) (opposite) 
polarity. 



ANSWERS 25 
1. Use the left-hand rule. 
2. Toward the right... If you move the coil toward the magnet, the left end of 
the coil will become a north pole in order to resist the motion that is bringing 
the coil toward the magnet. 
3. Opposes 4. (a) The number of lines of force threading the coil is being 
varied. (b) Threading 
5. Zero .. . The amount of flux threading the coil must be changing in order to 
have an induced voltage. At position C the coil is moving within a uniform 
field, so that the number of lines of force threading the coil is not changing. 
6. Opposite... The coil is entering the field at position B, and therefore the 
lines of force threading it are increasing. At position D. where the coil is 
leaving the field, the number of lines of force threading the coil is decreasing. 

9 INDUCING A VOLTAGE BY MUTUAL INDUCTION... To in¬ duce a voltage in a coil, the strength of the flux threading the coil must 
be varied. In the preceding topics we varied the field by moving a perma¬ 
nent magnet toward or away from the coil. A magnetic field is set up 
by current flow through a coil. So another way we can induce a voltage 
in a coil is by changing the magnetic field developed by another coil. This 
method of inducing a voltage, or emf, is called mutual induction. 

Figure 21 shows a coil P, called the primary, connected through a switch 

Fig. 21 A voltage is induced in the secondary by mutual induction. 



26 to a battery. When the switch is closed, current will flow through the pri¬ 
mary coil and cause a magnetic field to be built up around the coil. Ap¬ 
plying the left-hand rule, we see that the north pole of the magnetic field 
will be downward in the figure. Just below the primary coil, we have 
placed another coil S, which we call the secondary. This coil is not 
connected electrically to the primary coil, but is placed physically close to 
it. Now when the switch is closed, current will flow through the primary 
and a magnetic field will start to build up, so that the secondary coil “sees” 
an increasing amount of flux passing through it. The effect of this chang¬ 
ing flux will be the same as if a permanent magnet were brought nearer 
the coil. That is, a voltage will be induced in the coil. 

What is the direction of the current induced in the secondary? Lenz’s 
law states that the direction must be such as to oppose the action that 
induced the current. The increasing magnetic field is the action that is 
inducing the current. Hence, the induced secondary current tries to keep 
the lines of force from increasing. It does so by trying to set up a field 
of its own that opposes—and therefore weakens—the primary field. The 
secondary coil must have its north pole at the top so that it tries to force 
flux in the direction opposite to that of the flux from the primary that is 
threading the coil. Applying the left-hand rule shows that secondary 
current must flow as shown in order to get a north pole at the top of 
the secondary. 

The emf is induced in the secondary only while the magnetic field is 
changing. Within a fraction of a second or so after the switch has been 
closed the field generated by the primary will stop increasing, so there 
will be no change in flux threading the secondary. Consequently, there 
will be no voltage developed across the secondary. When the switch is 
opened again, the magnetic field established by the primary starts to col¬ 
lapse. Now the secondary sees a decreasing flux through it. Once more 
a voltage is induced in the secondary, but this time the polarity is opposite 
to what it was when the switch was closed. If we continually close and 
open the switch rapidly enough, so that the flux is continually changing, 
there will be an induced voltage in the secondary at all times. 

If we replace the battery in Fig. 21 by an alternating-current source, the 
current through the primary will be continuously changing in amplitude. 
As a result the primary flux will continuously vary, so that there will be a 
continuous output voltage from the secondary. This is the principle of 
operation of a transformer, to be discussed in detail in a later lesson. 

Notice that in Fig. 21 not all of the flux lines threading the primary coil 
pass all the way through the secondary. However, we know that the 
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Fig. 22 Iron core confines flux path so that almost all lines threading primary 
also thread secondary. 

greater the number of flux lines that change through the secondary coil 
each second, the greater is the induced voltage. If we can in some way 
confine the magnetic lines of flux of the primary so that all of the lines 
threading the primary also thread the secondary, we will have the maxi¬ 
mum possible voltage induced. You learned in an earlier topic that soft 
iron has a much lower reluctance than air. So if we wrap both coils around 
the same iron path, or core, practically all of the lines threading the 
primary will also thread the secondary. This is shown in Fig. 22. Thus 
the voltage induced in the secondary of Fig. 22 is higher than in that of 
Fig. 21. 

Although almost all of the lines threading the primary also thread the 
secondary, the lines of flux leaving the north pole of the iron core. Fig. 22, 
must travel through air to get back to the south pole of the core. Since 
the reluctance of an air path is much higher than that of an iron path, 
the total reluctance of the entire path is still higher than it would be if 
the entire path were iron. Consequently, the number of flux lines that 
can be generated by the current flow through the primary coil is less than 
it would be if the entire path were iron. 
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Fig. 23 Complete iron loop provides low reluctance so more flux lines thread 
secondary. 

We can improve the situation if we bend the iron bar around in a complete 
loop, thus making a complete iron path for the flux. This will give a 
much lower reluctance path for the flux, so the number of flux lines gen¬ 
erated by the current flow through the primary will increase. As a result, 
the number of flux lines threading the secondary will greatly increase and 
thus induce a higher voltage in the secondary. Figure 23 shows both 
windings wrapped around a continuous closed loop of iron. 

Figure 23 illustrates the basic iron-core transformer. If by some external 
means the current in the primary is kept continuously varying, the output 
from the secondary will be continuous. Alternating current varies con¬ 
tinuously and therefore will make the transformer work. The primary 
of the transformer is connected to an alternating-current source, and an 
alternating voltage is developed across the secondary. 

WHAT HAVE YOU LEARNED? 

1. Figure 24 shows two coils wound one on top of the other on the same 
form. When the switch 5 is closed, a voltage «>) (will) (will not) be induced 
into the secondary. This is because (S) (the primary shields the secondary 
from the magnetic flux, so that no voltage can he induced) ( the lines of force 
threading the secondary are increasing). 

2. Refer again to Fig. 24. Current has been flowing through the primary 
for several minutes. Is there a voltage being induced into the secondary? 
(a)( yes)(no) Why? _ If switch S is opened, will 
there be a voltage induced in the secondary? (b)(yes)(no) Why? _ 



Fig. 24 

3. Figure 25 shows two coils not wound on the same form, and they are 
separated by a short distance. When switch .S’ is closed, will there be 
any voltage induced in the secondary? (yes) (no) Why?_ 

Fig. 25 

4. Figure 26 shows two coils wound on a hollow paper tube. The primary 
coil is connected to an alternating-current source. A continuous alternat¬ 
ing voltage w(is) (is not) induced in the secondary. Suppose the iron bar, 
or slug, shown in the figure, is gradually lowered down into the tube. As 
the slug gets farther and farther down into the tube, the voltage induced in 
the secondary will (b> (remain constant) (gradually increase) (gradually 
decrease). 

ANSWERS 

1. (a) Will (b) The lines of force threading the secondary are increasing... 
There is only one requirement for obtaining an induced voltage: the lines of force 
threading the coil must be changing. The fact that there is another winding be¬ 
tween the secondary and the core (where the flux is) will not keep a voltage from 
being induced. 
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Fig. 26 

2. (a) No... Although flux is still threading the secondary, there is no change 
in flux, so no voltage is induced. 
(b) Yes... The magnetic field will collapse and thus induce a voltage in the 
secondary. 
3. Yes... See Fig. 27. Some of the flux from the primary is still threading 
the secondary and thus inducing a voltage. 
4. (a) Is (b) Gradually increase ... As the slug gets farther down into the tube, 
the iron will offer a lower reluctance for the magnetic lines of flux. Thus there 
will be more flux generated by the primary, so the change in number of flux lines 
threading the secondary will be greater. Hence, the voltage induced in the 
secondary will increase. This is known as an adjustable-core transformer, and it 
is used in a wide variety of applications. 

S 

secondary E=IOV 

iSome flux from 
primary threads 
secondary 

■ * f primofy 

Fig. 27 

INDUCTANCE 

Direct current flows through a coil without opposition, if we neglect the 



10 

(a)actual circuit 

voltage induced 

of coil 
(b)Equivalent circuit immediately 

after S is closed 

(c)Equivalent circuit 
sometime after 
S is closed 

31 

Fig. 28 A counter emf is induced in a coil by changing flux. 

resistance of the winding, but not so for alternating current. An impor¬ 
tant property of a coil called inductance tries to keep alternating current, 
or any current that is changing in value from going through the coil. In¬ 
ductance is one of the most important principles used in electronics. 

SELF-INDUCED VOLTAGE... You learned with reference to Fig. 21 
how a changing flux developed by the primary will induce a voltage in the 
secondary. Now, a changing flux will induce a voltage into any turn orf 
wire that the flux is threading. Since, the varying flux in Fig. 21 threads 
the primary as well as the secondary, a voltage is induced in the primary 
as well as in the secondary. Of course, this is true whether or not there 
is a secondary. 

Consider the circuit of Fig. 28(a). When switch S is closed, current will 
start to flow in the coil, and as a result lines of force will start to build 
up as shown. This increasing flux induces a voltage in the coil itself, 
called a self-induced voltage. What is the polarity of this self-induced 
voltage? Lenz’s law gives us the answer. The polarity of the self-induced 
voltage must be such as to oppose the action that caused the voltage to be 
induced. It is the battery current through the coil, rising from zero when 
the switch was closed, that causes the voltage to be induced. That being 



32 the case, the induced voltage will be such as to oppose the current flow 
through the coil. 

Figure 28(b) shows the equivalent circuit immediately after switch S is 
closed. Resistance R, shown as 4 Q (ohms), is the resistance of the wire 
from which the coil is wound. The equivalent battery E ind represents 
the voltage induced in the coil by the changing current. Since this self¬ 
induced emf opposes the rise in current, its polarity must be such, as 
shown, that it “bucks” the regular battery voltage and thus tries to stop 
the current. 

When a self-induced voltage opposes the regularly applied voltage, as it 
does in Fig. 28(b), it is often called a counter electromotive force, or 
counter emf, or cemf. The action of the counter emf when the switch 
is first closed is to keep the coil current from reaching full value until a 
fraction of a second or so after the switch is closed. 

After the switch has been closed for a little while, the current through the 
coil reaches full strength. Since the current is no longer increasing, the 
lines of force threading the coil are no longer increasing. As a result, there 
is no longer any counter emf, and the equivalent circuit is as shown in 
Fig. 28(c). The only opposition to current flow is now the 4-Q resistance 
of the coil, so that by Ohm’s law the current is 5 A, and the coil current 
will stay at that value until the switch is opened. 

When the switch in Fig. 28 is opened, the current must go from 5 A down 
to zero. This means that the lines of force threading the coil must 
rapidly reduce to zero. The changing of the lines of force again induces 
a voltage in the coil, but of polarity opposite to that of the self-induced 
voltage generated when the switch was closed; see Fig. 28(d). The self¬ 
induced voltage £¡ niJ will have the polarity shown because it is trying to 
prevent the current from decreasing in value when the switch is opened. 
The current decreasing in value is the action that causes the counter emf, 
and by Lenz’s law, the induced voltage must oppose this action. The 
counter emf will cause the switch to arc more in opening than would be 
the case if there were no coil in the circuit. With a large coil of many 
turns, the self-induced voltage caused by a switch suddenly being opened 
can be so high as to puncture the coil insulation. 

11 CURRENT RISE IN AN INDUCTIVE CIRCUIT... Because a coil 
can have a self-induced voltage, a coil is said to have the property of 
inductance. For this reason, we call the coil an inductor. Figure 29(a) 
shows a coil, or inductor, connected to a voltage source, which in this case 
is a battery. Now besides having the property of inductance, the coil also 
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resistance of wire 
used in winding coil 
is 5 A
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as having zer< 
resistance 

(a)Actual circuit (b) Equivalent circuit 

Fig. 29 Actual and equivalent circuits of a coil connected to a voltage source. 

has some resistance—the resistance of the wire that forms the coil. The 
coil in Fig. 29(a) is assumed to have a resistance of 5Í2. 

Although an inductor actually has some resistance, it is very helpful to 
consider it as a pure inductance in series with a resistance. That is, even 
though the resistance of the coil is evenly distributed along the entire 
length of the coil, we can represent an inductor as a pure inductance in 
series with a resistance equal to the resistance of the actual coil. The 
equivalent circuit of the actual inductor is shown in Fig. 29(b). 

Now that we know what the equivalent circuit of an inductor looks like, 
we are in a position to discuss how the current rises in an inductive 
circuit as compared to the current rise in a resistive circuit. Figure 30(a) 
shows a purely resistive circuit connected to a battery. When switch 5 is 
closed, the current through the resistor will immediately rise to its maxi¬ 
mum value, Fig. 30(b). The maximum value of current can be found by 
Ohm’s law to be / = E/R = 10/5 = 2 A. 

In Fig. 30(c) we see the equivalent circuit of an inductor connected to a 
battery. We know that the effect of the cemf induced in the coil by the 
increasing current through the coil prevents the current from reaching its 
maximum value immediately. The cemf is not constant at all times, but 
decreases with time after the switch is closed. 

Remember that the cemf is proportional to the rate of change of current 
through the coil. At the instant the switch is closed in Fig. 30(c), the 
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(d)Graph of current vs. time 
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Fig. 30 Current in a purely resistive circuit rises immediately to its final value, 
but current through an inductor does not. 

current through the coil is trying to change from zero to its maximum 
value. The highest value that the current can ever reach in the coil is 
limited by the resistance of the coil, which is 5 Í2. So the current is 
trying to change from zero to a value of / = E/R = 10/5 = 2 A. The 
moment the switch is closed, the cemf is greatest. The cemf gradually 
decreases in value, and the current through the coil gradually increases. 

The graph of Fig. 30(d) is an example of how the current comes up to 
full value. At the instant the switch is closed, the current through the 
coil is practically zero. At about 2.5 microseconds later, the current is 
only 1.5 A, so it still has not reached its maximum value of 2 A. The 
cemf is less at this time because the current is not changing as fast as 
when the switch was first closed. Generally speaking, the greater the 
difference between the actual current through an inductor and its final 
value, the greater will be the cemf. 



35 Finally, at about 10 microseconds after the switch was closed, the current 
through the coil has essentially reached its maximum value of 2 A, as 
shown in Fig. 30(d). The actual time required to reach the various 
current values will depend upon the size of the coil as well as the coil 
resistance. The values in the graph of Fig. 30(d) are only an example. 

To summarize this topic, we have seen that when current tries to increase 
through an inductor, it sets up an increasing flux. This increasing flux 
threads the turns of the coil and thus induces a voltage, called a counter 
emf. The polarity of the cemf is such that the cemf opposes the applied 
voltage, so the net effect of the cemf is that it opposes an increase in 
current through the inductor and thereby prevents the current from reach¬ 
ing its final value immediately. That is, the cemf acts to delay the rise 
of current in the inductor. 

The fact that current through a coil does not reach its final value im¬ 
mediately is the fundamental property of inductance, and it will be studied 
more thoroughly in the next topic. 

WHAT HAVE YOU LEARNED? 

1. When voltage is first applied to a coil, the current through the coil 
does not immediately rise to its final value because a cemf that is induced 
in the coil _ a change in current. 

2. The faster the current is changing through a coil, the (higher) (lower) 
will be the cemf. 

3. In Fig. 30(b), the current through the resistor at I microsecond after 
the switch is closed is <«> _ amperes. But Fig. 30(d) shows that the 
current through the coil at 1 microsecond after the switch is closed is only 
(b)_ amperes. 

4. A coil is wound from 25 ft of No. 42 copper wire, which has a resist¬ 
ance of approximately 1.67 0 per foot. What will be the final value of 
current through the coil if it is connected to a 6-V battery? - milli¬ 
amperes. 

ANSWERS 

1. Opposes 2. Higher 
3. (a) 2... The current rises to its final value immediately when the switch is 
closed. 
(b) 0.75 ... Find 1 microsecond on the time scale along the bottom of the graph. 
Then go straight up from there to where you intersect the curve of the increasing 
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Once the wagon is rolling, it continues to 
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that needed to overcome friction in the 
wheel bearings. 

Inertia tends to keep the wagon rolling 
once it has started. 

(b) 
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After the switch has been closed for a 
short time, the only thing limiting the 
current flow is the resistance of the coil. 

Inductance tends to keep the current 
flowing in the same direction through 
the coil once it has started. 

Fig. 31 Inductance In an electric circuit corresponds to inertia in a mechanical system. 



current. Now go over to the left until you intersect the current scale. This 
shows that the value of current at that point is 0.75 A. 
4. 144 .. . Since the resistance of the wire is 1.67 Í2 per foot and you have 25 ft of 
wire, the total resistance of the wire used to wind the coil is ohms per foot x num¬ 
ber of feet = 1.67 X 25 = 41.75 0. The final current through the coil will be 
determined by the resistance of the coil and will therefore be equal to / - E/R = 
6/41.75 = 0.144 A or 144 mA (milliamperes). 

INDUCTANCE ... We have stated that the cemf produced in an inductor 
opposes an increase in current through the coil. More precisely, in¬ 
ductance is that property of a coil which opposes any change in current 
through the coil. 

Figure 31 shows how inductance in an electrical circuit can be compared 
to inertia in a mechanical system. If you try to pull a heavily loaded 
wagon, it will oppose getting started. Likewise, an inductor in an elec¬ 
trical circuit opposes any sudden increase in current; see Fig. 31(a). 
After the wagon is started rolling, it continues to roll along easily, and 
the only thing you have to work against is the friction in the wheel 
bearings. 

Figure 31(b) shows that once current has been flowing for a short time 
through the inductor, it will continue to flow easily. Then the only thing 
limiting the flow of current will be the resistance of the coil itself. Now 
when you try to stop the moving wagon, it opposes the change in speed. 
That is, it wants to keep on rolling. Similarly, as in Fig. 31(c), current 
will continue to flow after the battery has been disconnected. Or in other 
words, the current continues after the source forcing the current through 
the coil is removed. The current will, of course, decrease to zero when 
the magnetic field has collapsed. 

Resistor is shown in Fig. 31 merely to supply a path through which 
the current generated by the inductor can flow. Notice that the current 
flow through R2 reaches its maximum value as soon as the switch is 
closed. Current would immediately stop flowing through R2 when the 
switch was opened if it were not for the presence of the inductor. 

Inductance is usually represented by the letter L and is expressed in 
henrys. The henry is a measure of the counter emf generated by the coil 
in opposing a change in current. For example, if a coil has an inductance 
of one henry and current flow through the coil changes by one ampere in 
the time of one second, the coil will generate a cemf of one volt. 

Because the henry is a relatively large unit of measurement, it is often 
more convenient to use smaller units for measuring inductances. The 
millihenry (mH) is equal to 1/1000 henry, and the microhenry (juH) is 
equal to 1/1,000,000 henry. 
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38 IL = permeability of iron path 

N turns 1= length of path 
around dotted line 

cross-sectional area A 

Fig. 32 The inductance of a coil depends on its physical construction. 

Now let’s consider some factors affecting the inductance of a coil. The 
inductance of a coil is entirely dependent upon the physical construction 
of the coil; it does not depend on the properties of any circuit in which 
the coil is used. No matter where you use a certain inductor, it will 
always have the same amount of inductance, as long as you don’t change 
its physical characteristics. 

As an example of how the inductance of an inductor is related to the 
physical construction of the coil, let’s consider an inductor made by 
wrapping turns of wire on a closed iron path, as shown in Fig. 32. When 
the coil is made up as shown, the reluctance of the magnetic path is con¬ 
stant, and the inductance can be found by the formula 

0.4/V2M/l 
L = 

100,000,000/ 

where L = inductance, in henrys 
N = number of turns 

H (mu) = permeability of the core material 
A = cross-sectional area of the magnetic path 
I = length of the magnetic path, in centimeters 

This formula shows that the value of inductance increases directly with 
the of the number of turns. That is, if one coil has twice as many 
turns as another, it will have four times as much inductance. Inductance 
also varies directly with the permeability of the material and the cross-
sectional area of the magnetic core, but it varies in inverse proportion 
with the length of the magnetic path. 

Many inductors are not wound on closed iron cores, like the one in 
Fig. 32, but are wound on a variety of forms. Each of the two coils 
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larger coil 

(a)Few turns and small cross-
sectional area = low inductance 

(b) Many turns and larger cross-
sectional area = higher inductance 

Fig. 33 Two cylindrical coils. 

shown in Fig. 33 is wound on a straight rod, or other core, whose length 
is several times its diameter. We will not discuss equations for finding 
the inductance of such coils, because the formulas change every time you 
change the shape of the coil. What is important to note is that the same 
basic relationships hold for the cylindrical coil as for the inductor wound 
on the closed form. That is, inductance increases if more turns are added; 
also, inductance increases if the cross-sectional area of the core on which 
the coil is wound is increased. If the cylindrical coil is wound on an iron 
core, it will have much more inductance than the same number of turns 
wound on a hollow paper tube. 

WHAT HAVE YOU LEARNED? 

1. You are asked to get an r-f coil rated at 50 mH. The stockroom has 
only 0.05- and 0.5-henry coils (Neither) (the 0.05-henry) (the 0.5-henry) 
coil is acceptable. 

2. Two iron-core inductors have the same physical characteristics except 
for the permeability of their cores. The permeability of one core is 
2000 and that of the other core is 1500. If you wanted a coil having the 
higher inductance, you would select the one that has the core with a 
permeability of_ 

3. The number of turns in a coil wound on a toroidal form (as in Fig. 13) 
is increased from 300 to 900. The resulting inductance is _ times 
as large as the original. 

4. Two air-core coils have the same number of turns and the same diam-
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Fig. 34 

eter. The length of one coil is twice as great as that of the other. If 
you wanted a coil having the smaller inductance, you would select the 
_ coil. 

5. Two coils are wound on identical hollow paper tubes. One coil is 
wound with No. 30 copper wire, and the other is wound with No. 20 
copper wire. Although both coils have an equal number of turns, the 
turns of wire are so spaced that the length of both coils is the same. 
The coil that has the higher inductance is (the coil wound with No. 30 
wire) (the coil wound with No. 20 wire) (neither—both coils have the same 
inductance). 

6. In Fig. 34(a) (coil I ) (coil 2) has more inductance. 

7. In Fig. 34(b) (coil I ) (coil 2) has more inductance. 

8. In Fig. 34(c) (coil I ) (coil 2) has more inductance. 

9. In Fig. 34(d) (coil 1) (coil 2) has more inductance. 
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Fig. 35 Electric field between two charged bodies. 

Because the electric lines in the field exert a force on charges in the field, 
they can cause charges to move. The field, therefore, has the ability to do 
work, because some effort, or work, is required to move the charges. This 
is just another way of saying that energy is present in the field, because 
energy can be defined as the ability to do work. Since the energy is 
present in the field whether it is being used or not, we can say that energy 
is stored in the electric field. It is because energy can be stored in an 
electric field that capacitors are useful. In the following topics, we will 
discuss exactly what a capacitor is and how it works. 

WHAT HAVE YOU LEARNED? 

1. Figure 36 shows two charged metal spheres standing on insulated 
bases. The lines with arrowheads between the two spheres indicate 
<<■) (electric lines of force) (magnetic lines of force) (direction in which an 
electron would move). If you wanted to indicate in the figure that the 
charge on the spheres was increased, you would (show the spheres closer 
together) (draw the lines off orce closer together). 

2. If an electron were placed halfway between the spheres at point Y in 
Fig. 36, the electric field would cause it to move («> (toward the right) 
(toward the left) (up) (down). If a proton were placed at point X, the elec¬ 
tric field would cause it to move <b> (toward the right) (toward the left) (up) 
(down). If a permanent magnet (electrically neutral) were placed at point 
X, the electric field would « (move it toward the right) (move it toward 
the left) I exert no force on it). 

3. If the two spheres in Fig. 36 were moved closer together, the electric 
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Fig. 36 

lines of force would be spaced closer together. This would mean that the 
strength of the electric field between the two spheres had «■> (increased) 
(decreased). Now if an electron were placed at point X between the 
spheres, the force on the electron would be w (increased) (decreased) 
( the same). 

4. There are two ways to increase the strength of the electric field between 
the two spheres, Fig. 36. They are (□)_ 
and (b)_:_ 

ANSWERS 

1. (a) Electric lines of force; (b) draw the lines of force closer together 
2. (a) Toward the left... Unlike charges attract, so the electron would move 
toward the positively charged sphere and be repelled by the negative sphere. 
(b) Toward the right (c) Exert no force on it... An electric field does not 
exert a force on an uncharged body. 
3. (a) Increased (b) Increased ... The force on an electron is directly propor¬ 
tional to the strength of the electric field. 
4. (a) Increase the charge on the spheres; (b) move the spheres closer together 

HOW CAPACITORS WORK... A capacitor is a device designed to 
store energy in an electric field. Rather than consist of two charged 
bodies, as in Fig. 35, practical capacitors are usually made of metal plates 
separated by some insulating material. Keep in mind, though, that any 
two conductors, even wires, separated by air or an insulator, form a 
capacitor. The insulating material between the plates is called the dielec-
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trie. Since the dielectric fills the space between the plates, the electric 
field between the plates actually exists in the dielectric. 

Figure 37 shows a simple capacitor made of two parallel plates separated 
by air, so the air between the plates is the dielectric. Notice that the 
lines of force in Fig. 37 are confined to the space between the plates, 
rather than spread out in all directions as in Fig. 35. This is the advantage 
of using plates, rather than round or otherwise shaped bodies. The reason 
why the lines are confined between the plates is that positive and negative 
charges, which are on opposite plates, actually rest on the inner surfaces 
of the plates. That is because the charges exert a force of attraction on 
each other, since they are of opposite polarity. Because there is a force 
of attraction, the charges will be pulled together as close as possible. 
However, since the charges cannot travel through the dielectric, they are 
stopped at the surface of the plates. The lines of force then indicate the 
direction of strongest attraction between the two plates, which is essen¬ 
tially in straight lines from one plate to the other. 

How does a capacitor work? One way to find out is to study the move¬ 
ment of electrons during the charge and discharge periods. The series 
circuit of Fig. 38(a) consists of a simple capacitor, a battery, a zero¬ 
center milliammeter, a single-pole double-throw switch, and a resistor. 

When the switch is closed to position 1, as shown in Fig. 38(b), the 
battery voltage E starts to charge the capacitor. The positive terminal of 
the battery is connected through the milliammeter to plate A, and the 
negative terminal of the battery is connected to plate B. 
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Fig. 38 The charge and discharge of a capacitor. 

The battery acts as an electron pump, pulling some of the electrons 
off plate A, pushing them through the milliammeter and the battery, and 
finally depositing them on plate B. Notice that electrons cannot flow 
from plate B to plate A because of the insulating layer of air. 

The surge of electrons from plate A to plate B is indicated by a momen¬ 
tary deflection of the milliammeter needle. Because of the dielectric be¬ 
tween the plates, air in this case, the circuit is not a complete loop when 
the switch is closed. Hence, there can be no continuous flow of electrons, 
and the plates remain with an excess of electrons on plate B and a defi¬ 
ciency of electrons on plate A. 

The capacitor is now said to be charged. That is, we now have two 



46 charged plates with no electron flow between them. Plate A has a 
deficiency of electrons, and plate B carries an excess. Also, a voltage has 
built up across the capacitor. This voltage has a polarity such that it 
opposes the flow of current from the battery. 

If the switch is now closed to position 2, the battery is replaced by a 
resistor as shown in Fig. 38(c). This removes the battery voltage from 
the plates, and the excess electrons on plate B are able to return to 
plate A through the resistor. The voltage between the charged plates is 
the force that causes this electron flow. This causes a momentary de¬ 
flection of the milliammeter needle in the opposite direction as excess 
electrons from plate B surge back through resistor R and the milliammeter 
to deposit themselves on plate A. 

After the current surge ceases, the number of electrons on each plate 
is equal to the number of protons on that plate, so that there is no 
longer a charge on either plate. The voltage across the plates is once 
again zero, as in Fig. 38(a), and the capacitor is therefore discharged. 

The fact that you can obtain a current flow from a capacitor after the 
charging voltage is disconnected proves that a capacitor stores energy. 
This energy is not stored on the plates; it is stored in the electric field 
of the dielectric. 

Although the energy is stored in the dielectric, the charge itself is stored 
on the inner surfaces of the plates or on the outer surfaces ol the dielectric. 
Since the charges are of opposite polarity, they are drawn as close together 
as they can get. They can't pass through the dielectric, but they can rest 
on its outer surfaces. 

WHAT HAVE YOU LEARNED? 

1. When the capacitor of Fig. 38 is charging, electrons move from plate 
A to plate B. At the same time, protons (do) (do not) move from plate 
B to plate A . 

2. The greater the number of excess electrons on a plate of a capacitor, 
the greater the charge will be. You could make two modifications to the 
simple capacitor arrangement of Fig. 38 to increase the charge. You 
could (o)_ the battery supply voltage and (b)- the area of the 
plates. 



Fig. 39 

3. A capacitor is basically an energy- <□)_ device. When 
charge is being built up on the plates, an electric field is being built up 
■n the <b>- When charge on the plates diminishes, the 
electric field «_ 

4. In Fig. 39, when battery C is connected in the circuit, a charge is 
stored in the capacitor. What happens when battery D is then switched 
into the circuit? 

5. If the switch in Fig. 39 is closed so as to connect battery C to the 
capacitor and then opened a while later, what will be the voltage across 
the capacitor? 

ANSWERS 

I. Do not... Only the electrons move. 
2. (a) Increase... Increasing the battery voltage would supply a greater force to 
move more electrons. 
(b) Increase.. .The increase in area of the plates would increase the number of 
electrons available for transfer from one plate to the other. 
3. (a) Storing; (b) dielectric; (c) collapses 
4. Connecting battery C to the capacitor has caused an excess of electrons to 
collect on plate B. Connecting battery D into the circuit disconnects battery C 
and applies a voltage of opposite polarity to the capacitor, thereby causing a 
momentary current from plate B to plate A until the capacitor is recharged. 
But plate A now carries the excess of electrons. In short, when D is con¬ 
nected, the capacitor discharges and then charges again to opposite polarity. 
5. 10 V ... The capacitor will continue to charge when the switch is closed until 
the voltage across the capacitor equals the charging voltage. 
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48 "IK AMOUNT OF CHARGE... You learned in a preceding lesson that 
J.ÍJ charge is measured in coulombs. A coulomb is merely a measure of the 

quantity of charge. In one coulomb there are 6,240,000,000 billion elec¬ 
trons. So when we talk about the charge on a capacitor in coulombs, we 
are saying how many excess electrons are on the negative plate. 

One coulomb of charge is sufficient to cause one ampere to flow for one 
second. If a current of 2 A flows into a previously uncharged capacitor 
for 5 s, the capacitor will have a charge of 10 coulombs. A capacitor 
with a charge of 10 coulombs can deliver a current of 2 A to a load 
connected across it for 5 s before it is discharged. Alternatively, it could 
deliver a current of 5 A for 2 s, or '/2 A for 20 s. Charge in coulombs 
is equal to the current in amperes multiplied by the time in seconds. 

By using a higher voltage to charge a capacitor, you force a stronger 
charging current to flow during the charging time. Thus, the higher the 
voltage used for the purpose, the greater the charge that can be put on the 
capacitor plates. The charge that any given capacitor will take is pro¬ 
portional to the voltage used to charge it. Double the voltage and you 
double the charge. 

The purpose of this discussion of charge is to give you a background for 
understanding the meaning of capacitance, which is the subject of the next 
topic. 

1 ß CAPACITANCE ... Capacitance (also but less correctly called capacity) 
J- is a measure of the ability of a capacitor to store a charge. Capacitance 

is represented by the letter C. We have seen that one way to get a bigger 
charge on a capacitor is to use a higher charging voltage. Another way 
is to increase the size of the plates. If the size of the plates is doubled, 
the same charging voltage will put twice the charge into the capacitor. We 
say that the capacitor now has twice the capacitance that it formerly had, 
because it will take on twice the charge at the same charging voltage. 

Capacitance is measured in a unit called the farad. Since few practical 
capacitors have a capacitance greater than a small fraction of a farad, two 
smaller units are commonly used. The microfarad (gF) is equal to 
1/1,000,000 farad, and the picofarad (pF) is equal to 1/1,000,000 micro¬ 
farad. The picofarad was formerly called the micromicrofarad (mmO. and 
you will find that unit used in some of the literature on electronics. 

The amount of charge Q stored on a capacitor depends on the capacitance 
C and the applied voltage E. The equation for the charge stored on a 
capacitor is 



Q - CE (7) 

where Q = charge, in coulombs 
C = capacitance, in farads 
E = applied voltage, in volts 

We can rewrite this formula to find the capacitance C or the applied 
voltage E: 

C (8) 

E = (9) 

Figure 40 gives you an easy way to reproduce formulas (7) to (9). Simply 
place a finger over the quantity you want and the remaining quantities, in 
the indicated relationship, are the equivalent. Verify this for each of Q, 
C, and E. 

Fig. 40 Scheme for producing formulas for charge, capacitance, and applied 
voltage. 

Example 1 ... When 120 V d-c is applied across a 40-^ F capacitor, the charge on 
the capacitor plates is_coulombs. 

Solution ... Q = CE = 0.000040 x 120 = 0.0048 coulomb, ans. 

Explanation .. . The formula requires that C be in farads. To change micro¬ 
farads to farads, move the decimal point six places to the left. 

4< 

To get a better understanding of how Q, C, and E are related in a capaci-
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(a) Capacitor (b)Cutaway view of cylinder 
fitted with piston and springs 

(c)No pressure difference between 
A and B. Piston is at center 
position. No difference in 
quantity of water molecules 
between right and left sides. 

(d)No potential difference 
between A and B. No 
difference in quantity 
of electrons between 
right and left sides. 

Ao-|(-oB 

direction of electron 
flow 

(f)When S is closed, 
electrons are forced 
onto left plate and 
charge the capacitor. 

(e) When pump is turned on, 
water is forced into left side 
of cylinder and compresses spring 

Fig. 41 Comparison of a capacitor with a cylinder, piston, and spring. 

tor, we can compare a capacitor [Fig. 41(a)] with a cylinder [Fig. 41(b)] 
that has a movable piston supported in the center of the cylinder by 
springs. In Fig. 41(c) we see that the normal position of the piston is in 
the center of the cylinder when there is no pressure difference between the 
two pipes that feed water in and out of the cylinder. In this case, if the 
cylinder is filled with water but no water pressure is applied, the same 
number of water molecules are on each side of the piston. Likewise, when 
there is no potential difference between the two connecting leads A and B 
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52 capacitor. We have previously stated the formula Q = CE. The formula 
can be used for the water in the cylinder if we let 
Q = quantity of water molecules 
C = capacity of the container to hold water (volume) 
E = force of the pump. 

In the capacitor we have a similar situation where 
Q = quantity of charge 
C = capacity of the capacitor to store charge 
E = battery voltage 

Notice that if the pump were reversed, the direction of water flow in Fig. 
41(e) would be opposite to the direction shown. Thus the right side of the 
cylinder would fill with water, thereby pushing the piston toward the left 
and forcing water out of the left side. Likewise, if the battery connections 
were reversed in Fig. 41(f), electrons would flow from the battery onto the 
right plate of the capacitor, thus exerting a force of repulsion on the elec¬ 
trons on the left plate and pushing them oflf. The capacitor would then 
charge up in the opposite direction, with the right plate negative and the 
left plate positive. 

So, just as the cylinder can be charged with water in either direction, so 
most capacitors can be charged with either plate negative with respect to 
the other. Some capacitors, however, can be charged in only one direc¬ 
tion, or to one polarity. These are called polarized capacitors, and they 
will be discussed later. 

If the pump in Fig. 41(e) regularly reverses pumping direction at a rapid 
rate, there will be continuous water flow in the pipe, first in one direction 
and then in the other. If the pump does not reverse, water flow is only 
temporary, stopping when the spring pressure balances pump pressure. 
Similarly, if alternating current (a current that regularly changes direction 
at a rapid rate) is applied to a capacitor, a continuous current flows 
through the circuit. If direct current (a current that does not change its 
direction) is applied to a capacitor, current flow is only momentary, 
stopping when the voltage of the stored charge balances the voltage used 
in charging the capacitor. 

WHAT HAVE YOU LEARNED? 

1. What is the voltage across a 0.005-/xF capacitor if the charge on the 
capacitor is 0.000,000,045 coulomb? _ volts. 



2. What size capacitor would you need to store a charge of 0.003 coulomb 
with a voltage of 100 V across the capacitor? _microfarads. 

3. You have a 2-gF capacitor charged so that the voltage across the 
capacitor is 30 V. If you remove half of the charge on the capacitor, the 
voltage across it will be_volts. 

4. You connect a 100-gF capacitor to a circuit that charges the capacitor 
with a constant current of 0.2 A for 0.03 s. What is the voltage across the 
capacitor at the end of the charge time? 

ANSWERS 

1. 9 ... From the formula E = Q/C we see that E = 0.000,000,045/ 
0.000,000,005 = 9 V. 
2. 30... C = Q/E = 0.003/100 = 0.000,03 farad = 30 g F. 
3. 15 ... Voltage is directly proportional to the charge. If you cut the charge in 
half, you cut the voltage in half. 
4. 60V ... First you must find the total charge on the capacitor. The charge Q is 
equal to the product of the current, in amperes, and the time, in seconds, or 
Q = I X T. Then Q = 0.2A x 0.03s = 0.006 coulomb. Then, using the 
formula E = Q/C, find that the voltage across the capacitor is 

r 0.006 coulomb t* “ — oU V 
0.0001 farad 

LESSON 2511-1 

INDUCTANCE AND CAPACITANCE 

EXAMINATION 

Circle the number of the correct answer for each question that follows. When you 
are finished, transfer the answers to the answer sheet by putting X's in the proper 
squares. When the graded answer sheet is returned to you, correct in this book 
any questions you may have missed. By doing so, you will have a record of the 
correct answers to all questions for review purposes. 

1. Reluctance is defined as 
(Ö3 the opposition offered to the flow of magnetic flux (lines of force). 
(2) the ease with which flux flows through a magnetic material. 
(3) the inability of a magnet to accept an electric field. 
(4) the difficulty of forming magnets into suitable shapes. 
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54 2. Permeability is 
(1 ) the forming quality of a magnetic material. 

the ability of a magnetic material to retain its force. 
the ability of a material to conduct magnetic lines of force as com¬ 
pared to the ability of air. 

(4) the distance magnetic lines of force must travel through a cross 
section of a unit of standard metal. 

g 

3. The higher the permeability, the greater the amount of 
/ flux. magnetic material. 

(2? magnetomotive force. (4) reluctance. 

4. Residual magnetism 
' (1) is the combined magnetism of several electromagnets after they 

are subjected to heat. 
is the magnetic strength remaining in a magnetic material after 
removal of the magnetizing force. 

(3) is the magnetism of a body under the influence of ampere-turns. 
(4) is the amount of magnetism in a body because of its molecular 

structure. 

5. The amplitude of the emf induced in a coil that is threaded by mag-
z netic lines of force is not affected by which one of the following 

factors? 
(1) The strength of the magnetic field 
(2) The rate of change of flux 
@ The diameter of the conductor 
(4) The number of turns in the coil 

6. How is a compass affected when it is placed in the center of a coil 
carrying an electric current? 
(1) North pole of compass points to south pole of coil. 
(2) It is shielded by the coil and therefore does not give any distinct 

reading. 
(3) North pole of compass points to north pole of coil. 
(4) Compass needle turns to a right angle to the axes of the coil. 

7. Inductance may be defined as 
(1) the ability of a circuit or coil to maintain a constant voltage across 

/ the load. 
Ç) the property of a coil that opposes any change in current strength. 
(3) the ability of a coil to generate an emf that aids the applied 

voltage. 
(4) the ability of a circuit to stabilize variations in reluctance. 



8. The unit of inductance is the 
(1) farad. (2) maxwell. (3) gilbert. (41 henry. 
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9. What is the relationship between the number of turns and the in¬ 
ductance of a coil? 

' -Ä^The inductance is directly proportional to the number of turns. 
The inductance is proportional to the square of the number of 
turns. 

(3) The number of turns does not affect the inductance. 
(4) The inductance depends more on the shape of the turns than on 

number. 

10. When the current through an inductor is caused to vary in amplitude, 
(-1) the resistance of the inductance increases. 
(2) the inductance will heat. 
(3) the inductance decreases in value. 

a voltage is developed. 
(5) the inductance increases in value. 
(6) interference may result. 
(7) harmonics are formed. 
(8) oscillations will start. 

11. The term “ampere-turn” is 
(1) the same as gilbert. 

a unit of electrostatics. 
a measure of permeability. 
a unit for measuring the mmf. 

1^ An electromagnet has 400 turns, 
must be adjusted to 
(1)0.05 A. (2)0.1 A. 

To provide 504 gilberts, the current 

(3) 0.5 A. 01.OA. 

13. You are required to wind a coil to produce 252 gilberts when the 
current is 0.5 A. The number of turns on the coil will be /Ç g J 
(1) 20. (2) 200. Q 400. (4)1000. 

4. Adding an iron core to an air-core inductance 
( 1 ) increases the inductance of the coil. 
(2) fills the space and thus prevents heat dissipation. 
0 makes the center of the coil useful as an electric field. 
tÿ increases reluctance of the magnetic path and thereby increases 

the number of maxwells. 
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Fig. 42 

15. One factor that influences the direction of the lines of force generated 
by an electromagnet is the 
(1) polarity of residual magnetism in the core material. 
(2) permeability of the magnetic material. 

direction of current flow through the windings. 
(4) cross-sectional area of the core. 

16. Figure 42 shows two coils wound on an iron bar. When switch S is 
closed, a voltage will be induced in the secondary with 

y $9 terminal A positive with respect to B. 
0 terminal B positive with respect to A. 
(3) terminal A either positive or negative with respect to B, but it is 

impossible to tell which. 

17. After the switch in Fig. 42 has been closed for a long time, the voltage 
across the secondary will be 
(1) constant with terminal A positive with respect to B. 

(/ (2) constant with terminal B positive with respect to A. 
ßi zero, because there is no flux threading the secondary. 
0 zero, because the flux threading the secondary is not changing. 

18. Two identical coils are passing through different magnetic fields so 
that the flux threading each coil is increasing. The flux threading 
coil A changes from 3000 lines to 4000 lines in 2 microseconds. The 
flux threading coil B changes from 200,000 lines to 250,000 lines in 
100 microseconds. Which coil will have a higher value of induced 
voltage? 

Coil A 
Coil B 

0 Neither, both will have the same induced voltage. 
(4) Either A or B depending upon which is moving faster. 



19. The unit of capacitance is the 
uz' (1) henry. (2) {3/ farad. (4) maxwell. 

The charge in a capacitor is stored 
(1) in the plates. 
(2) in the dielectric. 
(3) on the outer surfaces of the plates. 

on the inner surfaces of the plates (which is the same as the outer 
surfaces of the dielectric). 

21. The formula for determining the quantity of charge of a capacitor is 
F F 

(2) Q (3) C = LI (4) Q = RS 

End of Exam 
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A chat with your instructor 

In preceding lessons you have learned the basic operating principles of 
inductors, capacitors, and transformers. In this lesson these principles 
will be developed further and particular attention will be given to the 
characteristics of practical circuit components. For example, you will 
learn how to select a suitable capacitor for a required application. 

Previous discussion of inductors and capacitors related to their behavior 
in d-c circuits. In this lesson more attention will be given to a-c circuit 
operation. One of the most important applications of inductance in a-c 
circuits is in transformers. This lesson will show you how inductance 
determines transformer operation and how inductance and capacitance set 
upper and lower frequency limits beyond which a transformer will not 
operate satisfactorily. 

Applied Magnetism and 
Practical Capacitors 

USING CAPACITORS 

1 FACTORS AFFECTING CAPACITANCE . . . Just as the inductance of an inductor depends on the physical characteristics of the inductor, so 
the capacitance of a capacitor depends on the physical characteristics of 
the capacitor. These characteristics are plate area, plate separation, 
number of plates, and the nature of the dielectric material. We will now 
discuss how the dielectric material affects capacitance. 

For a given charge on a capacitor the voltage across the capacitor can be 



=0.1 JUC 
, t (microcoulomb), 
(a)Capocitor is charged (b)Capacitor is still charged 

to 10 V when S is closed to 10 V after switch is open 

insert 

solid Teflon 
dielectric 

(c) Solid dielectric is 
inserted between charged 
capacitor plates 

(d)Q remains the same, but 
voltage across C decreases 
to 5 V 

Fig. 1 How inserting a solid dielectric affects the voltage across a capacitor when 
the charge remains constant. 

changed by changing the dielectric material between the plates. Suppose 
we take a capacitor with an air dielectric whose capacitance is 0.01 gF 
(microfarad) and charge it with a battery to 10-V, as shown in Fig. 1(a). 
We can compute the charge on the capacitor to be Q = CE = 0.01 x 
10 -6 x 10 = 0.1 x 10 -6 coulomb = 0.1 (microcoulomb). 

Now let’s disconnect the battery. The capacitor will still have the same 
charge on it; see Fig. 1(b). Suppose we insert Teflon between the plates 
as shown in Fig. 1(c). The Teflon weakens the electric field between the 
two plates. The voltage across the plates depends on the strength of the 
electric field, so that weakening of the field means that the voltage across 
the plates goes down. This is shown in Fig. 1(d). 

Although the voltage across the plates decreases, there is no complete 
path for electrons to flow through, so the same number of electrons must 
still be on the negative plate. Or in other words, the amount of charge on 
the capacitor is still the same. We can see from the relationship Q = CE 
that if Q remains constant and E decreases, C must increase. So, by 
putting in the Teflon dielectric, we have doubled the capacitance. Looking 
at this another way, if we want to increase the voltage across the plates 
to 10 V again, we must double the charge on the plates. What all this 
means is that a capacitor with a dielectric material different than air will 



hold more charge for the same voltage across the plates. This is just 
another way of saying that the capacitance has increased. 

The relative ability (compared to air) of a dielectric to increase capaci¬ 
tance is called the dielectric constant. Thus Teflon has a dielectric constant 
of 2 because replacing the air dielectric with Teflon dielectric doubles the 
capacitance. Air or more accurately, vacuum—is arbitrarily assigned a 
dielectric constant of 1.0. All solids substances and liquids have dielectric 
constants greater than 1.0. This means that replacing an air dielectric with 
a solid dielectric will always increase the capacitance. For practical 
purposes, the dielectric constant of all gases can be considered as the same 
as that of vacuum, or 1.0. 

The dielectric constants of some important dielectrics are given in Table 1. 
The table shows that if the space between capacitor plates is filled with 
mica, for example, the capacitor will have 5.5 times as much capacitance 
as the same capacitor with air between the plates. 

Table 1 
Material Dielectric Constant K 

Vacuum 1.0 
Air or other gas 1.0 
Distilled water 80 
Paraffined paper 2.2 
Mica 5.5 to 7.0 
Porcelain 5.5 
Tantalum 27 
Pyranol oil 4.5 
Silicone oil 2.8 
Teflon 2.0 
Ceramics 5.0 to over 1000 

2 FORMULA FOR CAPACITANCE ... A parallel-plate capacitor com¬ 
posed of two plates separated by the thickness t of the dielectric material 
is shown in Fig. 2. The formula (which need not be memorized) for 
finding the capacitance of the capacitor is 

c _ 0.225 KA(n - I) 
t 

where C = capacitance, in picofarads 
A = dielectric constant of material 
A =i area of plates in square inches (cont'd) 



4 

r 22.5 K A (n-1) . , . 
C =-|õÕ~f- picofarads 

Fig. 2 Factors that determine capacitance. 

t = thickness of dielectric, in inches 
0.225 = constant to make the value of C come out in picofarads when 

the thickness of the dielectric is given in inches 
n = number of plates (Two plates are needed to make one 

capacitor.) 

The formula shows that the capacitance is directly proportional to the 
plate area and to the dielectric constant but inversely proportional to the 
thickness of the dielectric. “Thickness of the dielectric" has the same 
meaning as “separation of the plates.” If the dielectric constant of the 
material between the plates is doubled, the capacitance is doubled. If the 
plate area is doubled, the capacitance is doubled. But if the separation 
between the plates is doubled, the capacitance is cut in half. 

WHAT HAVE YOU LEARNED? 

1. The frontispiece of this lesson shows a variable capacitor used as a 
tuning capacitor in radio receivers. When the shaft is rotated so that the 
plates are fully meshed, maximum plate area exists for each capacitor 
section. When this is the case, the capacitance of the capacitor is 
(maximum )f minimum I. 

2. The dielectric of the frontispiece capacitor is (□)_ The dielec¬ 
tric constant of this material is (b)_ 
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3. Assume the fully meshed capacitance of the frontispiece capacitor to be 
350 pF (picofarads). Suppose the capacitor, with plates fully meshed, is 
placed in an empty coffee cup and that the cup is then filled with Pyranol 
oil. The capacitance of the capacitor is now-picofarads. 

4. Suppose when the capacitor of Problem 3 is out of the cup in air a 
100-V battery is connected across the capacitor with the plates fully 
meshed. The charge on the capacitor can be found by the formula Q = 
(□I_The amount of charge is (b>- coulombs. Now 
suppose you disconnect the battery. Also, suppose that no charge leaks 
off the capacitor through the air. When the charged capacitor is immersed 
in the cup of Pyranol oil, the amount of charge on the capacitor will 
(c)(increase)(decrease))remain the same). Since its capacitance has 
(dd increased )( decreased )l remained the same), the voltage across the 
capacitor will be (e)-volts. 

5. Which capacitor of Fig. 3(a) has a higher capacitance?-

6. Which capacitor of Fig. 3(b) has a higher capacitance?-

7. Which capacitor of Fig. 3(c) has a higher capacitance?-

8. Which capacitor of Fig. 3(d) has a higher capacitance? 



6 ANSWERS 

I. Maximum. . . Increasing the plate area increases the capacitance. 
2. (a) Air;(b) I 3. 1575. . . The dielectric constant of Pyranol oil, as shown 
in Table 1, is 4.5, so the capacitance of the capacitor with Pyranol between the 
plates will be 4.5 times as great as when air is between the plates. The capacitance 
will then be 4.5 x 350 pF = 1575 pF. 
4. (a) C x E, or CE (b) 3.5 x 10” ... Q = CE = 350 x 10“ 12 x 
100 =3.5 x 10’ 8 (coulombs). 
(c) Remains the same . . . There is no complete path for current to flow, so the 
number of charges on the plates remains the same. 
(d) Increased . . . The oil fills the space between the plates, thus making the 
capacitance higher. 
(e) 22.2 . . . The new value of capacitance is 1575 pF, as found in Problem 3. So, 
using the formula E = Q/C, we find that 

3.5 x IQ- 8 

1575 x I0’ 12
= 22.2 V 

5. I . . . There is more plate area. 
6. I . . . The dielectric constant is higher. 
7. 2 . . . The plates are closer together. 
8. 1 . . . There are more plates and hence there is more plate area. 

3 VOI.TAGE INCREASE ACROSS A CAPACITOR . . . You will re¬ 
member that, when a switch is closed, the current through an inductor 
rises slowly to its final steady value. There is a similar situation in a 
capacitor, except that it is the voltage across the capacitor that rises slowly 
to its final value. The difference between the voltage rise across a resistor 
and the voltage rise across a capacitor is shown in Fig. 4. As soon as 
switch S in Fig. 4(a) is closed, the full battery voltage appears across the 
resistor, as shown in Fig. 4(b). 

In Fig. 4(c) we have' a capacitor connected to a battery through a resistor 
and a switch. Now when the switch is closed, the voltage across the 
capacitor is not equal to the battery voltage, but it rises slowly to its 
final value as shown in Fig. 4(d). The reason for this is that the voltage 
across a capacitor is proportional to the amount of charge on the plates. 
For a given size capacitor, the more charge on the plates, the higher the 
voltage across it. Since it takes some time for a quantity of electrons to 
flow from the negative terminal of the battery to one of the capacitor 
plates, the voltage across the capacitor takes some time to reach the 
battery voltage. 

In Fig. 4(c) a resistor Rt is shown in series with the battery. As you know, 
resistors offer opposition to the flow of electrons. So, the higher the value 
of series resistor, the longer it will take for the same quantity of electrons 



voltage from X to Y rises 
/immediately to its final value 

12 
IO 
8 
6 
4 
2-
0 * » « * -.i 
/O I 23456789 IO 
/ Time, milliseconds 
-switch closed at this time 
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(a)Pure resistive circuit 

(c)Circuit with capacitor 

(b) Graph of voltage vs. time in 
resistive circuit 

I 23456789 10 
Time, milfseconds 

¿—switch closed at this time 

(d) Graph of voltage vs. time in 
capacitive circuit 

Fig. 4 Comparison of voltage rise in resistive and capacitive circuits. 

to flow from the battery to the capacitor plate. In fact, it is precisely 
because the resistor is present that the voltage across the capacitor builds 
up slowly. If there were zero resistance, the capacitor would charge up 
immediately. 

In every practical circuit, of course, there is always some resistance in 
series with the capacitor. Even the wires connecting the capacitor to the 
battery have some resistance. Also, every battery or other power supply 
has some internal resistance. This internal resistance will limit the rate 
at which electrons can flow to the capacitor. The important point to 
remember is that the voltage across the capacitor depends on the quantity 
of charge (number of electrons) on the plates. 

The longer it takes to build up the charge on the plates, the longer it will 
take for the voltage across the capacitor to reach its final value. When 
the voltage across the capacitor finally reaches the battery voltage, no 
more charging current flows into the capacitor. That is because the volt-



Fig. 5 

age across lhe capacitor bucks the battery voltage, so there is no difference 
of potential across the series resistor and hence no current flow through 
it. 

WHAT HAVE YOU LEARNED? 

1. Two identical capacitors C, and C2 connected to a battery through 
different values of resistance are shown in Eig. 5. When switch S is closed, 
both capacitors will start to charge up through their respective resistors. 
Suppose that it takes 5 msec after S is closed for the voltage from point 
X to ground to reach 6 V. How long will it take for the voltage from 
point Y to ground to reach 6 V? _milliseconds. 

2. Now suppose that both capacitors in Eig. 5 are initially uncharged. 
Switch S' is then closed for exactly 5 msec and suddenly opened. Will 
there now be any current flow through Rt and R2? Why? 

3. In Fig. 4(c) 0.5 msec after switch S is closed, the voltage across C, is 
about 2.7 V, as shown on the graph of Fig. 4(d). At this instant the volt¬ 
age across Rt is (a)-volts. Exactly 2 msec after the switch is closed, 
the voltage across the capacitor is about 7.6 V. At this instant the voltage 
across R, is <b>_volts. 

ANSWERS 

I. 10 . . . Capacitor C2 is being charged through a resistor that is twice as large 
as Ri, so it takes twice as long for the same amount of charge to flow into C2. 
Hence it takes twice as long for the voltage to reach 6 V. 
2. Yes . . . Figure 6 shows the equivalent circuit of the two capacitors and re¬ 
sistors after the switch is opened. Voltmeter shows that the voltage across 
C, is 6 V. However, as shown on V2, the voltage across C2 is less than 6 V, so 
point X is more negative than point Y. Resistors Rt and R2 are essentially in 
series if we travel from point X to point Y. so electrons will flow from the negative 



Fig 6 
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plate of C,. through Rt, through R2, and onto the negative plate of C2. The 
current will continue to flow until the voltage across C2 is exactly equal to the 
voltage across C¡. That is, the voltage across C, will decrease while the voltage 
across C2 is increasing. When the two voltages E] and V2 are exactly equal, cur¬ 
rent will stop flowing. 
3. (a) 9.3 ... Resistor Rt is in series with C|, so the voltage drop across C| plus 
the voltage drop across Rt must equal the battery voltage. Since the voltage across 
C, is 2.7 V, the voltage across Rt must be equal to the battery voltage minus the 
voltage across C|, or 12 - 2.7 = 9.3 V. 
(b) 4.4 ... By the same reasoning as in part (a), the battery voltage minus the 
voltage across C, equals the voltage across Rt. Notice that the voltage across 
R} is decreasing as the voltage across Ct is increasing. This is always true in a 
series circuit containing a resistor and a capacitor when a fixed voltage is applied. 

CAPACITORS IN SERIES AND PARALLEL . . . You have learned 
how to combine inductors in series and parallel. With capacitors, the 
combination is somewhat simpler than with inductors, because we don t 
have to consider anything like magnetic coupling between them. The 

two identical capacitors 
in parallel 

(a) 

(c) 

one capacitor with 
twice the plate area 

(b) 

10 nF 

(d) 

Fiq. 7 Capacitors in parallel. 



10 one capacitor with 
twice the plate 
separation 

(d) (e) 

Fig. 8 Capacitors in series. 

simplest combination of capacitors is two capacitors in parallel. When 
two capacitors are connected in parallel, as shown in Fig. 7, the total 
capacitance of the combination is simply the sum of the individual 
capacitances. The reason for this is simple. Putting capacitors in parallel 
is similar to increasing the plate area of the capacitor. Figure 7(a) is 
equivalent to Fig. 7(b). In Fig. 7(c), the two 5-pF capacitors in parallel 
merely add to give the equivalent capacitance of 10 pF, as shown in Fig. 
7(d). The capacitors need not be of identical capacitance. If a 2-pF, a 
3-pF, and a 4-pF capacitor are connected in parallel, the total capacitance 
is 2 pF + 3 pF + 4pF = 9 pF. 

When two capacitors are connected in series, the equivalent capacitance of 
the two is less than that of either capacitor by itself. The reason is that 
connecting capacitors in series has the same effect as increasing the plate 
separation, and as you know, increasing the plate separation decreases the 
capacitance. Figure 8(a) shows two capacitors connected in series. Since 
there is no voltage drop across the connecting lead between the two 
capacitors, we can make the lead as short as we like. In fact, we can 
decrease the length of the connecting wire to zero, so the two connected 
plates will be touching, as shown in Fig. 8(b). 

Since there is no electrical connection to the middle plates in (b), the 
plates have no effect on the dielectric between the two outer plates. If we 



remove the middle plates, the capacitance will not be changed and we will 
have the equivalent capacitor of (c), in which the thickness of the dielec¬ 
tric is twice that of either capacitor in (a). Hence, the capacitance of two 
equal capacitors in series is only half that of a single capacitor. The com¬ 
bined capacitance of two 2-gF capacitors in series is 1 gF, as shown in 
Fig. 8(d) and (e). 

If the capacitors are not of equal value, the capacitance of the combina¬ 
tion will still be less than that of either capacitor by itself. To find the 
capacitance of two or more capacitors in series, we use a formula similar 
to the one for finding the equivalent resistance of two or more resistors 
in parallel. The formula is 

Example . . . Find the equivalent capacitance of a 2-gF, a 3-gF, and a 4-gF 
capacitor all connected in series. 

Solution 

c _ !___!_ 
q _!_ _L _L 1 i i 

Ci + C2 + Cj 2 X IO’ 6 + 3 X IO’ 6 + 4 X 10’6

_ I_ 
‘ 5 X 105 + 3.33 X 105 + 2.5 x 10s

10' 5
“ KX83 = 

Capacitors are sometimes connected in series so that they can be used 
across a higher voltage than that for which they were designed. The volt¬ 
age rating of a capacitor is the maximum recommended voltage that can 
be continuously applied without danger of the dielectric breaking down 
and short-circuiting. Increasing the thickness of the dielectric increases 
the voltage rating, because it takes more voltage to puncture the thicker 
material. 

If you connect two identical capacitors in series, you have twice the thick¬ 
ness of dielectric across which the voltage is applied (as Fig. 9 shows) and 
thus twice the voltage rating. Each capacitor in Fig. 9 needs to have a 
voltage rating of only 300 V. Similarly, if you want a capacitor to use 
across 1600 V but you have only identical 400-V capacitors, you can con¬ 
nect four of the capacitors in series for use across the 1600 V. If you 
connect three 250-V 12-gF capacitors in series, the capacitance is reduced 
to 4 gF but the voltage rating is increased to 750 V. 
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Fig. 9 Using two identical capacitors in series doubles the thickness of dielectric 
between the voltage terminals and so doubles the breakdown voltage. 

You will remember that in a d-c circuit the sum of the voltages around 
the circuit is always equal to the applied voltage. That being the case, 
if we take a voltmeter and read the voltage across capacitor A in Fig. 9 
and then across capacitor B, the sum of the two readings must be 600 V. 
Since the capacitors are identical, you would expect the voltages across 
the two capacitors to be identical, or 300 V across each. Instead, you 
may find that the voltage across one capacitor is higher than across the 
other. For example, you may read 400 V across one and only 200 V 
across the other. The reason for the difference in voltages is that the 
dielectric in a capacitor is not a perfect insulator (no material is) and 
hence passes a slight amount of d-c current, called the leakage current. 
The resistance of the dielectric is called the leakage resistance. The 
amount of leakage resistance is apt to be different for two supposedly 
identical capacitors, and it will vary with age and climatic conditions. 

The voltage across individual capacitors of a series-connected group 
will be proportional to the leakage resistance when the capacitor group 
is used in a d-c circuit. As a result, the capacitors with the highest leak¬ 
age resistance must carry more than their share of the total circuit voltage, 
which may cause them to break down. The breakdown can be prevented 
by shunting resistors of equal value, called equalizing resistors, across the 
series capacitors, as shown in Fig. 10. The value of each shunting resistor 
must be low as compared to the leakage resistance of the capacitor across 
which it is connected. Since the leakage resistance of a capacitor is 
generally extremely high, the shunting resistor can have a high resistance 
and still meet its requirement. Thus it does not draw an objectional 
amount of current from the voltage source. 

Another reason for using equalizing resistors is to discharge the capac¬ 
itors after the system is switched off. This will help prevent maintenance 
personnel from receiving a shock that could be dangerous in a high-
voltage system. Equalizing resistors are never required with capacitors in 
series across a-c voltage sources, unless for the purpose of discharging the 



Fiq. 11 Capacitors connected in series-parallel. 

The trouble with connecting capacitors in series so that they can be used 
at a higher voltage is that the capacitance is reduced. As a result, the 
capacitance may not be as great as is needed. This problem can be over¬ 
come by connecting in parallel as many series strings as are needed to 
provide the wanted capacitance. Suppose you have a number of 300-V 
12-/xF capacitors that you want to use across 1200V with a capacitance 
of at least 9 gF. Connecting four such capacitors in series will provide 
the needed 1200-V rating. However, when the connection is made, the 
capacitance of the string is reduced to 12/4 = 3 gF. To get 9 gF, you 
can connect three such series strings in parallel, as shown in Fig. 11. 

You will remember that the voltage across a capacitor is directly propor¬ 
tional to the charge on the capacitor. This gives us a simple way to 
determine the voltage across capacitors when a charged capacitor is con¬ 
nected across an uncharged capacitor. Figure 12(a) shows capacitor C, 
connected through 5, to a 24-V battery. When C| becomes fully charged, 
we know that the charge on C, must beß = Cx£=6x 10"6 x 24 = 
144 x 10’6 coulombs. Now when S', is thrown to position 2, as shown in 
Fig. 12(b), capacitor C2 is placed in parallel with Since C2 was initially 

Fig. 10 Equalizing resistors connected in shunt across equal capacitors. 

capacitors. Since electrolytics have a higher leakage current than other 
types of capacitors, they are the type most apt to need equalizing resistors 
when used in series. 

13 
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(a) C| charges up to 24 V (b)Some of the charge on C| 
flows onto C2 until the 
voltages across C| and C2 
are equal 

Fig. 12 Charge redistributes itself on capacitors in parallel to make voltages 
equal. 

uncharged, some of the charge on C, must flow onto C2 and charge it. 
What will be the new voltage across Ct and C2 in parallel? 

This problem might at first seem rather difficult, but it is really quite 

easy if we use the- relationship £ = Looking at the two capacitors in 

parallel, we know that the total capacitance of the two must be C, = 
C, + C2 = 6 pF + 3 pF = 9 pF. Now the total charge on the two 
capacitors will remain the same, that is 144 x 10“6 coulombs. So we find 
the voltage across the two in parallel to be 

Q = 144 x 10-6 = 16V
C, 9 x IO’6

WHAT HAVE YOU LEARNED? 

1. Two capacitors are connected in series across a 300-V d-c power source. 
One has a leakage resistance of 15 Mil (megohms) and a capacitance of 
10 pF. The other has a leakage resistance of 20 Mil and a capacitance of 
20 pF. The voltage across the 10 pF capacitor is (a)_volts. To 
equalize the voltage across each capacitor, you first try connecting a 
15 Mil resistor across each capacitor. The voltage across the 10 pF 
capacitor is now <b)_volts. The voltages are still not sufficiently 
equalized so you instead connect a resistance of <c)(5 Mil ) across 
each capacitor. The voltage across the 10 pF capacitor is now (d)_ 
volts. 

2. An electrolytic capacitor and a paper capacitor have the same ca¬ 
pacitance, but the leakage resistance of the electrolytic capacitor is much 
lower than that of the paper unit. You wish to connect the two in series 
across a d-c power source. Can you do this successfully? Explain your 
answer. 

3. Three capacitors, having values of 10, 30, and 5 pF, are connected in 
series. The capacitance of the combination is_microfarads. 



4. Two 20-mF capacitors are each rated at 450 V. A circuit application 
requires 80 mF at 450 V. You require an additional capacitor of <□>_ 
microfarads. You would connect the capacitors in (b)-

5. Each of two identical mica capacitors has a capacitance of 0.2 mF. 
One capacitor is left uncharged, but the second is charged to a potential of 
200 Volts. The charged capacitor is then connected across the uncharged 
capacitor. The resulting voltage across the two capacitors will be -
volts. 

6. If four 20-mF 300-V capacitors are connected in parallel, the combina¬ 
tion will have a capacitance of (o)_ microfarads and can be used 
across an a-c voltage not exceeding <b)_ volts peak. 

7. If the capacitors of problem 6 are connected in series, the total capaci¬ 
tancewill be (o)_ microfarads and the combination may be used 
with an a-c voltage that does not exceed (b)- volts peak. 

ANSWERS 

1. (a) 128.57 V . . . The voltage is proportional to leakage resistance. 

Ec 
total voltage 

Re Ec 15 Mil 
R,o.ai 300 “ 35 Mil 

, Ec = — X 300 = 128.57 V. 
35 

(b) 140.01 V . . . The equivalent shunt resistance across the 20 g F capacitor is 

R. X R2 15MÍIx2OMÍ2 
A = - = - — O.J I IV1JÍ. 

Rt + R2 15 MQ + 20 Mil 

Using the same procedure, the equivalent shunt resistance across the 10 mF 
capacitor is computed to be 7.5 Mil. The same procedure as in part (a) is used to 
calculate 

Ec = X 300 = 140.01 V. 
16.07 

(c) 5 Mil . . . The equalizing resistor should have a low resistance compared 
to the leakage resistance. The actual value of the equalizing resistors depends 
upon the particular application, but a resistance of about 25 or 30 per cent of 
the typical value of leakage resistance is good enough for most applications. Of 
course, better equalization would be obtained if the equalizing resistors were of 
a lower value, say I Mil or less, but then they would draw more current from 
the power supply and thus waste more power. The actual value must be a com¬ 
promise between good equalization and little waste of power. It must be pointed 
out that a single resistor shunting just one of the capacitors could not be used 
for equalization because leakage resistance changes with temperature and age. So, 
although the voltage across each capacitor might be equal at one temperature with 
brand new components and only one capacitor shunted, the voltage distribution 
would be vastly different at some other temperature or after a few years of opera¬ 
tion. The resistor values are chosen to make the voltage drops more nearly 
equal. They need not be exactly equal. (d) 145.16 V . . . Using the same 
procedure as for part (b) 

E = X 300 = 145.16 V. 

15 

7 75 



16 2. Yes . . . The leakage resistance of the electrolytic capacitor is lower. To com¬ 
pensate for the difference, equalizing resistors must be used. Also, the electrolytic 
capacitor must be connected for correct polarity. 
3. 3 . . . 

„ 1 1 1 , 
C i — — — — 3 u r 

1 I 1 0.1 + 0.0333 + 0.2 0.333 
10 + 30 + 5 

4. (a) 40 . . . C, = 20 gF + 20 gF + 40 gF = 80 ^F. Thç new capacitor must 
also have a 450-V rating. (b) Parallel 
5. 100 .. . The voltage across a capacitor is equal to the charge on the capacitor 
divided by its capacitance, E = Q/C. Connecting two equal capacitors in parallel 
doubles the total capacitance but does not change the amount of charge. The 
charge is therefore distributed between the two capacitors. The equation E = 
QIC shows that when Q remains the same and C is doubled, voltage E is reduced 
to one-half of its original value. That is, 200 + 2 ■ 100 V. 
6. (a) 80; (b) 300 7. (a) 5;(b) 1200 

JT CURRENT FLOW THROUGH A CAPACITOR . . .In Fig. 13(a) water 
is being forced into the left side of the cylinder pushing the piston to the 
right, and as a result water molecules are made to flow through the load. 
The load in this case might be the cooling coil of a radiator. None of the 
water molecules entering the left side of the cylinder actually pass through 
the cylinder, because they can’t pass through the piston. As far as the 
load is concerned, though, for every molecule that enters the left side of 
the cylinder, one molecule comes out of the right side. The result is effec¬ 
tively the same as if the water actually did pass through the cylinder. 

In the capacitor circuit of Fig. 13(b) none of the electrons entering the 
left side of the capacitor actually pass through the capacitor, because they 
can’t pass through the dielectric. But as far as the resistor is concerned, 
there is effectively a current flow through the capacitor. However, this 
effective current flow exists only while the capacitor is charging (or dis¬ 
charging). Once the voltage across the capacitor reaches the battery 
voltage, no more electrons can flow onto the left plate, so no more leave 
the right plate. Thus we see that capacitors cannot conduct continuously 
in one direction. That is, capacitors cannot conduct direct current. 

Now let’s suppose that the pump in Fig. 13(a) can be continually re¬ 
versed, that is, it will force water first in one direction, then in the other 
direction, and continue to alternate back and forth. This means that 
water will first be forced into the left side of the cylinder, then into the 
right side periodically. In this way the load, or cooling coil, will see a 
continually alternating flow of water through it. So, even though no 
water molecules pass through the cylinder, the load does see a continuous 
alternating flow of water. We shall now see how this same idea can be 
applied to a capacitor circuit. 
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Fig. 13 Electrons do not flow through a capacitor. 

Figure 14 shows a resistor and a capacitor connected to a battery through 
a double-pole double-throw switch. When the switch is thrown to the left, 
side A of the capacitor is connected to the positive side of the battery. 
Thus electrons will flow onto plate B and charge the capacitor. Now when 
the switch is thrown to the right, side A of the capacitor is connected to 
the negative side of the battery. This will cause the capacitor to dis¬ 
charge through Rt and charge in the opposite direction. If we continually 
throw the switch from left to right and back again, the capacitor will con¬ 
tinually charge and discharge through Rt. Hence, resistor Rt sees a cur¬ 
rent flowing through it first in one direction and then in the other. That is, 
R i sees and alternating current flowing through it. 

As far as R, is concerned, the alternating current is flowing through the 
capacitor, even though no electrons actually pass through the dielectric. 
So we can say that capacitors pass, or conduct, alternating current. In a 
practical circuit, the DPDT switch and battery can be replaced by an 
alternating-current generator. The a-c generator then continually charges 
and discharges C, through R^, thus producing a continuous alternating 
current through R, as shown in Fig. 15. 

17 
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Because of the charging 
and discharging of C| 
through R H a continuous 
alternating current flows 
through R|. 

As DPDT switch is thrown alternately 
from left to right, capacitor C| charges 
and discharges through R|. 

Fig. 14 Capacitors conduct alternating current. 

Fig. 15 An a-c generator continually charges and discharges C ( through Rt and 
thus produces a continuous alternating-current flow through R,. 

WHAT HAVE YOU LEARNED? 

1. Electrons (a) (can ((cannot) flow through the dielectric of a capacitor. 
For this reason, direct current (b)( can )( cannot) flow through a capacitor. 

2. If an a-c generator is connected to a load resistor through a capacitor, 
the resistor (ad will ((will not) have alternating current flowing through it 
continuously because capacitors (b)( conduct current only in one direction) 
(effectively conduct current while either charging or discharging ). 

3. If a battery is connected to a resistor in series with a capacitor, the 
resistor will (never have any flow of electrons through it((have electron flow 
through it only while the capacitor is charging or discharging). 

4. In which circuit of Fig. 16 would more electrons flow through the load 
resistor R, after switch S is closed? (circuit A ((circuit B)(both will have 
the same amount ((neither will have any current flow(. 



Circuit A Circuit B 

Fig. 16 

ANSWERS 

1. (a) Cannot; (b) cannot 
2. (a) Will; (b) effectively conduct current while either charging or discharging. 
3. Have electron flow through it only while the capacitor is charging or dis¬ 
charging. 
4. Circuit B . . . The capacitor in circuit B is larger than in circuit A. Therefore, 
more charge is required to flow into C2 before the voltage across it is equal to the 
battery voltage. Thus more electrons must flow through Rt in circuit B. 

energy is stored in 
compressed spring 

closed stopcocks keep 
water from flowing 
out 

(a) Cylinder charged with water 

spring is expanding and pushing 
water out of cylinder 

(b) Stored energy is doing work 
in turning paddlewheel 

Fig. 17 Using the energy stored in the compressed spring. 

USING THE ENERGY STORED IN A CAPACITOR ... In the case 
of the pump forcing water into the cylinder. Fig. 13(a), work has to be 
done by the pump to compress the spring. Figure 17(a) shows a cylinder 
charged with water with closed stopcocks, or valves, at each end to keep 

19 
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leads not connected energy is stored 
to any conductor, in electric field 
so charge cannot -!/♦_; 
leak off 

(a)Charged capacitor 

C| electron flow 

Resistor heats up because 
of current flow through it. 

(b) Energy stored in capacitor does 
work in heating up resistor 

Fig. 18 Using the energy stored in the electric field. 

the water from flowing out. Since the spring is compressed, energy is 
stored in the spring. Now if we connect the pipes to a load, in this case a 
paddlewheel, and open the stopcocks, water will be forced out of the 
cylinder by the spring through the load; see Fig. 17(b). This will cause the 
paddlewheel to turn. Thus, the energy stored in the spring is doing work 
to turn the paddlewheel. So we are getting back from the spring the work 
we put into it to compress it. 

In Fig. 18(a) we see a charged capacitor. As long as no conducting 
path exists between the connecting leads, the capacitor will hold its 
charge. (Actually, no capacitor will hold a charge indefinitely, because no 
dielectric is perfect, but a good capacitor can hold a charge for several 
days.) Now if we connect the capacitor to a load (a resistor, in this case), 
current will flow through the load. Since the current flow through a resis¬ 
tor causes heating, the energy stored in the capacitor is being delivered to 
the external circuit in the form of heat. 

The amount of energy stored in a capacitor increases if the capacitor is 
charged to a higher voltage, and for any given voltage, the charge will be 
greater for a larger capacitor. A simple example of how use is made of 
the energy-storing property of a capacitor is the photoflash gun of Fig. 19. 
In the cheapest flashguns the capacitor C| is omitted. Without C, the 
firing is not very reliable because, as soon as the battery is a bit old, the 
internal resistance is too high for the battery to be able to furnish enough 
current to fire the flashbulb. With the capacitor in the circuit the energy 
stored in the capacitor furnishes a heavy momentary current for certain 
flashbulb firing when the switch is closed. After firing, the battery charges 
C| back up again. Since the capacitor furnishes the firing current, it 
makes no difference if the internal resistance of the battery is high, and 
the battery can be chosen to have a long shelf life rather than a low 
internal resistance. 
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(b)C| charges slowly 
through R¡ 

Fig. 19 Simple photo flashgun circuit. 

(c) C| discharges rapidly 
through flashbulb when 
S is depressed 

Charged capacitors can store a great deal of energy, and so they can be 
very dangerous when used with high voltages. Even though all power is 
cut off, the high voltage capacitors must be discharged before working on 
the equipment. To discharge high voltage capacitors, connect a resistance 
of approximately 100 ohms across the capacitor terminals for a few 
seconds and then short the terminals with a screwdriver blade to be sure 
that capacitor is discharged. Always be sure that there is sufficient 
insulation between you and the capacitor terminals. You may want to 
tape one end of the discharge resistor to a screwdriver with a well-
insulated handle as shown in Fig. 20. The electrical shock from a charged 
capacitor can be fatal. 

Fig. 20 Always discharge a capacitor before handling the terminals. 

WHAT HAVE YOU LEARNED? 

1. If capacitor C, in Fig. 19(a) were increased to 400 gF, ^Imorej (less) 
energy would be stored in it for the same battery voltage. If the capacitor 



22 C, remained the same size, but the battery voltage were increased to 3 V, 
(b)( more)) less)) the same amount of) energy could be stored in it. 

2. The energy stored in a capacitor is similar to ( water flow through a pipe) 
( inertia )( energy stored in a spring ). 

3. You walk into a TV repair shop and find a TV set on the bench. The 
line cord is unplugged. Why would it not be a good idea to touch any of 
the components under the chassis with your bare hands? 

ANSWERS 

1. (a) More . . . The amount of energy stored in a capacitor is directly pro¬ 
portional to the capacitance. 
(b) More . . . The energy stored in a capacitor increases if the voltage across the 
capacitor increases. 
2. Energy stored in a spring 3. The power supplies in TV sets, as well as in 
other electronic equipment, use large filter capacitors. These capacitors can often 
retain a charge for quite a while after the TV set has been turned off, even if the 
line cord is disconnected. Be sure to short the capacitors with a resistor and 
screwdriver before touching anything that might be connected to them. 

ry PHYSICAL CONSTRUCTION OF CAPACITORS . . . Many types of 
* capacitors are manufactured to suit different applications. Their values 

may be fixed or variable, according to the purpose for which they are in¬ 
tended. Because a fixed capacitor is fundamentally two metallic sheets 
separated by a dielectric, it is usually classified according to the type of 
dielectric used. Some materials frequently used as dielectric are mica, 
paper, ceramic, and semiliquid electrolyte. 

The construction of a mica capacitor is shown in Fig. 21. The plates 
consist of a number of strips of metal foil separated by thin sheets of mica. 
The ends of alternate strips, which extend beyond the mica sheets are con¬ 
nected together to form a terminal at each end of the capacitor. 

So-called paper capacitors are usually constructed with metal foil for 
the conductors and some form of treated paper as the dielectric. Metal 
foil and paper are prepared in long, narrow strips and are then rolled 
into a compact unit, as illustrated in Fig. 22. This arrangement permits 
a lead to be connected at each end. 

One type of ceramic capacitor is the tubular form shown in Fig. 23. 
A thin coating of silver is deposited on the inside and outside surfaces 
of the tube, and connecting leads are brought out at the ends. This unit 
is then sealed in a second ceramic tube, and the entire assembly is wax-
impregnated for moistureproofing. 



Fig. 21 Construction of a mica capacitor. 

dielectric 
plate B 

dielectric 
plate A 

Fig. 22 Construction of a paper capacitor. 

metal film 

Fig. 23 Construction of a ceramic capacitor. 

The electrolytic capacitor is made by filling the space between two rolled 
aluminum-foil plates with a semiliquid electrolyte. This electrolyte con¬ 
sists of a thick paste made of aluminum borate or sodium phosphate, 
as shown in Fig. 24. When a d-c voltage is applied across the two elec¬ 
trodes, a thin chemical film forms on the positive plate. The voltage is 
called the forming voltage, and the oxide film is the dielectric material ot 
the capacitor. The electrolyte is electrically part of the negative plate 
because it is a conductor in contact with the aluminum foil. 

Because the oxide film in an electrolytic capacitor is extremely thin (only 
25 millionths of an inch thick), the capacitance is very high for the capaci-

23 



24 aluminum oxide film 

plates 

Fig. 24 Construction of on electrolytic capacitor. 

tor size—remember that the thinner the dielectric of a capacitor, the 
greater the capacitance. Electrolytic capacitors take up only about 15 per 
cent of the space required for equivalent paper capacitors. 

The polarity of the electrolytic capacitor must always be observed; hence, 
the capacitor can be used only in d-c circuits. To maintain the oxide 
film, the positive plate must never be allowed to operate at a negative 
potential. An electrolytic capacitor becomes a short circuit when con¬ 
nected into the circuit with reversed polarity. This ruins the capacitor, 
and perhaps other circuit components as well. 

The electrolytic capacitor is considered to be the workhorse of power 
supply filter circuits. 

In certain parts of a radio circuit, such as the tuner, it is necessary to use 
a variable capacitor. This consists of two sets of plates: a rotating set 
called the rotor and a stationary set called the stator. The stator is usually 
constructed with one more plate than the rotor, and the rotor plates can 
be moved freely in between the stator plates. The capacitance can then be 
varied from its minimum value, when no part of the rotor plates is in mesh 
with the stator plates, to its maximum value, when the rotor plates are 
fully meshed with the stator plates. 

Sometimes it is necessary to adjust a capacitor to a definite value. Once 
this has been set, it is not changed. Adjustable capacitors used for this 
purpose are called trimmers or padders. One type of trimmer capacitor is 
similar in construction to a variable capacitor, but it has fewer plates and 
a much smaller plate area. The rotor is usually adjusted with an align¬ 
ment tool instead of a knob. 



WHAT HAVE YOU LEARNED? 25 

1. A mica capacitor is made up of 73 plates. Each plate is 1.5 in.2 (square 
inches) in area and is separated from the next plate by a sheet of mica 
(K = 5.5)0.02 in. thick. The capacitance is-picofarads. 

2. An electrolytic capacitor is accidentally connected in an a-c circuit. 
What, if anything, happens to the capacitor? 

3. An electrolytic capacitor has a high capacitance because it has a 
_dielectric. 

4. The dielectric in an electrolytic capacitor is a thick paste, (true) 
(false) 

ANSWERS 

„ O.225Æ/1(n - I) 0.225 x 5.5 x 1.5 x 72 
1. 6680. . . C - t - 0 02

= 6680 pF (The exact answer is 6682.5 pF, which becomes 6680 
pF when rounded off to three significant figures.) 
2. The capacitor is ruined. During one of the a-c cycles, a negative potential is 
applied to the positive plate of the capacitor. This removes the oxide film that 
serves as the dielectric. 
3. Thin 4. False. . . The dielectric is an oxide film. 

8 CH ARACTERISTICS OF PRACTICAL CAPACITORS ... The power 
expended in a d-c circuit is equal to the voltage across the circuit times 
the current through the circuit, or P = El. This is true in an a-c circuit 
only for that part of the current that is in phase with the voltage. If the 
current and voltage in a circuit are exactly 90° out of phase, no power is 
expended in the circuit. Now, in a perfect capacitor the current and volt¬ 
age are exactly 90° out of phase, so no power is dissipated in a pure ca¬ 
pacitor. 

In practical capacitors, however, some power is dissipated. The power 
loss takes place mostly in the dielectric. This loss in power is due to 
molecular friction in the dielectric material itself. The amount of power 
dissipated in the dielectric varies with the material of the dielectric. This 
loss in power may be looked at as resulting from a resistor in series with 
a perfect capacitor, as shown in Fig. 25. The larger this series resistance, 
the more power lost in the capacitor. The series resistance retards the 
current flow so that it leads the capacitor voltage by slightly less than 90°. 
The capacitor now dissipates some power, which appears as heat in the 
capacitor. 
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Fig. 25 Equivalent circuit for a practical capacitor. 

In addition to the losses in the dielectric, there are losses in the connecting 
leads of the capacitor and in the capacitor plates themselves. The losses 
in capacitors are not constant; they increase with temperature, frequency, 
and age of the capacitor. The losses are usually small over the frequency 
range for which the capacitor was intended to be used. 

The highest frequency for which a capacitor is suitable is largely de¬ 
termined by the frequency at which the losses become objectionably high. 
This upper frequency limit depends upon the material used for the dielec¬ 
tric. Mica, ceramic, and plastic dielectrics can be used at the highest 
frequencies, up to 10,000 MHz (megahertz). Among widely used dielec¬ 
trics, tantalum has the lowest high-frequency limit; it is not suitable for 
use at frequencies above 1 kHz. 

Another important factor affecting the performance of capacitors as 
circuit elements is the effect of temperature on the dielectric. Some di¬ 
electrics change very little with a change in temperature; others change 
considerably. When the dielectric constant changes, the capacitance 
changes. Also, when the leakage resistance decreases, the operation of the 
capacitor at very low frequencies is hindered. 

Voltage ratings of capacitors range from a couple of volts to many 
thousand volts, depending on the type and thickness of dielectric used. 
The thicker the dielectric, the more voltage it can withstand, so a ca¬ 
pacitor gets larger and larger in physical size as the voltage rating in¬ 
creases. Figure 26 shows the approximate sizes of capacitors rated at 100 
V using different dielectrics. 

CHOOSING THE RIGHT CAPACITOR FOR THE JOB . . . Now that 
you know how different dielectrics affect the performance of capacitors 
under various operating conditions, we shall discuss some of the factors 
to consider when choosing a capacitor to do a certain job. Actually, 
there is no one best capacitor for all purposes. The choice of a particular 
dielectric depends on a number of considerations. The most important 
points to consider are frequency, voltage rating, temperature variation. 
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electrolytic 

Fig. 26 Approximate sizes of 1-pF capacitors using different dielectrics but all 
with 100-V rating. 

physical size, and cost. A few examples will show you how a capacitor 
can be selected. 

Suppose we need a 500-pF capacitor to operate in a tank circuit of an r-f 
amplifier whose frequency is 200 MHz. The d-c voltage across the ca¬ 
pacitor will be 3000 V. Also, suppose that the temperature inside the 
amplifier will get no higher than 50°C but that the capacitor should have 
good temperature stability (low capacitance variation with temperature 
change). The table on the inside back cover shows that mica, ceramic, or 
plastic dielectric would possibly be suitable. But since the capacitance 
variation with temperature of ceramic capacitors is not as good, we shall 
limit our choice to either mica or plastic. The final choice will be a 
compromise. If extremely high leakage resistance and excellent tempera¬ 
ture stability were required, we would probably choose plastic. But if the 
characteristics of mica are suitable, this might be a better choice because 
mica capacitors are generally more rugged and have very good long-term 
stability. 

Next, let’s consider a case where we need a low-frequency filter capacitor 
of 100 juF rated at 30 V. The capacitor is to be used in a small portable 
unit, so small size is important. The unit is to be operated outside, where 
the temperature can get as low as — 20°F, and so, for proper filtering, 
the capacitance should not change significantly at the low temperatures. 
Again looking at the table on the inside back cover, we see that either an 



28 electrolytic or a tantalum capacitor could be used, since each has a high 
value of capacitance for small physical size. But the capacitance of an 
electrolytic capacitor decreases sharply at low temperatures, whereas that 
of a tantalum capacitor changes only slightly. Tantalum would therefore 
be the best choice in this case. 

A wide variety of plastic dielectrics are in use, one of the most popular is 
Mylar. The Mylar capacitor is replacing the paper capacitor in many 
applications because of its good temperature stability and somewhat 
smaller size. Although usually larger than the ceramic capacitor, it has a 
much better temperature stability. 

Probably one of the best ways to get familiar with the uses of different 
capacitor dielectrics is to examine various capacitors at random in any 
electronic equipment with which you come in contact. Then, with the aid 
of the table on the inside back cover, try to determine for yourself why 
the designer chose the particular type of capacitor for the job. Often, 
remember, any of several types of dielectrics might be usable, but the 
designer chose one particular type for some reason, whether it be cost, 
stability, small size, or another reason. 

WHAT HAVE YOU LEARNED? 

1. What type of capacitor would you use if you needed a 220-pF capacitor 
rated at 500 V to operate at 50 MHz? The capacitor must have good 
temperature stability and must operate at temperatures up to 265°F. [The 
formula to convert degrees Fahrenheit to degrees centigrade (or Celsius) 
is C = % (F — 32)]. (mica )( plastic )( ceramic )( paper ) 

2. You need a 0.001-gF capacitor rated at 150 V for use with audio 
frequencies up to 15 kHz. The unit is to be operated at room tempera¬ 
ture, and the variations in temperature will be very small. Choose an 
economical capacitor of small physical size to do the job. (plastic) 
(ceramic)(mica) 

3. You need a 0.1-gF 600-V capacitor to be used at 100 kHz. The temper¬ 
ature stability should be better than is available with ceramic capacitors, 
but small size and low cost of the capacitor are desired. What type would 
you use? (mica)(Mylar)/tantalum) 

ANSWERS 

1. Mica . . . The temperature stability of ceramic is not good enough. Plastic 
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dielectrics have very good temperature stability, but the maximum temperature of 
a plastic type is + 125’C. The intended operating temperature is 265°F. Con¬ 
verting degrees Fahrenheit to degrees centigrade, we find that C = % (F - 32) = 
% (265 - 32) = 129°C, which is higher than the rated maximum temperature 
for the plastic type. Paper dielectrics are not generally suitable for use at fre¬ 
quencies above I MHz. 
2. Ceramic . . . Plastic or mica could, of course, also be used, but the size and 
cost of either would be greater than of the ceramic type. 
3. Mylar. . . Mica capacitors are not readily available in values as high as 0.1 gF; 
and if they were available, the size and cost would be high. Tantalum capacitors 
would not be suitable for use at 100 kHz. 

PRACTICAL INDUCTORS AND THEIR USE 

You are already familiar with the basic principles of inductance. Now we 
shall explore those principles a little deeper and show their application to 
practical inductors. Since inductance is one of the three basic circuit 
elements—the others are capacitance and resistance it is important to 
understand the subject well. 

MAGNETIC COUPLING BETWEEN COILS . . . When two inductors 
are near each other, there may be interaction between them; the inter¬ 
action is caused by the field of either coil threading the turns of the other 
coil. This interaction is called magnetic coupling, and it is of great im¬ 
portance in electronics. Figure 27 shows what is meant by magnetic 
coupling. Basically, inductors are said to be magnetically coupled if some 
or all of the magnetic lines of flux threading one coil thread the other 
coil also. In Fig. 27(a), none of the lines threading also thread so 
there is no magnetic coupling between the two coils. Now, in Fig. 27(b) 
the two iron cores are almost touching, so that all the magnetic lines of 
flux threading ¿i also thread L2. Here we have maximum coupling. 

The reason that we must consider coupling is that, when two circuits or 
components are coupled together, any change that takes place in one will 
be felt by the other. Since Lt and L2 are coupled in Fig. 27(b), anything 
that changes the number of flux lines threading will also change the 
number of lines of flux that thread L2. In Fig. 27(c), only some lines of 
flux thread both coils, so that, although any change in Lt will be felt in 
¿2, the extent of the coupling will be less than the maximum possible. 

The two coils in Fig. 27 are shown connected in series, but you can also 
have magnetic coupling when the electrical circuits for the two coils are 
isolated from each other. A transformer is an example. A transformer 
works because of the magnetic coupling between the primary and second¬ 
ary coils, but the two coils are electrically isolated. 

29 
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(a)None of the flux lines 
threading L| also thread 
Lj ; thus no magnetic 
coupling exists 

(b)AII of the flux lines 
threading L| also thread 
(-2 ; thus maximum 
magnetic coupling exists 

(c)Only some of the flux lines threading L| 
also thread La; thus only partial 
magnetic coupling exists 

Fig. 27 Inductors are magnetically coupled if some or all of the lines of flux 
threading one coil also thread the other coil. 

FINDING COMBINED INDUCTANCE OF INDUCTORS . . . The 
simplest case of two inductors used in series or parallel occurs when there 
is no magnetic coupling between the two coils. Then the total inductance 
of the two inductors, if in series, is merely the sum of the individual 
inductances, as shown in Fig. 28(b). In other words, L, = L\ + L2. 
Notice that the two inductors in series add, just as the two resistors in 
series in Fig. 28(a) add. This is because the two inductors in series offer 
more opposition to the flow of current than either inductor offers by itself. 

If the two inductors are in parallel, their equivalent inductance is found 
in just the same way that the equivalent value of two resistors in parallel 
is found. That is, 

CCq 
1 

T T 
Ly + L, 



xo-1 

il L|P I 5H 

3II L2 
7II 10 H

Yo-1 
Lt = L, + L2 = 15 H 

(b) 
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Fig. 28 Inductors in series, like resistors in series, add if there is no magnetic 
coupling between the coils. Inductors in parallel, like resistors in parallel, 
combine if there is no magnetic coupling between the coifs. 

See Fig. 28(c) and (d). It is reasonable that two inductors in parallel 
would ofTer less opposition to the flow of current than either inductor by 
itself, because the current now has two paths through which to flow, just 
as it has through two resistors in parallel. 

As stated, the formulas for finding the combined inductance of two or 
more inductors in series or parallel are valid only if there is no magnetic 
coupling between the coils. The total inductance, in Fig. 27(c), of L^ and 
Li in series as shown is greater than the sum of the inductances of L\ and 
Li. That is because many of the lines of force set up by the current 
through T, also thread L2. Hence, the lines of force through L2 consist of 
the lines set up by the current flowing through the winding of L2 plus 
the lines coming from Lt that also thread L2. As a result, the number of 
lines of force through L2 in (c) is greater than in (a), where there is no 
magnetic coupling. Since the more flux lines set up by a given current, 
the greater the inductance, the equivalent inductance offered by coil L2 is 
higher than it would be if ¿1 were not close by. 

You have seen how the influence of L\ has increased the equivalent in¬ 
ductance of L2. In an identical manner the equivalent inductance of L\ is 
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combined inductance of the two magnetically coupled coils of Fig. 27(c) is 
given by the formula 

L, — L\ + L2 + 2A/ 

Where L\ and L2 are the inductances of the two coils when not mag¬ 
netically coupled to each other and M is the mutual inductance caused by 
the magnetic coupling between the coils. The mutual inductance is the 
amount of inductance added to a coil because of the action of another 
coil. The amount of inductance added to L2 because of the proximity of 

is always the same as the amount of inductance added to because of 
the proximity of L2. Notice in the formula that we add 2M, rather than 
just M, because each coil has its effective inductance increased by M. 

You will remember that a coil has an inductance of one henry if a counter 
emf of one volt is developed across the coil when the current through 
the coil changes at the rate of one ampere per second. Similarly, the 
mutual inductance between two coils is one henry if the current changing 
at the rate of one ampere per second through one of the coils induces an 
emf of one volt in the other coil. To say it another way, the mutual in¬ 
ductance is one henry if one ampere flowing through one coil sets up a flux 
.100,000,000,. . .. ... fof - : :- lines of force in the other coil, where N is the number of 

N 
turns in the second coil. The 100,000,000 comes from the fact that lines 
of force must change at the rate of 100,000,000 per second in order to 
induce one volt in a single turn of wire. 

The mutual inductance between two coils reaches its greatest possible 
value when, as in Fig. 27(b), all the lines of force of each coil also thread 
the other coil. If the two coils are of equal inductance, the mutual induc¬ 
tance is then equal to the inductance of one of the coils. If the two coils 
are of unequal inductance, the maximum value that the mutual inductance 
can have is VLt L2. When only partial magnetic coupling exists between 
the two coils, as in Fig. 27(c), the mutual inductance is equal to kVl^L^ 
where k. called the coefficient of coupling, is equal to the fractional part of 
the lines of force produced in one coil that also thread the other coil. For 
example, if one-fourth of the lines of force set up in ¿1 by the current 
through ¿1 also thread L2, the value of k is 0.25. When there is no 
coupling between the coils, k = 0; and when maximum coupling exists, 
k = 1. Thus k varies in value between 0 and 1. 



WHAT HAVE YOU LEARNED? 33 
1. Two inductors, each having an inductance of 2 H, are connected in 
parallel so that no magnetic coupling exists between the two. The equiva¬ 
lent inductance of the two in parallel is _ henrys. 

2. Two inductors each having an inductance of 2 H are wound on the 
same core. If one of the inductors is left disconnected, what will be the 
total inductance presented to the circuit? (zero)) I H )(2 H)(4 H ) 

3. Two air-core coils, one having an inductance of 500 gH and the other 
having an inductance of 300 /zH, are placed physically close to each other 
so that their magnetic fields interact to increase the total inductance. 
Assume that the mutual inductance between the two is 50 ¿zH. What is the 
total inductance of the two if they are connected in series? _ henrys. 

4. Two 25-mH coils are connected in series with magnetic coupling 
between them. What is the maximum possible value for the total in¬ 
ductance? 

5. Two 15-mH coils are connected in series so that some of the lines of 
force interact and aid each other. If the coefficient of coupling is 0.3, what 
is the combined inductance? 

ANSWERS 

1. IH. . - -'- = -'- = — = I H 
1/Z-i + \/L2 1/2 + 1/2 1 

2. 2 H ... If one winding is left disconnected, there will be no magnetic field set 
up by that winding, so it will have no effect on the total inductance. 
3. 900/zH . . . L, = A, + + 2M = 500 + 300 + 2 x 50 = 900 MH. 
4. 100 mH . . . The maximum value that M could have is 25 mH. L, = L, + 
¿2 + 2A/ = 25 + 25 + 50 = 100 mH. 
5. 39 mH ... If all the lines of force threaded both coils, M would be 15 mH. 
Since only 0.3 of the lines of force thread both coils, M = 0.3 v 15 mH x 15 mH = 
0.3 x 15 mH = 4.5 mH. L, = £, + L2 + 2M = 15 + 15 + 2 x 4.5 = 
39 mH. 

Q AIDING AND OPPOSING COUPLING FLUX ... In discussing the 
effects of magnetic coupling on total inductance in the preceding topic we 
assumed that the direction of current flow in the two coupled coils was 
such that the lines of force of one coil aided the lines of force from the 
other coil, thus increasing the total inductance. If the two flux fields 
“buck” or oppose each other, the effect is to decrease the total inductance. 
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Fig. 29 Flux through each coil is reduced when the coils are so connected that the 
lines of force oppose each other. 

In Fig. 29 the two north poles of the coils are brought together, so that 
the flux set up by the current flowing through coil T, is opposed by the 
flux of opposite direction set up by the current through coil L2. The result 
of this bucking interaction is to reduce the apparent inductance of each 
coil by the amount of the mutual inductance. Hence, when two coils are 
connected in series opposing, the combined inductance is given by the 
formula 

L, = L, + ¿2 - 2A/ 

As an extreme example, consider two coils, each of 5 H inductance, con¬ 
nected in series with their fields opposing. If we further assume maximum 
coupling, the mutual inductance will also be 5 H. Then the total induct¬ 
ance is 

L, = L, + ¿2 - 2A/ = 5 H + 5 H - 10H=0H 

That is, the two opposing flux forces have canceled each other out, so 
that there is no flux at all and hence no inductance. 

When two coils are wound on the same iron core, as in Fig. 30, the mutual 
inductance will be nearly the maximum possible value. (It is hard to get 
a high coefficient of coupling by using coils with air cores.) Hence, the 
inductance in Fig. 30(b). where the two coils are bucking, will in fact be 
almost zero if the two coils are identical. If each coil is 5 H, the total 
inductance in Fig. 30(a) is 

L, = T, + ¿2 + 2A/ = 5 + 5 + 10 = 20 H 



direction of current 
flow from battery 

(a)Magnetic fields aid, so 
inductances add 

(b)Magnetic fields oppose, so 
inductances subtract 

Fig. 30 Inductors in series will add or subtract depending upon the direction of 
their magnetic fields. 

The total inductance of two equal inductors connected in series aiding 
with maximum coupling is four times the inductance of one of the induc¬ 
tors. Obviously, it is of the utmost importance that coupled coils be so 
connected that their fields aid if maximum inductance is wanted. 

Notice the direction of current flow through the windings in Fig. 30(a). 
When switch S is closed, current flows from the battery in the direction 
shown by the arrows. That is, current flows from the negative terminal of 
the battery into point A of winding 1; it then flows through winding 1 and 
out through point B. By applying the left-hand rule, we see that the mag¬ 
netic field set up by the current flow is as labeled in the figure, namely, 
the north pole is at the bottom of the winding. As for winding 2, we see 
that the current enters at C and leaves at D. Again applying the left¬ 
hand rule, we see that the north pole of the second winding is also at the 
bottom of the winding. Since the north poles of both windings point in the 
same direction, the magnetic fields aid, so the combined inductance is 
higher than the sum of the individual windings. 

In Fig. 30(b) the two coils are so connected that, when the left-hand rule is 
applied, it is found that the two north poles point toward each other, so 
that the fields cancel each other. Reversing the connections of one of the 
coils will correct the situation. 

One practical example of two windings wound in opposite directions on a 
common core is a noninductive wire-wound resistor. Resistors of more 
than about two watts power rating are generally made by winding re¬ 
sistance wire (a wire made from a nickel-chromium alloy or similar ma-
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adjacent wires, so magnetic effects are canceled out. 
Fig. 31 Noninductive wire-wound resistor. 

terial) on an insulating core, such as ceramic. Since the winding or wire 
forms a coil, the wire-wound resistor will have some inductance as well 
as resistance. At higher frequencies, this inductance can have undesirable 
effects, as you will see later. 

If it is desired to have a noninductive wire-wound resistor, one can be 
made by using the technique shown in Fig. 31. A single length of wire 
that has the desired total resistance is folded in the middle and then 
wound around the form. In this way, the instantaneous currents through 
the two halves of the wire will be flowing in opposite directions. Thus the 
magnetic field of the current flow in each turn of wire will be canceled out 
by the magnetic field of the adjacent turn. Therefore, the inductive effects 
of one-half of the wire will cancel out the inductive effects of the other 
half and thus make the resistor noninductive. 

WHAT HAVE YOU LEARNED? 

1. When two inductors are connected in series and are placed in close 
proximity so that the magnetic fields produced by the coils aid, the total 
inductance of the two coils will be ^(greater thankless than) that of the 
larger inductor. If the two are so wired that the magnetic fields of the two 
coils buck, the total inductance of the two will be (b)(greater thankless 
than) that of the larger inductor. 

2. Connect the two windings of Fig. 32 so that there will be maximum in¬ 
ductance between teminals Y and Y. 

3. What is the total inductance of two 10-H coils wound on the same iron 
core connected in series bucking? 



Fig. 32 

ANSWERS 

1. (a) Greater than: (b) less than 
2. See Fig. 33 . . . Assume a voltage applied to the windings at terminais X and Y. 
Then, by using the left-hand rule, determine what the direction of the magnetic 
fields will be. In order to obtain maximum inductance, the magnetic fields must 
aid. 
3. Zero 

Fig. 33 

Q SOME TYPES OF INDUCTORS . . . Inductors are very often called 
chokes. An example of a common use for a choke is as a power supply 
filter. The purpose of the choke is to smooth out variations in load cur¬ 
rent, thereby making the current through the coil essentially constant, or 
d-c. The inductor smoothes out the variations because, as you will 
remember,current through an inductor cannot change rapidly. Figure 34(a) 
shows a source delivering current to a load. In Fig. 34(b) we see that 
the source voltage is composed of a d-c voltage upon which there is some 
a-c variation. The choke prevents variations in load current, thereby 
making it essentially constant, as shown in Fig. 34(c). 
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A choke used for low-frequency work (audio frequencies and frequencies 
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100 V -
a> -Voltage from 

source is composed 
of a-c variation on 

> _a d-c level. 

100 mA 
c V 
k_ 3 o 

^^Current through load 
is constant because current 
cannot change rapidly 
_ through inductor. 

(b) Voltage from source (c) Current through load 

Fig. 34 A choke smooths out variations in load current. 

up to 50,000 Hz) usually has a heavy iron core. That is because a high 
value of inductance is needed at low frequencies to make the inductive 
reactance high enough to provide sufficient smoothing. In high-frequency 
circuits, such as at radio frequencies, only small air-core chokes are neces¬ 
sary. That is because, at these high frequencies, only a small amount of 
inductance is needed to provide the required inductive reactance. Radio¬ 
frequency chokes, or RFC's, as they are called, are often wound on 
hollow paper or ceramic tubes because of the small amount of inductance 
needed. 

Figure 35 shows the construction of a low-frequency choke coil using a 
laminated iron core. Notice that the flux paths leave the top of the coil 
and travel through the two sides of the core and finally join again at the 

Fig. 35 Construction of an iron-core choke. 
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Fig. 36 Construction of an iron-core choke showing gap to prevent saturation due 
to d-c current flowing through choke. 

bottom of the coil. This type of construction offers a low-reluctance path 
for the flux, so that there are more lines .of force and therefore a higher 
inductance. There is one slight drawback, however. Since the reluctance 
path is low, a d-c current flowing through the choke, such as that shown in 
Fig. 34, might cause core saturation. If the core is saturated, the in¬ 
ductance of the coil will be reduced. To avoid this difficulty, the core is 
sometimes so constructed as to leave a small air gap as shown in Fig. 36. 
Although the air gap will prevent core saturation, it will also somewhat 
decrease the inductance of the coil. Therefore, the air-gap spacing is care¬ 
fully computed to prevent core saturation without seriously decreasing the 
inductance of the coil. 

Another disadvantage of the choke shown in Fig. 36 is that due to the 
square corners and the fact that the flux must make sharp bends in travel¬ 
ing around the corners; some flux leaves the core and travels through the 
air. Even though this flux, or leakage flux as it is called, is small, it can 
affect nearby circuits and introduce an unwanted signal into them. This 
problem is partly solved by enclosing the core in a metal box, called a 
shield, which keeps the flux from traveling outside to the nearby circuits. 

Even with the metal “can” around the core, inductors still have some leak¬ 
age flux that may interfere with other circuits. Because of this, precau¬ 
tions must be taken in planning a chassis layout so that any magnetic 
circuits, such as chokes and transformers, are not placed physically near 
any sensitive amplifier circuitry that might pick up the magnetic fields. 
Since the leakage flux is small, no trouble usually results if the inductors 
are placed near the output stages. But if the chokes or transformers are 
placed near the “front end,” or first stages, of a high-gain amplifier, the 
magnetic pickup may be sufficient to introduce unwanted signals. 

Another type of commonly used inductor is the toroid. A toroid coil is a 
coil wound on a doughnut-shaped core, as shown in Fig. 37. The core of 
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Fig 37 Toroid inductor. 

the toroid is not laminated like the choke core in Fig. 35, but the material 
used to make the core, powdered iron adhered together by an insulating 
binding material, has a high resistance, so there is little effect from eddy 
currents. 

The toroid has a definite advantage over the square laminated core in that 
there is almost no flux leakage. The core provides a smooth continuous 
path for the flux, so the leakage flux is near zero. Therefore, if an inductor 
is needed in a low-level stage (near the front end of an amplifier), a toroid 
can be used and will not interfere magnetically with the nearby circuits. 

Still another type of commonly used inductor consists of a number of 
turns of wire wound on a hollow paper or ceramic tube. Inside the tube is 
placed a powdered-iron core, or slug, which is movable through the winding 
to vary the inductance of the coil. The more iron inside the coil, the 
higher the inductance, and vice versa. This type of inductor, shown in 
Fig. 38 is often used in tuning circuits where it is necessary to have a 
variable inductance. The iron core is moved by adjusting a threaded shaft 
that is connected to the core. The shaft is usually slotted so that it can 
be adjusted with a non-magnetic screwdriver. 

powdered-iron 
core 

coil 

solder 
terminal 

screwing the shaft out 
decreases inductance paper 

tube 

retainer 

screwing the shaft in 
increases inductance 

Fig. 38 Variable inductor. 



output jack to 
speaker 

Fig. 39 

We have seen that inductors are supplied in a wide variety of shape and 
size for different applications. Even though inductors vary in the physical 
construction, they have some points in common. All inductors are made 
by winding wire in the form of a coil. The more turns of wire, the higher 
the inductance. In addition, the core material affects the inductance. The 
higher the permeability of the core, the higher the inductance. 

WHAT HAVE YOU LEARNED? 

1. Figure 39 shows a chassis layout for a high-fi amplifier for a record 
player. You wish to mount a choke coil for a power supply on the chassis. 
The choke is similar to the one shown in Fig. 35. Which position on the 
chassis would be a better location for the choke? {position A {(position B) 
Why? 

2. In the diagram of Fig. 34, the voltage across R, (fluctuates above and 
below 100 V, as the voltage from the source does) (is essentially constant at 
100 V) (is much less than the voltage from the source because of the drop 
across the choke). 

ANSWERS 

1. Position B . . . The input to the amplifier is too near position A. If the choke 
were mounted there, the leakage flux from the choke might be picked up by the 
preamplifier. That would cause an undesired hum in the output. 
2. Is essentially constant at 100 V . . . The choke keeps the current through the 
load essentially constant. Since the current through RL is constant, the voltage 
across RL will also be constant. 

TRANSFORMERS 

Almost every piece of electronic equipment uses transformers of one type 
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Fig. 40 When secondary current increases, primary current also increases because 
of reduced primary reactance. 

or another for some purpose; they might be power transformers, input or 
output transformers, or interstage coupling transformers. A good under¬ 
standing of the basic principles of transformers is essential to a good 
understanding of electronics. 

WHY PRIMARY current increases when secondary 
CURRENT INCREASES . . . Since the resistance of the primary 
winding of a power transformer is quite low, the amount of current taken 
by the primary is almost entirely determined by the reactance of the 
primary coil when the secondary is not loaded. This reactance is sufficient 
that the primary current will be quite low when there is no secondary 
current. However, when a load is connected across the secondary, the 
primary current will increase; and the greater the secondary current, the 
greater the primary current. We shall now see what causes the primary 
current to increase when the secondary is loaded. 

Assume first that the switch S is opened in Eig. 40, so that the secondary 
current is zero. The alternating current flowing in the primary sets up a 
counter emf £cemf across the primary winding that opposes the generator 
voltage Et. Since the primary resistance is nearly negligible, £„mf is ap¬ 
proximately equal to Ef. £cemf can never be much lower than Eg; if it 
were, then lp would increase, which would increase the core flux and thus 
increase £ccmr almost to the value of Eg. The counter emf set up by any 
inductance whatsoever must nearly equal the voltage applied across the 
inductance if the coil resistance is negligible. 

As long as the switch S is open, only a small primary current is needed to 
develop a counter emf equal to the generator voltage. When switch S is 
closed so that a secondary current flows, the current through the second¬ 
ary will try to set up a core flux of its own. Since by Lenz's law an induced 
current always opposes the action that produced it, the magnetomotive 
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force set up by the secondary current opposes the flux set up by the 
primary current. This is shown in Fig. 40. But the flux through the core 
cannot decrease in value. If it did, Eœmf would decrease, and this counter 
emf must always be approximately equal to Eg. Hence, the primary cur¬ 
rent lp must increase in value so that the primary current produces a 
stronger magnetomotive force to overcome the magnetomotive force pro¬ 
duced by the secondary current and thus maintain the core flux at its 
previous value. The higher the secondary current, the more the primary 
current must increase to accomplish this. As a result, the value of 
the primary current in a transformer is determined by the load on the 
secondary. 

EFFECT OF SHORTED TURNS . . . Let's consider what happens when 
one turn of a transformer primary becomes shorted. It would at first 
seem that if we had a primary winding of 100 turns and one turn became 
shorted, the primary would then just act as a 99-turn winding. This is 
not the case, however. The reason is that the shorted turn now looks like 
a single-turn secondary winding around the core. Since this shorted single 
turn has almost zero resistance, the secondary current flow in it is very 
high. Since a high secondary current means a high primary current, the 
primary current will also be very high, causing the primary to overheat 
or bum out. Because of the overload condition caused by the shorted 
turn, the true transformer secondary will be able to deliver little power to 
its load. 

A short in the secondary winding of a transformer would have the same 
effect as a short in the primary. No matter whether the short is in the 
primary or the secondary, it acts as another secondary carrying a very 
high current. 

Now, a shorted turn is harmful not only in a transformer but in any 
inductor. For example. Fig. 41 shows that a shorted turn in an inductor 
will act as a transformer secondary. Let's assume that we have a simple 
inductor, as shown in Fig. 41(a). Now assume that one turn has become 
shorted as shown in Fig. 41(b). The insulation is broken between points 
A and B on the wire, so the bare wires touch and thus form a closed 
loop around the core. Figure 41(c) shows the equivalent circuit of an in¬ 
ductor with a shorted turn as being a closed loop around the core that is 
attached to the primary at one point. 

The changing flux through the core of the inductor will induce a current 
into the loop just as if it were a secondary winding on a transformer. 
Because there is no resistance in the loop, except the resistance of the wire, 
the current through the loop will be high. The magnetic field from the 
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Fig. 41 A shorted turn in an inductor acts like a transformer secondary. 

loop will be of such polarity as to oppose the magetic field that is pro¬ 
duced by the primary winding. (We know this from Lenz’s law, which 
you studied in an earlier lesson.) Because of the flux set up by the 
secondary, there will be a reduction in flux through the core and there will 
be a corresponding decrease in the inductive reactance of the primary. 
Therefore, the primary current will increase and heat up the winding. In 
addition, since the current through the loop is very high, a large amount 
of heat will be generated by it and will probably deteriorate the insulation 
on the adjacent windings. The end result will be a complete breakdown 
of the inductor. 

-1 O POWER LOSSES IN A TRANSFORMER . . . Now that you are 
-1-0 familiar with how the shorted turn in a transformer winding causes the 

primary current to increase, you can better see why laminations are neces¬ 
sary in the transformer construction. You already know that if a solid 
piece of iron were used to make the transformer core, eddy currents could 
flow in the core. The currents would flow in paths perpendicular to the 
magnetic path, and the core material would act as shorted turns. Since 
there would effectively be many shorted turns around the core, a high 
total value of eddy currents would flow, and thus the primary current 
would increase greatly to try to overcome the magnetic fields of the eddy 
currents. If the source feeding the transformer primary could deliver 
enough current, the end result could be a destruction of the transformer 
due to excessive heating of the core and the primary winding. For this 
reason, transformer cores are made up with laminations (several thin 
sheets of iron insulated from one another) rather than one solid iron core. 

Hysteresis is another core power loss that you already know about. We 
mention it here to make this section on losses complete. Hysteresis losses 
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result from the friction of the iron molecules, which first become aligned 
in one direction and then must turn around and become aligned in the 
other direction when an alternating magnetizing field is supplied. Hyster¬ 
esis losses partly account for the fact that power transformers get warm 
during operation. Many transformers, such as those used in power 
supplies, get very warm to the touch during normal operation. This is 
usually normal and is not necessarily a sign of trouble. The transformer 
designer takes into account the temperature rise in the transformer during 
normal operation; he designs the transformer to withstand the heat. 

A third type of loss that takes place in transformers is copper loss, which is 
due to the resistance of the wire used in winding the transformer. You 
know, of course, that every wire has resistance. Since current flows through 
this resistance, some power will be dissipated in the wire; it will be P = 
IR. For example, if the total resistance of a winding is 3 £2, and the cur¬ 
rent through the wire is 2 A, the power dissipated in the wire will be P = 
22 X 3 = 12 W. None of the 12 W of power will serve a useful purpose; it 
will only heat the transformer. To make the transformer operate efficiently 
and without much copper loss, transformer designers use as large a wire 
size as is practical for the transformer winding. 

To sum up, there are three main causes of power loss in transformers; 
eddy currents, hysteresis, and copper losses. These losses are dependent 
upon the physical construction of the transformer, and they must be con¬ 
sidered by the transformer designer. We are not trying to show you how 
to design transformers, because that can get quite complex. We only 
want to point out where the various losses originate so that you will 
understand transformers better and so that you will know why it is not 
possible to obtain a 100 per cent transfer of power from the primary to 
the secondary. In other words, no practical transformer is perfect, so you 
can always expect that the power available from the secondary will always 
be slightly less than the power input to the primary. The efficiency of a 
well-designed power transformer is often more than 95 per cent. 

FREQUENCY RESPONSE OF A TRANSFORMER . . . Power trans¬ 
formers are designed to operate at a specified frequency. Although they 
may operate with somewhat reduced efficiency at frequencies higher than 
the design frequency, they cannot usually be operated at a lower than 
design frequency. The counter emf developed by the primary must ap¬ 
proximately equal the primary voltage. The lower the frequency, the 
higher the core flux must be for the flux threading the primary winding to 
change at a fast enough rate to develop the necessary counter emf. But 
the iron core becomes saturated after the flux reaches a certain density, so 
that a further increase in primary current cannot much increase the core 
flux 
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46 Power transformers are generally so designed that the flux density at the 
design frequency is just below the saturation point. As a result, operating 
at a lower frequency than the design frequency causes a great increase in 
primary current, even though there is no secondary load, and overheats or 
burns out the transformer. Because of core saturation, the flux can't 
increase to the point where the counter emf nearly equals the applied 
primary voltage. Hence, the ohmic resistance of the primary winding, 
which is very low, becomes the main opposition to primary current flow. 

Audio transformers must ideally operate successfully over the entire 
audio-frequency range, and the best audio transformers will in fact handle 
all frequencies from 20 Hz up to 20,000 Hz or so. However, transformers 
capable of handling this range of frequencies are bulky, heavy, and quite 
expensive if they are required to handle much power. Inexpensive audio 
transformers may have a frequency response from perhaps 150 up to 
8000 Hz. 

Audio-power-handling transformers must be bulky in order to have a low-
frequency response, because there must be a large iron core to carry, 
without saturation, the heavy flux required to obtain an adequate counter 
emf at a low frequency. 

Besides the low-frequency limitation, there is an upper frequency limit 
beyond which transformer response is not satisfactory. You will remem¬ 
ber that any two conductors separated by a dielectric, or insulating 
material, form a capacitor. Therefore, even the turns of wire on the trans¬ 
former core make up tiny capacitors. That is, there is some capacitance 
between each turn of wire and the adjacent turns of wire. In addition, 
there is capacitance between the wire and the transformer core itself; 
see Fig. 42. So at high frequencies, this capacitance shunts some of the 
a-c signal around the winding. 

In other words, the high frequencies see not only the path through the 
transformer winding but also a parallel path shunting the winding through 
the capacitance of the transformer. This capacitance is distributed along 
the entire winding of the transformer, and it is therefore known as dis¬ 
tributed capacitance. Since the reactance of the distributed capacitance 
gets lower and lower as the frequency gets higher, more and more of the 
applied signal gets shunted around the winding of the transformer as the 
frequency is increased. As a result, the output from the secondary of the 
transformer will decrease as the frequency is increased. 

In addition to the fact that more of the signal is shunted around the 
windings at higher frequencies, the secondary voltage drops off as the 



Fig. 42 Distributed capacitance in a transformer winding. 

frequency is increased because there is an increase in hysteresis losses. You 
remember that hysteresis losses are due to molecular friction as the core 
molecules are aligned first in one direction and then in the other. Now, 
the amount of energy lost in the core due to this friction is the same for 
each cycle, regardless of the frequency. That is, a certain amount of work 
is required to align a molecule of core material first in one direction and 
then in the other. Let's say, for example, that the amount of power lost 
in aligning and realigning the molecules in a certain transformer core is 
0.1 W at 100 Hz. Now if the frequency is increased to 200 Hz, the 
same molecules must be aligned and realigned twice as many times per 
second, so the power lost due to hysteresis at 200 Hz would be 0.2 W. The 
higher the applied frequency, the more power is lost due to hysteresis. 

WHAT HAVE YOU LEARNED? 

1. A certain transformer designed to operate at 400 Hz has a primary 
winding whose inductance is 0.1 H. Using the formula XL = (a)_, 
we find that the inductive reactance of the primary is (b)_ ohms at 
400 Hz. If the voltage applied to the primary were 100 V a-c, the primary 
current (with no load on the secondary) would be (q_ amperes. 

2. Two transformers A and B have the same primary-to-secondary turns 
ratio. Each also has the same number of turns on the primary. Assume 
that both transformers are of the same type of construction except that 
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48 transformer A is much larger physically than transformer B. Which trans¬ 
former would you expect to have a better low-frequency response? (trans¬ 
former A ) ( transformer B ) Why? 

3. With no load on the secondary of a transformer, what determines the 
primary current? 

4. You have a faulty transformer in which the primary current is very 
excessive even when there is no load connected across the secondary. An 
ohmmeter check of the primary and secondary windings shows them to 
have about normal resistance. What would you expect to be wrong with 
the transformer? 

ANSWERS 

2. Transformer A . . . The much larger physical size indicates that the in¬ 
ductance of the primary winding would be higher than that of transformer B, and 
therefore transformer A would operate better at low frequencies. 
3. The impedance of the primary winding determines the primary current. With 
no load on it, the secondary winding will have no effect on the primary impedance. 
Therefore the primary impedance will be the only determining factor for a given 
applied voltage. 
4. Either the primary or secondary probably has a shorted turn. The shorted turn 
would not normally be noticeable on an ohmmeter, because the resistance check 
measures the resistance of the total length of wire used to make the winding. The 
shorted turn merely shortens the length of the wire by the length of one turn. 
Since there are usually many turns on one winding, the change in length by one 
turn would be very difficult to determine by a resistance check. 

1. (a) 27r/¿ 

XL

(b) 251 . . . XL = 2 X 3.14 x 400 x 0.1 = 251 0. (c) 0.398 
im 
— = 0.398 A. 
251 



LESSON 2512-1 49 
APPLIED MAGNETISM AND PRACTICAL CAPACITORS 

EXAMINATION 

Circle the number of the correct answer for each question that follows. When you 
are finished, transfer the answers to the answer sheet by putting X's in the proper 
squares. When the graded answer sheet is returned to you, correct in this book any 
questions you may have missed. By doing so, you will have a record of the correct 
answers to all questions for review purposes. 

1. Inductors of 2 H and 3 H are wired in series with no magnetic 
coupling between them. The total inductance of the circuit is 
(1) 0.667 H. (3) 2 H. 5 H. 
(2) 1.5 H. (4) 3 H. (6) 6 H. 

2. Inductors of 2 H and 3 H are wired in parallel with no magnetic 
coupling between thenk The inductance of the circuit is 
(1) 0.667 H. £(1.5 H. (5) 5 H. 
45) 1.2 H. (4) 2.5H. 

3. Inductors of 2 H and 3 H are connected in series with their fields 
aiding. The mutual inductance between them is 1 H. The total in¬ 
ductance is 
(1) 2.5 H. (4) 4 H. (6) 6 H. 
(2) 3 H. (5) 5 H. O 7 H. 
(3) 3.5 H. 

4. Refer to Question 3. If the inductors are connected with their fields 
bucking, what will be the total inductance? (Select your answer from 
the choices for Question 3). 

5. If it is desirable to have minimum leakage flux from an inductor, the 
best type of inductor to use is a 

T / (I) coil of wire on a solid iron rod. 
toroid. 

4^' coil of wire on a rectangular laminated iron core. 
(4) coil wound on a hollow paper tube. 

6. A certain transformer has 100 turns on the primary and 400 turns on 
the secondary. If 20 V is applied to the primary, what is the second¬ 

er ary voltage? 
(/ (1) 5 V (2) 20 V (3) 40 V 6?) 80 V 
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7. Refer to Question 6. If a load resistor were connected across the 
secondary so that the load current was 5 A, what would be the value 
of the load resistor? (Assume no losses in the transformer.) 

X) 1 Í2 (2) 4 0 (3) 8 0 (© 16 0 

8. Refer to Questions 6 and 7. With these values of load resistance and 
turns ratio, what would be the primary impedance (primary voltage 
divided by primary current) as seen by a generator feeding the primary 
winding? 

(1)10 Q^ 40 (3)16 0 JBP-64 0 (5) 256 0 

9. With no load across the secondary of a transformer, what limits the 
primary current? 
(1) Hysteresis. 

< (2) The resistance of the primary winding. 
iä* Reflected resistance of the secondary. 

The inductive reactance of the primary winding. 
(5) Nothing is needed. With no secondary current, the primary 

current is always zero. 

10. You connect a transformer with loaded-secondary to a signal gen¬ 
erator. As you increase the frequency ofThe generator, you find that 
the secondary voltage is constant up to about 30 kHz, and it then 
begins to decrease as the generator frequency is further increased. 
Since the voltage across the primary was held constant, why does the 
secondary voltage start to drop off? 
(I) Because the primary current decreased. 

• O The distributed capacitance of the windings is shunting some of 
the signal around the windings and the hysteresis losses have in¬ 
creased. 

(3) The basic transformer formulas relating primary and secondary 
voltages hold only at audio frequencies. 

(4) Skin effect is limiting the secondary current, so the secondary 
voltage must decrease. 

11. A given transformer has a primary winding with a resistance of 
0.5 Ü. If the primary current is 3 A, how much power is dissipated 
in the primary by copper losses? 

(l)0.5W ¿J4.5W (3)6W (4) 13.5 W 

12. How does a change in the dielectric constant of a capacitor dielec¬ 
tric material affect the capacitance? 
( 1 ) Raising the dielectric constant lowers the capacitance. 
(^ Raising the dielectric constant increases the capacitance. 
(3) Changing the dielectric constant has no effect on the capacitance. 
(4) Lowering the dielectric constant raises the capacitance. 



13. Increasing the dielectric constant of a dielectric material from 3 to 6 
11 W increases the capacitance by a factor of 4. 
/ doubles the capacitance. 

(3) has no effect on the capacitance. 
(4) doubles the distance between plates and therefore halves the 

capacitance. 

14. Increasing the number of plates of a capacitor 
( I ) increases the charge per unit area. 
(2) allows electrons to move more rapidly from one plate to another. 
(3) offsets the effect of a leaky dielectric. 
/il increases the capacitance. 

15. To determine the total capacitance of three capacitors connected in 
series, you would use the formula 

( I ) C , -C1 + C2 + C3 

(2) C, CyCiC, 
C| + ¿2 + C) 

(4) c, = 

are connected in series, the total mF If capacitors of 10, 6, and 14 
capacitance is 
0  2.96 mF. ® 3.5 mF. (3) 30 mF. (4) 6.32 mF. 
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17. If you have a lot of capacitors rated at 800 V and 4 mF each, how 
many would you use to give a combination rated at 3200 volts and 
3.0 mF? 

(1) 4 (2) 9 (3) 8 12 

18. The d-c voltage drop across an individual capacitor of a group of 
capacitors connected in series is directly proportional to which of the 

a following factors? 
? , (1) Number of plates 

Leakage resistance 
(3) Number of capacitors 
(4) Size of capacitor 

19. When filter capacitors are connected in series, resistors of high value 
are often shunted across the individual capacitors. The purpose of the 
resistors is to 

Qy f+Tprovide a second path for current flow. 
? (2) increase the effectiveness of the capacitors. 

ize the voltages across the capacitors. 
as additional dielectrics. 



52 20. You have two identical capacitors of 0.1 mF each. One of these is 
charged to a potential of 350 V. This capacitor is then disconnected 

i from the source and is connected in parallel across the second, un¬ 
charged capacitor. The voltage across the two capacitors in parallel 
will be 

(1) 87.5 V. (2) 700 V. 350 V. ©175 V. 

21. When you connect an electrolytic capacitor in a circuit, you must be 
careful to 

connect the positive lead of the capacitor to the positive side of 
the line. 

(2) make sure it is physically larger than an equivalent paper dielec¬ 
tric capacitor. 

(3) make sure the capacitor is correctly shielded. 
(4) see that the leads are brought out correctly. 

22. If you have two electrolytic capacitors rated at 750 V, how would you 
connect them across a 1200-V source? 

' -( I jrln parallel, making sure that polarity is correct. 
/ Tartan not be used with 1200-V source. 

(3) In series, making sure polarity is correct—no other precautions 
are needed. 

^^In series with proper polarity and a suitable equalizing resistor 
across each. 

Fig. 43 



23. Which graph of Fig. 43 correctly shows the voltage from point Z to 
point V in Fig. 43(a) after the switch is closed? (Switch is closed 
at time =, 0 msec.) 

(c) (3) (d) (4) (e) 

24. Refer to Fig. 43. Which graph correctly shows the voltage from point 
X to point W after the switch is closed? 

(IK(b) * (2) (c) & (d) 
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25. Refer to Fig. 43. Which graph correctly shows the voltage from point 
X Y to point Xafter the switch is closed? 

<0 (b) (2) (c) & (d) (4) (e) 

26. If capacitors of 2, 6, and 10 mF are connected in parallel, the total 
capacitance will be 

1/ (1) 1.32 mF. (2) 6.0mF. (3) 4.29 mF. ^18mF. 

Fig. 44 

27. 

£ 
Figure 44 shows two plates of a variable capacitor. Suppose when 
the plates are in the position of Fig. 44(a), the capacitance of the 
capacitor is 200 pF. The capacitor is then connected to a 30-V 
battery, which charges the capacitor. The battery is then discon¬ 
nected. Next, the plates are rotated to a new position shown in Fig. 
44(b). Which of the following voltages could you expect to read 
across the plates in Fig. 44(b)? 
0 0V (2) 15V (3) 30V (4) 60V (5) 120V 

END OF EXAM 





'-H AR ACTERISTICS OF COMMONLY USED CAPACITOR DIELECTRICS 

. Cost per Normal Voltoge Temo Variation Capacitance 
D*1®*"® vo|t foPrad frequency rating. of capacitance Leakage forgiven 

Range P up to M-n Mox with resistance physical Remarks 
-------- temperature ¿ze

High 100 Hz to Few pF to Several No Low Hioh i . .. ---
10,000 MHz few hundred kV limit +200 ^ow Used ,n high-frequency circuits requiring 

pF fairly good temperature stability and low 
loss. Wide temperature range and good 

Ceramic Medium 100 Hz to Few pF to Several -inn xnn u u .. long-term reliability. 
10,000 MHz few tens of KV + ° Hlgh Medium Medium Used where fairly inexpensive reasonably) 

thousands of smal1 size capacitors are needed if tem-
pF peroture variation is not important. 

P'ashc High, but D-c to Few pF to Several — 60 ■ 12« iA v l- l 
lower thon 10,000 MHz few pF KV L°W Very high Medium Used where very good temperature sto-
mica bility and high leakage resistance are re¬ 

quired. Replacing paper and ceramics in 
Poper Medium lOOHzto Few pF to Several -20 j. 12« .... many applications, 
(including oil- 1 mhz fewpF KV + 25 Med,um H,9h Medium Available with wide variety of imprégnants, 
tilled and Characteristics vary greatly with different 
wax-impreg- imprégnants. Oil-filled types are very 

rugged and reliable, although large in 
Electrolytic Very low 10 Hz to Few pF to Several -40 +70 Hiah Io m l 

10 KHz several hundred 9 H'9" Commonly used as power supply filter or 
thousand pF volts coupling capacitor for transistor circuits. 

Capacity substantially reduced at low 
Tantalum low D-c to Few tenths of Few hundred _ Rn . « . „ .. . temperatures for d-c only. 

1 KHz pF to several volts 85 Very high Very high Used where high capacitance in small phy-
hundred pF sical size is needed. Characteristics gen-

_ _ trolly better than electrolytics but cost Is 
_________higher. For d-c only. 
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A chat with your instructor 

The questions and answers that follow review the principles learned in the 
preceding lessons, and they also include some new material not previously 
covered. How well you do in the lessons to come depends a great deal on 
how well you understand all the preceding lessons in your training program. 
Hence, this review is important. Don’t look at a review as just relearning 
what you have forgotten. If you study these questions and answers with 
care, you should understand many concepts better than you ever did before. 

All the material in this review is on subjects that may be used in an FCC 
license examination, so these questions and answers are particularly im¬ 
portant to anyone preparing for an FCC license. 

YOUR PROGRESS REVIEW 
... and FCC License Check 
Part II 

1 A-C CIRCUITRY 
3.201 Draw a circuit composed of a voltage source of 100 volts, 1000 cps. a 

1 -pf capacitor in series with the source, and a T network composed of a 
2-mh inductor, a 100-ohm resistor, and a 4-nth inductor. The load resistor 
is 200 ohms. 

Question a What is the total current and what is the current through each circuit 
element? 

b What is the voltage across each circuit element? 

c What "apparent" power is being consumed by the circuit? 



2 luf 2 mh a 4mh 
.-1(-nnnn—•-

C L| T L2
A 1592 a 12.6 A L 25.1a 

i 00 volts >100 a 
lOOOcps >r, 

ï-1—--o-
B 

Fig. 3.201A Figure for Question 3.201 showing reactance values. 

d What real or actual power is being consumed by the circuit? By the 
200-ohm resistor? 

—o— 

R2< 

Answer a To find the total current, and the current through each element, the 
reactances of C. L । , and ¿2 , Fig. 3.201 A, must first be found: 

X _ I _ _!_ = 159 2 Í2 
C 2irfC 6.28 X 1000 X 1 x 10 -6

XLx = 2*fL - 6.28 x 1000 x 2 x 10 ~3 = 12.6« 

Xi2 - 2ir/£ - 6.28 x 1000 x 4 x 10 -3 - 25.1 Í2 

The next step is to do what we can to simplify the circuitry. Note that 
C and L, are in series. Since the voltage across C lags the current, 
while the voltage across Lt leads the current, the two reactances 
oppose each other, so that the net reactance is 159.2 - 12.6 = 146.6 
ohms. Thus C and L । in series are equivalent to a single capacitor with 
a reactance of 146.6 ohms, C eq in Fig. 3.201 B. 

In Fig. 3.2O1A Li and R^ are shown in series. When a reactance and 
a resistance are in series and the ohmic value of one is many times that 
of the other, the combined value is approximately equal to the larger of 
the two reactances. Thus, since Ri is many times the reactance of ¿2 , 
the combined impedance of R2 and ¿2 is approximately 200 ohms. 

Ceq 

I-K-T-1 
1466a 

100 volts <IOOa <200 a 
lOOOcps >R| >R2

Fig. 3.201 B Simplified circuit for Question 3.201 . 



Fig. 3.201 C (a) Equivalent circuit of Fig. 3.201 B. (b) Impedance diagram for 
circuit. 

That is. we can leave out ¿2 . as we have in Fig. 3.2O1B. for the purpose 
of computing circuit currents. 

In Fig. 3.201 B. R\ and R2 are drawn in parallel. Their combined 
resistance is 

Ri X R2 100 X 200 
-«777,-TõõTõõ -

Hence, Fig. 3.201C(a) is a circuit equivalent to the one in Fig. 3.201 B. 
Its impedance can be found from the impedance triangle of Fig. 
3.201C(b). and it is 161.1 ohms. By Ohm’s law, we can now find the 
total circuit current as 

, E 100 
''-z-ióH- 0 62 '“"’ 

We can also now find the voltage drop across R12 : 

£12 = I, X /?i2 = 0.621 X 66.7 = 41.4volts 

That is, a voltmeter connected between points A and B in Fig. 3.201 A 
will read 41.4 volts. Finally, we can find the currents through R, 

and R2 : 

/j = — = = 0.414 amp 
1 Rt 100 

In summary, the currents in the circuit of Fig. 3.201 A are: 



Total current = 0.621 amp 

Current through C = 0.621 amp 

Current through ¿ i = 0.621 amp 

Current through R । = 0.414 amp 

Current through R 2 = 0.207 amp 

Current through £2 = 0.207 amp 

Answer b Since the impedance and current of each element are known, finding 
the voltage across each circuit element is merely a matter of using 
Ohm’s law to find the element voltages: 

Voltage across C = EQ IZ =0.621 x 159.2 - 98.86 volts 

Voltage across ¿ i = 0.621 x 12.6 = 7.82 volts 

Voltage across R । = 0.414 x 100 = 41.4 volts 

Voltage across ¿2 = 0.207 x 25.1 = 5.20 volts 

Voltage across R 2 = 0.207 x 200 = 41.4 volts 

Answer c The apparent power used by the circuit is simply the product of the 
voltage and the current: 

Apparent power = E x I = 100 x 0.621 = 62.1 watts 

Answer d Since neither inductance nor capacitance, but only resistance, uses 
actual power, the power used by the circuit is the sum of the power used 
by R i and by Ri. 

Pt = /,2 Rt • 0.4142 x 100 - 17.14watts 

P2 = h2 Ri - 0.207 2 x 200 = 8.57 watts 

P = 17.14 + 8.57 = 25.71 watts 

Hence, the true power used by the circuit is 25.7 watts, and the power 
used by the 200-ohm resistor is 8.57 watts. 

Question In what way are electrical properties of common circuit elements affected 
3.202 by electromagnetic fields? Are interstage connecting leads susceptible to 

these fields? 

Answer Electric and magnetic fields may induce energy into components and 
circuitry within the range of the fields. That is, stray fields can cause 
unintended electrical coupling between different parts of electronic 
circuitry. This may interfere with proper operation. In particular, if 



the signal is fed back through stray fields to a point in the circuit at 
lower signal level, the circuit may oscillate. 

5 

Leads to tubes and transistors in stages where the signal level is low 
are particularly prone to pick up stray fields. The problem can be 
minimized by keeping the leads as short as possible, by dressing the 
leads close to the chassis, and by so designing the layout that input and 
output circuitry are well removed from each other. 

Interstage connecting leads are particularly subject to undesired 
coupling from stray fields at the higher r-f frequencies. In low-signal-
level vhf and uhf circuits, it is particularly important to dress leads 
exactly as in the original layout or as directed in the manufacturer’s 
instructions. 

Question What does "coefficient of coupling" mean? 
3.203 
Answer The coefficient of coupling is a measure of the degree of coupling 

betw'een two inductors. Its numerical value ranges between 0 and 1. 
When there is no coupling between two inductors (that is, when none 
of the lines of force set up in either coil thread the other coil), the 
coefficient of coupling is zero. When all the lines of force set up by the 
twocoils thread each other, the maximum possible amount of coupling 
exists. The coefficient of coupling is then 1. 

Question An audio transformer has a resistive load connected across its secondary 
3.204 terminals. What is the relationship between this resistance, the turns 

ratio, and the input impedance at the primary terminals? How is this 

principle useful in matching impedances? 

Answer The input impedance seen looking into the primary winding is equal 
to the load impedance divided by the square of the turns ratio. Suppose, 
in Fig. 3.204, that the secondary has 800 turns and the primary, 400 
turns and that the load resistance is 300 ohms. The turns ratio is 
800/400 = 2. Therefore, the input impedance to the primary is 
300/22 = 75 ohms. Note that the winding with the most turns has 
the highest impedance. 

A transformer can be used as an impedance-matching device by using 
the right turns ratio. Suppose that a tube with a plate impedance of 
4000 ohms is to be matched by the use of a transformer to a loud¬ 
speaker with an impedance of 10 ohms. The tube is matched to the 
primary of the transformer if the impedance seen looking into the 
primary is 4000 ohms. By the formula of Fig. 3.204: 



load 
(Rou/ 

2 
Rout (turns, secondary) _ 
---— = (turns ratio)¿
Rjn (turns, primary/ 

Fig. 3.204 Relationship between input and output impedances and turns ratio 
in an audio transformer. 

= (turns ratio) 2
Rm 

—— = (turns ratio) 2 
4000 

Hence, the tube is matched to the speaker by using a transformer 
with 20 times as many turns on the primary as on the secondary. 

2 ELECTRON TUBES 
3.205 Discuss the physical characteristics and a common usage of each of the 

following electron tube types: 

Question a 

b 

c 

d 

e 

f 

g 
h 

i 

Diode 
Triode 
Tetrode 
Pentode 
Beam power 
Remote cutoff 
Duotriode 
Cold cathode 
Thyratron 

Answer a The diode electron tube contains two elements: a cathode and anode 
(plate). In operation, electrons emitted from the diode cathode are 
attracted to the anode when the anode is .positive with respect to the 
cathode. 

There are four basic classes of electron tube diodes: high-vacuum. 
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A nswer h 

gaseous, mercury-arc, and voltage regulator. The high-vacuum diode is 
the most common one; it consists of a heated cathode, or filament, 
surrounded by a cylindrical anode. High-vacuum diodes are used pri¬ 
marily as radio-frequency and audio-frequency signal detectors and 
power supply rectifiers. 

The gaseous diode is similar in construction to the high-vacuum diode, 
the difference between the two being that the gaseous diode contains a 
small amount of mercury vapor, neon, or argon. The presence of one 
of these gases in the diode greatly lowers the internal resistance of the 
diode during conduction owing to the ionization of the gas. 

Because of their lower internal resistance, and hence lower internal 
voltage drop, gaseous diodes are capable of handling higher currents 
with greater efficiency as compared with the high-vacuum diode. They 
are used as power supply rectifiers. 

The mercury-arc diode, commonly known as an ignitron, makes use of 
the characteristics of a mercury-arc discharge to obtain rectification. It 
has an extremely low impedance when in the conducting state. 
Mercury-arc rectifiers are used in extremely high current applications 
ranging up into the thousands of amperes. The mercury-arc diode is 
enclosed in a metal envelope. 

A voltage-regulator diode consists of a central anode wire surrounded 
by an outer cathode. When filled with neon or argon, the voltage 
regulator diode has a constant voltage drop when conducting. It is used 
to stabilize the output voltage of power supplies. 

The triode electron tube contains three elements; a heated cathode 
(or filament), a control grid, and an anode (plate). The control grid, 
consisting of a closely spaced spiral of fine wires formed into a cylin¬ 
drical shape, surrounds the cathode (or filament). The cathode and 
control grid are, in turn, surrounded by the solid, cylindrical metallic 
anode (plate). In operation, electrons emitted by the cathode (or fila¬ 
ment) are attracted to the positively charged anode. En route to the 
anode, the electrons emitted from the cathode pass through the control 
grid mesh. 

By applying a voltage between the triode control grid and cathode; it 
is possible to vary the number of electrons going through the grid mesh 
to the anode, and hence the amount of current flowing from cathode to 
anode. As the control grid is made more negative with respect to the 
cathode, fewer electrons reach the anode, and vice versa. 
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A nswer c 

Depending upon the current to be handled, triode electron tubes may 
range in size from subminiatures only a fraction of an inch in length to 
large transmitting tubes several feet in length. Regardless of the 
physical size, however, the basic internal arrangements of the triode 
elements are the same. 

Triodes may have either a filament-type cathode or an indirectly heated 
cathode. The filament-type cathode consists of a wire filament heated 
to an electron-emitting temperature by the passage of current through 
it. The filament is coated with a metallic oxide, such as thorium oxide, 
so as to emit electrons at lower temperatures than would otherwise be 
needed. 

An indirectly heated cathode consists of a heater assembly surrounded 
by a sleeve coated with suitable electron-emitting oxides. This sleeve is 
electrically insulated from the heater. In operation, current supplied to 
the heater raises the heater temperature sufficiently to heat the oxide¬ 
coated cathode sleeve to its electron-emitting temperature. Indirectly 
heated cathodes are used primarily on low-power triodes, while directly 
heated filaments are used in high-power triodes. 

Triode electron tubes are used as a-f and r-f voltage and power ampli¬ 
fiers, a-f and r-f oscillators, r-f frequency multipliers, and r-f signal 
detectors. 

The tetrode electron tube is similar to the triode with the exception that 
a second grid is interposed between the control grid and anode (plate). 
This second grid, known as the screen grid, possesses a coarser mesh 
than the control grid, so that most of the electrons easily pass through 
it on their way to the anode. Thus, although the screen grid is main¬ 
tained at a positive potential with respect to the cathode, as is the 
anode, the screen grid current is only a fraction of that of the anode. 

The main purpose of the tetrode screen grid is to shield, or “screen,” 
the control grid from the anode. In a triode, an appreciable amount of 
capacitance exists between the control grid and anode. This grid-plate 
interelectrode capacitance serves as a signal feedback path, so that a 
triode cannot be used as a common-cathode r-f amplifier without 
neutralization. In a triode r-f amplifier without neutralization, the 
triode grid-plate capacitance will feed the r-f signal appearing in the 
triode plate circuit back into the grid circuit, causing oscillations. 

Ordinary tetrodes, sometimes called screen grid tubes, are usually used 
today as power amplifiers in transmitters. 



Answer d 

Answer e 

Answer f 

Answer g 

In the tetrode, electrons striking the anode usually knock out electrons 
from the anode material. These "secondary electrons” are attracted 
back to the screen grid during that part of the cycle when the plate is 
negative with respect to the screen. This secondary emission results in 
an undesirable distortion of the tetrode operating characteristics under 
certain operating conditions. 

In the pentode electron tube a third grid, called a "suppressor” grid, 
is interposed between the screen grid and anode. In operation, the 
suppressor grid is maintained at, or near, cathode potential. Therefore, 
it acts as a shield between the screen and anode, “suppressing” the 
screen grid’s attraction of secondary electrons knocked out of the 
anode. Another important characteristic of the pentode is that its plate 
current remains essentially constant for changes in plate voltage. 

The pentode is used as a voltage and power amplifier for audio and 
radio frequencies, or in a-f and r-f oscillators, and as an r-f signal 
detector. 

The beam-power electron tube is similar to the tetrode in that two grids 
are employed; they are a control grid and a screen grid. However, 
whereas a pentode uses a suppressor grid to eliminate the effects of 
secondary emission, the beam-power tube uses a pair of beam-forming 
plates to concentrate the electron stream from the cathode into a 
narrow beam. The action of these beam-forming plates and the align¬ 
ment of the control and screen grids eliminate the problems of sec¬ 
ondary emission. The beam-power tube has the characteristic of high 
power sensitivity; that is, a small change in control grid voltage will 
control a relatively large amount of power through the tube. Also, the 
beam-power tube is capable of drawing relatively large amounts of 
plate current at low plate voltage. 

The beam-power tube finds application in a-f and r-f power amplifiers. 

The remote-cutoff electron tube is a specific type of pentode in which 
the amplification factor decreases with increasing grid bias. This change 
is accomplished by a special control grid construction whereby the 
spacing between adjacent turns of the control grid varies, being greater 
in the middle than at the ends. 

The remote-cutoff pentode is used primarily in automatic-gain-
controlled r-f and i-f voltage amplifiers in receiving equipment. 

Duotriode electron tubes consist of two individual triodes contained 

9 



10 within a single glass or metal envelope. Depending upon their intended 
application, duotriodes may have either similar or dissimilar 
characteristics. 

Duotriodes are used in place of two separate triodes to save space and 
cost. 

Answer h Cold-cathode electron tubes are of the gaseous type, and they have cold 
rather than heated cathodes. These tubes depend upon the ionization of 
the gas within them for their operation, and they have the character¬ 
istics of a very low internal voltage drop. Although the construction of 
cold-cathode tubes may vary, the most common arrangement consists 
of a centrally located anode wire and either an outer circular cathode 
or a cathode disk placed around the anode. 

Applications for cold-cathode tubes include relay control, voltage 
regulators, cathode-ray tube sweep generators, and power supply 
rectifiers. 

Answer i Thyratron electron tubes are a specialized type of gaseous electron 
tube which contain either a heated or a cold cathode, a control grid, 
and an anode. In operation, with normal operating voltages applied, 
the thyratron will not conduct with its control grid maintained at a 
negative voltage with respect to its cathode. As the control grid 
voltage is dropped to zero, the gas within the thyratron will ionize, and 
current will flow from the cathode to anode. Once the thyratron is 
conducting, the control grid has no further control over plate current, 
which can be interrupted only by removing the anode supply. Certain 
typés of thyratrons contain a shield grid which is normally tied ex¬ 
ternally to the cathode. This shield grid improves the stability of the 
thyratron. 

Major thyratron applications include relay controls, cathode-ray tube 
sweep generators, and power supply output-voltage controls. 

Question What is the principal advantage of a tetrode tube over a triode tube a s a 
3.206 radio-frequency amplifier? 

Answer The tetrode tube, owing to the presence of its screen grid, which acts as 
a shield between the control grid and plate, essentially eliminates 
capacitance between the control grid and plate. This capacitance 
would act as a signal feedback between grid and plate and cause oscilla¬ 
tion ifther-f amplifier were not neutralized. Refer to Answer 3.205(c). 



Question Compare tetrode tubes to triode tubes in reference to high plate current 
3.207 and interelectrode capacitance. 

Answer Because of the presence in the tetrode of the screen grid, which acceler¬ 
ates the electrons on their way from the cathode to the anode, the 
tetrode is capable of handling greater plate current at lower voltages 
than a comparable triode can handle. 

The presence of the screen grid in the tetrode greatly reduces the grid¬ 
plate interelectrode capacitance, making the tetrode more suitable than 
a triode in r-f amplifier applications. See Answer 3.205(c). 

Question Draw a simple circuit diagram of each of the following devices and 

3.208 describe the operation. Show a signal source and indicate coupling and 

bypass capacitors, power supply connections, and plate load. 

a An a-f grounded-cathode triode amplifier with cathode resistor biasing, 
as for class A operation 

b An a-f grounded-cathode pentode amplifier with battery biasing for class 
A operation 

c An r-f grounded-grid triode amplifier with LC-tank plate load for class 
tí operation 

d An a-f cathode-follower triode amplifier 

e An a-f push-pull pentode amplifier, operated class B with transformer 
coupling to a speaker 

Answer a Fig 3.2O8A is the schematic diagram of a basic grounded-cathode 
voltage-amplifier stage employing cathode bias. The input signal to be 
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A nswer b 

amplified is applied between the control grid and cathode (through 
Ck ). Capacitor Ci serves as a blocking capacitor to prevent any d-c 
voltage superimposed on the a-c signal from being applied to the 
control grid. Rg forms a d-c path between grid and cathode and pro¬ 
vides a path for biasing the grid. 

Operating bias for the stage is provided by the cathode bias resistor 
Rk . The plate current flowing through Rk develops a voltage drop 
across R k which places the cathode positive with respect to the control 
grid by an amount equal to the required control grid bias voltage. 
(Making the cathode positive with respect to the grid is the same as 
making the grid negative with respect to the cathode, so the proper 
conditions for negative grid bias have been fulfilled.) 

The cathode resistor is bypassed with a capacitor Ck . Since Rk is in 
series with the plate current, a-f signal variations in plate current will 
flowthrough it. Without Ck connected across Rk. these variations in 
plate current flowing through Rk would cause the bias to vary at the 
signal frequency rate. This would produce degenerative feedback which 
would reduce the stage gain. With Ck connected across Rk, these 
signal current variations flow around Rk, rather than through it, and 
the stage gain is increased. Ck should be chosen to have a low reactance 
at all a-c signal frequencies to be handled by the stage. 

The signal applied to the control grid causes the plate current to vary in 
accordance with it. These variations in plate current produce a varying 
voltage drop across R t (the plate load). The varying voltage drop 
across RL, which is an amplified replica of the input signal, is passed 
on to the stage load via the plate coupling capacitor C„. The purpose 
of C„ is to pass the a-c signal to the load while blocking the d-c plate 
voltage of the tube. 

Figure 3.2O8B is the schematic of a class A pentode voltage amplifier 
with fixed control grid bias. In operation, the signal to be amplified is 
applied to the control grid via the d-c blocking capacitor C,. Operating 
fixed bias is applied to the control grid via Rg by battery B ।. Rg pre¬ 
vents the low impedance of B\ from shorting the input signal to 
ground. 

Screen grid voltage is obtained through R^, which is selected to have a 
voltage drop such as to provide the correct value of screen voltage. 
Signal frequencies on the screen grid are bypassed to ground by Cg¡. 
The value of this capacitor must be such as to provide a low impedance 
to the lowest frequencies being handled by the stage. 
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Fig. 3.208B Pentode amplifier with fixed bias. 

c Figure 3.2O8C is the schematic diagram of a class B grounded-grid r-f 
amplifier. The r-f signal to be amplified (E in) is applied to the cathode 
via the r-f coupling transformer T. The control grid is maintained at 
r-f ground potential by the action of C„. which presents a low im¬ 
pedance to the signal being amplified. Control grid bias supply Ecc 

biases the tube to cutoff, as required for class B operation. 

The r-f signal applied to the cathode causes the cathode voltage to 
vary with respect to ground at the r-f signal rate. Since the control 
grid is at ground potential for the r-f signal, the cathode-to-grid voltage 
will vary at the r-f signal frequency rate. This variation in cathode-
to-grid potential will cause a corresponding change in plate current. 

Fig. 3.208C Grounded-grid class B r-f amplifier. 
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Fig. 3.208D An a-f cathode-follower triode amplifier. 

The changes in plate current are applied to the parallel-resonant LC 
tank circuit, L\-C\. Although the tube is biased for class B operation 
and hence conducts only on half-cycles of applied signal, the “flywheel 
effect” of the tank circuit transforms these half-cycles of plate current 
into a sinusoidal waveform. (Note that this single-tube class B arrange¬ 
ment cannot be used at audio frequencies.) 

Answer d Figure 3.208D is the schematic diagram of an a-f triode cathode¬ 
followeramplifier. In operation, the input signal is applied to the con¬ 
trol grid via the d-c blocking capacitor C/. Operating bias for the 
stage is obtained by the voltage drop across R as the result of plate 
current flowing through Rk. Capacitor C* bypasses the a-f component 
of plate current around R *. 

Instead of being in the plate circuit as in a conventional stage, the load 
of the cathode follower is in the tube cathode circuit. In the case of the 
circuit of Fig. 3.2O8D, R i is the load resistor. Since the load is in the 
cathode circuit, a high degree of degenerative feedback is present. As a 
result, the voltage gain of the cathode follower is always less than unity. 
However, the tube has a high power gain. 

The cathode follower has a high input impedance and a low output 
impedance. Because of these characteristics, the cathode follower is 
often used as an impedance-matching device. 

A nswer e Figure 3.2O8E is the schematic diagram of a pentode class B audio 
amplifier. In operation, the signal to be amplified is applied to the 



Fig. 3.208E Pentode class B amplifier. 
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primary of the input transformer T।. The center-tapped secondary of 
T] applies signals to the grids of and K2, which are 180° out of 
phase. 

V\ and Kj are biased for class B operation. In this class of operation, 
V] and K2 plate currents are cut off in the absence of an input signal 
voltage to their control grids. Because of the 180° out-of-phase signals 
applied to the grids of V। and K2 from T\, V, and V2 alternately 
conduct plate current during the time when their grids are driven out 
of cutoff by alternate positive half-cycles of the input signal. The re¬ 
sulting half-cycles of plate current from K। and V2 are combined in the 
primary of the output transformer to form an output at the secondary 
which is an amplified facsimile of the original input signal. 

Question What kind of vacuum tube responds to filament reactivation, and how is 
3.209 reactivation accomplished? 

Answer Reactivation is practical only with thoriated-tungsten filaments. First 
the plate voltage is removed. Then the filament is subjected to a volt¬ 
age 2 or 3 times higher than normal for 20 sec. The voltage is then 
reduced to 20 per cent above normal for a period of 30 min. 

3.210 Draw a rough graph of plate current vs. grid voltage (lp vs. Eel for 
various plate voltages on a typical triode vacuum tube. 
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Fig. 3.210 Graph of plate current vs. grid voltage for various values of plate 
voltage. 

Question a How would the output current vary with input voltage in class A amplifier 
operation? In class A B operation? In class B operation? In dass C 
operation? 

b Does the amplitude of the input signal determine the class of operation? 

c What is meant by "current-cutoff' ' bias voltage? 

d What is meant by plate-current "saturation"? 

e What is the relationship between distortion in the output current wave¬ 
form and: 
1. The class of operation 

2. The portion of the transfer characteristic curve over which the signal 
is operating 
3 A mplitude of the input signal 

f What occurs in the grid circuit when the grid is driven positive? Would this 
have any effect on biasing? 

g In what way is the output current related to the output voltage? 



Answer a See Fig. 3.210 for the graph. In an amplifier designed for class A opera¬ 
tion the control grid biasing is so adjusted that the plate current of the 
tube (or tubes in the case of a push-pull stage) flows during all portions 
of the applied input signal waveform. Since the class A amplifier is 
biased to operate over the linear portion of its dynamic characteristic 
curve, its output current will be a facsimile of the input signal 
waveform. 

In the class A B , amplifier, negative grid bias is set higher than for class 
A operation. This permits the plate and screen grid voltages of the 
tubes to be higher than in straight class A operation. The reason for 
this is that the increased negative grid bias holds the plate and screen 
grid currents within the limit of the tube dissipation rating. This 
arrangement provides higher efficiency as compared with straight class 
A operation. No grid current flows during any portion of the applied 
input signal waveform in the class A B , amplifier. 

In class AB2 operation, control grid bias and incoming signal ampli¬ 
tude are so set the grids draw current during the peak excursion of the 
input signal waveform. As a result, unlike class A and AB )( the class 
AB2 amplifier consumes power from the source supplying its input 
signal. The plate current of a class AB; amplifier stage fluctuates 
widely with variations in applied input signal, being at a maximum at 
high input signal levels. Class AB , and AB2 operation are used prin¬ 
cipally in audio-frequency power amplifiers. Both the class AB, and 
class AB2 amplifiers employ two tubes connected in push-pull. The 
push-pull connection removes most of the distortion introduced by the 
individual tubes. In a properly adjusted class AB । or class AB2 ampli¬ 
fier. output current (signal) is an acceptable duplicate of the input 
signal. 

Class B operation employs two tubes connected in push-pull. Operating 
control grid bias is so set that no plate current flows in the absence of 
an input signal. When a push-pull input signal is applied to the control 
grids of the class B stage, each of the two tubes conducts plate current 
only during the half-cycle when its grid is driven out of cutoff on alter¬ 
nate positive half-cycles of the input signal. The alternate half-cycle 
plate current outputs of the two tubes are combined in the center¬ 
tapped output transformer primary. This primary is connected between 
the plates of the tubes and B+ to form an output signal across its 
secondary which is a replica of the input signal. Depending upon the 
tube type, grid current will flow during either all or a large portion of 
the applied input signal. 
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Plate current in a class B stage has large excursion, ranging from zero 



18 with no input signal to rated value with the maximum value of input 
signal. 

In class C operation, control grid bias is set at well beyond cutoff. 
Under these conditions, plate current is zero with no input signal. With 
an input signal, plate current flows for considerably less than half of 
each cycle. The plate current flow is in the form of a series of pulses 
whose frequency depends upon the frequency of the applied input 
signal. 

Class C amplifiers are not suitable for use as audio-frequency ampli¬ 
fiers because the output waveform would then bear no resemblance to 
the input-signal waveform. They are used as r-f amplifiers, where their 
load is in the form of an LC resonant circuit. The “flywheel” action of 
the resonant circuit converts the plate current pulses of the class C 
amplifier into a sinusoidal waveform. The efficiency of a class C 
amplifier is greater than that of either class A or class B amplifiers. 

Answer b The class of operation is determined by the amount of bias on the 
grid as it affects the part of the cycle during which plate current does 
not flow. The bias is set sufficiently negative, that plate current flows 
during the entire cycle for class A operation, one-half of each cycle for 
class B operation, and substantially less than one-half for class C 
operation. While the amplitude of the input signal does not determine 
the class of operation, the required input signal amplitude varies with 
the class of operation. Signal amplitude is kept low for class A opera¬ 
tion to keep operation on the straight portion of the characteristic curve 
and thus prevent distortion. Signal amplitude should be higher for class 
B operation and highest of all for class C operation, in which the signal 
must be of sufficient amplitude to overcome the high negative grid bias. 

Answer c Current-cutoff grid bias is that value oi negative bias voltage which 
cuts off plate current flow. 

Answerd Plate current saturation refers to the condition when the plate voltage 
applied to a tube is sufficiently high that all of the electrons emitted by 
the cathode are attracted to the plate, so that any further increase in 
plate voltage will produce no increase in plate current. 

Answer e 1. Class A operation provides the least distortion of all classes of 
amplifier operation. By setting the operating bias and choosing the 
current input signal level on the class A operation, operation can be 
confined to the most linear portion of the operating characteristics. 
This is the point where the least distortion is produced. 



A nswer f 

Answer g 
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Class A B i is generally not capable of providing quite as low distortion 1 < 
as class A because of the slightly increased operating bias and input 
signal levels. These tend to push the operation of the tubes outside the 
most linear portion of their operating characteristics. 

Class B operation generally provides greater distortion than either class 
A or AB i and AB2 because of several factors. First, since operation of 
the two tubes is not confined to the linear portion of the tubes’ operat¬ 
ing characteristics, distortion will be generated. Second, when the plate 
currents of the two tubes are combined in the output transformer 
primary, a form of “switching distortion” often occurs. This is due to 
the nonlinear magnetic properties of the output transformer. 

Class C operation produces a series of plate current pulses which are 
converted into a sinusoidal waveform by the flywheel effect of the tuned 
circuit in the plate circuit. Class C amplifiers are not used to amplify 
a-m signals carrying intelligence, and are therefore not generally rated 
in terms of intelligence. 

2. For the least amount of distortion, the tube must be operated in 
the most linear portion of its transfer characteristics curve. 

3. In a class A amplifier stage, as the amplitude of the input signal is 
increased, a point will be reached where the control grid is driven 
positive with respect to the cathode. This will cause the flow of grid 
current, which will alter the tube’s operating bias and cause distortion. 

In class ABj and B operation, excessive input signal will cause the 
control grids to be driven beyond the rated positive excursion, with 
distortion as a result. 

See part 3 of Answer e. 

For a given value of control grid bias, plate current increases as plate 
voltage increases. 

W'hat is meant by “space charge"? By "secondary emission"? 

In an electron tube, the heated cathode emits electrons which boil out 
of the cathode material. As these electrons travel away from the 
cathode, they form a cloud around the cathode. This cloud of electrons 
constitutes a negative charge, known as the space charge. The space 



20 charge, being negative, repels electrons nearest the cathode, tending 
to force them back into the cathode. 

When a positive potential is applied to the tube’s anode, electrons are 
attracted out of the space-charge region, reducing its size. With a 
sufficiently large plate voltage, all of the electrons in the space charge 
region are attracted to the plate, and no additional electrons will be 
available to be attracted to the plate as the plate voltage is further 
increased. This condition is known as plate-current saturation. 

When the plate voltage is raised to a sufficient value, electrons striking 
the plate will “knock out" electrons from the plate material. This is 
known as secondary emission, and its amount increases as the plate 
voltage is increased. 

Secondary emission is usually a problem; it causes distortion in a 
tetrode tube’s operating characteristics. The secondary electrons are 
attracted to the screen grid when the screen voltage is higher than the 
plate voltage. 

There are cases, however, when secondary emission is desirable. One 
example is the photomultiplier tube, in which secondary emission is 
used to provide amplification of photoelectrons emitted from its 
cathode. 

Question What is meant by the "amplification factor" I mu) of a triode vacuum 
3.212 tube (amplifier)? Under what conditions would the amplifier gain ap¬ 

proach the value of mu? 

Answer The amplification factor (mu or p ) of a tube is the maximum theoreti¬ 
cal voltage gain possible from a tube. The amplification factor is a 
measure of the effectiveness of a triode tube as a voltage amplifier. 

de h 
Amplification factor is defined as ^7 . where de,. is a small change in 
the grid voltage and deh is the change in plate voltage caused by the 
change in grid voltage when the plate current is kept constant. For 
example, if changing the grid voltage by 0.1 volt causes the plate 
voltage to change by 2 volts, the plate current being so adjusted that 
it is the same after the grid voltage change as before, the amplification 
factor is 2/0.1 = 20. 

The voltage gain of any practical stage is always considerably less than 
the amplification factor. The higher the load impedance, the nearer the 
gain will approach the amplification factor of the tube. If the load 
impedance is a great many times the plate resistance of the tube, the 
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stage gain will approach the p of the tube. However, practical con- 2 
siderations limit the load impedance on a triode to 3 or 4 times the 
plate resistance, or less. 

If the stage uses transformer coupling, the transformer as well as the 
tube may be a source of voltage gain. Hence, the overall voltage gain 
of a transformer-coupled stage can be greater than the amplification 
factor of the tube. 

What is meant by "plate resistance" of a vacuum tube? Upon what does 

its value depend? 

Plate resistance is the opposition to flow of current through a vacuum 
tube. Since the flow of electrons between cathode and plate of a vacuum 
tube provides conduction of current between these two points, it 
follows that this flow of electrons must encounter some resistance as 
in the case of any other conductor. The value of the plate resistance 
can be determined by Ohm’s law as in the case of any other resistance. 
Hence, 

plate voltage 
plate resistance = —¡--
r plate current 

This definition is considered as the “static” (or d-c) plate resistance of 
a vacuum tube. The “dynamic” (or a-c) plate resistance of a tube is of 
more practical importance, and it is defined as follows: 

change in eh 
r =- with er held constant 

change in ih 

Asan example of the use of this formula in determining the dynamic 
plate resistance of a tube, let’s say that, in a certain tube, ih changes 
5 ma when eh changes 40 volts, et being held constant. Then, 

r = 40 volts- 8000 ohms 
p 0.005 amp 

What is meant by the voltage "gain" of a vacuum-tube amplifier? How 

is this gain achieved? 

The voltage gain is the ratio of the signal output voltage from the stage 
to the signal input voltage to the stage. For example, if the incoming 
signal has an amplitude of 20 mv and the output signal going to the 
next stage has an amplitude of 500 mv, then the stage gain is 500/20 = 
55 



22 Amplifier voltage gain is achieved because of the amplifying action of 
the tube or other amplifying device used in the amplifier. 

3.215 Draw a rough graph of plate current vs. plate supply voltage for three 
different bias voltages on a typical triode vacuum tube. 

Question a Explain, in a general way. how the value of the plate load resistance 
affects the portion of the curve over which the tube is operating. How is 
this related to distortion? 

b Operation over which portion of the curve produces the least distortion? 

Typical triode curves for three different bias voltages are shown in Fig. 
3.215. 

plate volts 

Fig. 3.215 Plate current vs. plate supply voltage for different bias voltages on 
a typical triode. 

Answer a If distortion is to be avoided when an a-c signal is applied to the grid, 
the resulting maximum and minimum values to which the plate current 
and platp voltage swing during the signal cycle must be within the 
straight portion of the characteristic curves. This requires that the grid 
bias voltage, the plate supply voltage, and the plate load resistance have 
the right values with respect to each other. For example, suppose the 
plate load resistance is increased in a stage that was operating properly, 
but the values of supply voltage and grid bias are not changed. The 
additional resistance will reduce the plate current so that operation is 
lower down on the curves of Fig. 3.215. This may cause operation in the 
bottom bend of the curves on negative signal peaks, resulting in dis¬ 
tortion. This condition could be corrected by increasing the no-signal 
plate current, either by making the bias less negative or by increasing 
the plate supply voltage. 



If the plate load resistance is decreased in a stage that was operating 
properly, the no-signal current will increase. This may cause plate 
saturation on the positive signal peaks, resulting in distortion. Also, 
the tube may overheat from the larger than normal plate current. 

Answer b Operation must be over the straight portion of the characteristic curve 
to avoid distortion. 

3.216 A triode "grounded-cathode" audio amplifier has a mu (amplification 
factor) of 30. a plate impedance of5000 ohms, load resistance of 10,000 
ohms, plate voltage of 300 volts, and plate current of 10 ma. Cathode 

resistor bias is used. 

Question a What is the stage gain of the amplifier? 

b What is the cutoff bias voltage E co? 

c Assuming the bias voltage to be one-half the value of E co , what value of 
cathode resistor would be used to produce the required bias? 

d What size capacitor should he used to sufficiently bypass the cathode 
resistor if the lowest approximate frequency desired is 500 cps? 

Answer a The stage gain of this amplifier can be calculated by the formula 
U * Rl 30 X 10,000 

stage gain = - = - = 20 
e 6 R, + r. 10,000 + 5000 

Answer b The value of cutoff bias can be calculated by the formula: 

E c„ = — = - 10 
M 30 

Answer c Since the required grid bias is stated as being one-half the value of 
cutoff bias, this would be 10 x 0.5, or 5 volts. The proper value of the 
cathode bias resistor is found by Ohm’s law: 

_ . , • * z u x Grid b'as voltage Cathode resistor (ohms) =--—--
cathode current 

= —-— = 500 ohms 
0.010 

Answer d To prevent degeneration and consequent loss of stage gain at the lowest 
audio frequency to be handled, a cathode bypass capacitor is connected 



24 across the cathode resistor. At the lowest frequency being handled by 
the amplifier, the reactance of this capacitor should not be over 5 or 
10 per cent of the value of the cathode bias resistor which it shunts. By 
using the formula for capacitive reactance: 

Xc = — 

2*fC 

it will be found that a capacitor of 20 f will have a reactance of ap¬ 
proximately 20 ohms at 500 cps. This will be satisfactory, because it is 
less than 5 per cent of the cathode bias resistor, 500 ohms. 

Question Why is the efficiency of an amplifier operated class C higher than one 
3.217 operated class A or class B? 

Answer In a class C amplifier plate current flows only during that part of each 
cycle when the instantaneous value of plate voltage is low. The power 
dissipated in the tube is then low because E is low in the power formula, 
P = El. 

Question The following are excerpts from a tube manual rating of a beam pentode. 
3.218 Explain the significance of each item: 

Control grid to-plate capacitance. 1.1 pf 
Input capacitance. 2.2 pf 
Output capacitance. 8.5 pf 
Heater voltage. 6.3 volts 
Maximum d-c plate supply voltage. 700 volts 
Maximum peak positive pulse voltage. 7000 volts 
Maximum negative pulse plate voltage. 1500 volts 
Maximum screen grid voltage. 175 volts 

Maximum peak negative control grid voltage. 200 volts 
Maximum plate dissipation. 20 watts 

Maximum screen grid dissipation. 30 watts 
Maximum d-c cathode current. 200 ma 
Maximum peak cathode current. 700 ma 
Maximum control grid resistance. 0.47 meg 

Answer Controlgrid-to-plate capacitance . . The control grid to plate capaci¬ 
tance denotes the capacitance existing between the tube’s control grid 
and plate. This capacitance is an important consideration, because 
its presence provides a signal feedback path from plate to grid. This 
capacitance becomes particularly important at higher frequencies. 



where the reactance of even a small grid-plate interelectrode capaci¬ 
tance will be low enough to couple excessive energy from the plate 
circuit back into the control grid circuit, causing oscillations. 

25 

Input capacitance . . . Tube manufacturers define the input capacitance 
of a tube as that value of capacitance existing between the tube's input 
electrode (normally the control grid) and all other electrodes except 
the output electrode (normally the plate) connected together. 

The effective input capacitance of the stage as seen by the incoming 
signal is of more practical interest, since it indicates the high-frequency 
limit at which the tube can operate before signal loss becomes excessive 
because of shunting to ground through the tube capacitance. The 
effective input capacitance to a stage consists of the tube input capaci¬ 
tance, defined in the preceding paragraph, plus the effective grid-plate 
capacitance. The effective grid-plate capacitance is the apparent value 
of capacitance that the signal coming into the grid sees between grid 
and plate. It is much higher than the measured grid-plate capacitance 
given in tube manuals. That is because the value of capacitance that the 
incoming signal sees between grid and plate is approximately equal to 
the actual grid-plate capacitance multiplied by the gain of the stage. 

As an example, a 6AG5 has an input capacitance of 6.5 pf and a grid¬ 
plate capacitance of 0.03 pf. If the gain of the stage in which the tube 
is used is 50, the effective input capacitance seen by the incoming signal 
is approximately 6.5 + (50) (0.03) = 6.5 + 1.5 = 8 pf. The influence of 
the stage gain on the input capacitance is often called the Miller effect. 

Output Capacitance . . . The output capacitance of the tube is the 
capacitance existing between the output electrode (plate) and all other 
electrodes except the input electrode (grid). The output capacitance is 
a determining factor in the circuit in which the tube is used, particularly 
at higher frequencies. 

Heater Voltage. . . This is the optimum value of voltage which should 
be applied to the tube’s heater. 

Maximum d-c plate supply voltage is the maximum value of voltage 
applied to the tube plate circuitry. This is not the same value as the 
actual voltage appearing at the tube plate. 

Maximum peak positive pulse voltage . . . This refers to the maximum 
value of a positive voltage pulse which can be safely applied between 
cathode and plate. Generally, the maximum duration of this pulse is 
indicated elsewhere in the tube specifications. 



26 Maximum negative pulse plate voltage is the same as maximum peak 
positive pulse voltage except that the plate is driven negative with 
respect to the cathode. 

Maximum screen grid voltage . . . This rating refers to the maximum 
voltage which may be applied to the screen grid without exceeding its 
power-dissipation rating. Excessive screen voltage will result in the 
screen drawing excessive current, causing it to become overheated. It 
may then also become a source of secondary electrons or liberate gas. 

Maximum peak negative control grid voltage . . . This rating refers to 
the maximum peak voltage which may be applied to the control grid 
with respect to the cathode. 

Maximum plate dissipation refers to the amount of power which can be 
safely dissipated by the plate in the form of heat. Plate dissipation is 
equal to the power input to the stage less the power delivered to the 
load. 

Maximum screen grid dissipation has the same significance as the maxi¬ 
mum plate dissipation rating, except that it applies to the screen grid 
rather than the plate. 

Maximum d-c cathode current refers to the maximum permissible total 
steady-state d-c current being conducted through the tube. This in¬ 
cludes both screen grid and plate current. 

Maximum peak cathode current rating refers to the peak current which 
can be safely passed through the tube during a short duration of time. 

Maximum control grid resistance rating refers to the maximum amount 
of resistance which should be placed between the tube's control grid 
and cathode. This value is generally less with fixed bias than with 
cathode bias. A greater grid resistance than the recommended maxi¬ 
mum value may cause the tube to block or operate erratically. 

Question Name at least three abnormal conditions which would tend to shorten 
3.219 the life of a vacuum tube. A Iso. name one or more probable causes of each 

condition. 

Answer Three important abnormal conditions are (I) reduction or loss of 
control grid bias, (2) improper filament (or heater) voltage, and (3) 
improper tube ventilation. 



A reduction of control grid bias will result in shortened tube life be¬ 
cause of the increase in plate current over its normal rating. The greater 
the reduction in bias, the greater the excessive plate current and the 
shorter the tube life. In the case of a complete loss of control grid bias, 
the plate current will probably reach a point at which the tube will be 
destroyed in a very short time. 

The most probable cause of a reduction in control grid bias when fixed 
bias is used is a partial failure in the power supply furnishing the bias 
voltage. Causes of reduced voltage in this supply include loss of emis¬ 
sion in the rectifier tube, a leaky filter capacitor, or a change in com¬ 
ponent values. If the fixed bias is obtained partially from the drive 
signal from the preceding stage, a decrease in drive signal will cause a 
drop in grid bias. 

When grid-leak bias is used, the amount of bias depends upon the 
amplitude of the grid excitation signal. If the grid signal is below 
normal in amplitude, grid bias will be low. If cathode bias is used, a 
decrease in grid bias can be caused by a change in the value of the 
cathode bias resistor. 

It is important that vacuum tubes, particularly of the filamentary 
cathode type, be operated at their rated filament voltage. Higher than 
rated voltage will result in shortened filament life owing to the higher 
operating temperature, which causes the active electron-emitting 
material to "boil off" more rapidly. Lower than normal operating 
temperature will also shorten filament life. It is also important that 
the oxide-coated indirectly heated cathodes be operated at their rated 
voltages, although a variation (approximately 10 per cent unless other¬ 
wise stated) is generally permissible. 

Possible causes of higher than normal filament (or heater) voltage in¬ 
clude excessive line voltage, defective filament transformer, and a de¬ 
fective filament voltage regulator if one is used. Lower than normal 
filament (or heater) voltage may be the result of a defective filament, a 
defective filament voltage regulator if one is used, lower than normal 
line voltage, or an increase in the filament current-carrying leads due 
to corrosion or other causes. 

Improper ventilation will also shorten tube life, particularly in the 
case of tubes designed to handle large amounts of power. Without 
proper cooling, a tube's operating temperature will increase beyond the 
maximum proper adjusting value. This will result in excessive tube 
electrode temperatures, which will cause a decrease in the tube life and 



28 may also cause gas to be released by the tube elements, which would 
make the tube become inoperative. 

In the case of smaller tubes which are cooled by convection, it is im¬ 
portant that all ventilation ports, openings, or louvers be kept clear 
and free of dirt. Larger tubes which employ forced-air cooling may not 
receive a sufficient flow of air. Any complete stoppage of air is most 
probably due to failure of the blower motor or its associated fan or 
rotor. Restricted air flow can be the result of clogged air filters or air 
passages. The remedy is to check all portions of the forced-air cooling 
system for free air circulation. 

Another cause of tube failure is excessive screen grid current, which can 
lead to excessive screen dissipation and its resultant overheating or 
gassing. Causes of excessive screen current include a shorted screen 
grid series dropping resistor, a defective fixed screen voltage power 
supply, or loss of plate voltage. The latter will cause screen current to 
soar, because all of the electrons flowing through the control grid are 
stopped by the screen grid rather than going on to the plate. 

A shorted or leaky grid coupling capacitor can cause a preceding tube's 
positive plate voltage to reach the control grid of the tube in the fol¬ 
lowing stage. This will make the grid more positive than the cathode, 
and excessive plate and screen current (in the case of a tetrode or 
pentode) will flow. 

In a class C amplifier, mistuning of the tube’s plate tank circuit will 
cause excessive plate current flow. If the tank is not adjusted to 
resonance, plate current will soar, causing possible destruction of the 
tube. 

3 AUDIO AMPLIFIERS 
Question Draw a simple schematic of a triode audio-amplifier stage with inductive 
3.220 coupling to a loudspeaker ( load!. 

Answer Inductive coupling between the output of a stage and its load is usually 
achieved by use of a transformer; see Fig. 3.22OA. This is a series-fed 
stage, because the d-c component of the plate current flows through the 
primary L\. 
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Fig. 3.221 The resistance-coupled amplifier using pentode tubes. 

secondary £2 and thus couples it to the speaker. The impedance ratio 
from £ i to £2 is step-down. 

Question Draw a simple schematic of resistance coupling between two pentode 
3.221 vacuum tubes. 

Answer See Fig. 3.221. Resistorsand/?7 and capacitor C4 form the coup¬ 
ling network. A signal voltage develops across Rt because of the flow 
of signal current through it. This signal voltage is applied to C4 and Ry 
in series. Some of the signal voltage is lost across C4. Only that portion 
of signal developed across Ry is applied to the input of the second 
stage. The reactance of C4 must be low at the lowest frequency to be 
amplified to prevent poor low-frequency response caused by excessive 
signal loss across C4. 

The screen grids must have a low impedance to ground at the audio¬ 
signal frequencies; this is secured in the first stage by making bypass 
capacitor Cj sufficiently large. The screen in the second stage doesn’t 
need a bypass capacitor, because no screen resistor is being used. The 
screen therefore sees a low impedance to ground at audio frequencies 
through the plate power supply Ebb- The screen grids are operated 
with a positive d-c potential on them. In the first stage this positive 
potential is provided by the E hh supply through R 3. In the second stage 
Ebb supplies it directly. Depending on the tube type and the screen d-c 
voltage requirements, a screen resistor may or may not be used. 



Question Draw a simple schematic diagram of impedance coupling between two 

3.222 tetrode amplifier stages. 

Answer See Fig. 3.222. Components Lt, L2, and C4 form the impedance-
coupling network. The principle of operation is the same as for 
resistance-coupled stages. See question 3.221. L\ and L2 serve the 
same functions as R* and R2 serve in Fig. 3.220 as far as the signal is 
concerned. and L4 are the primary and secondary of the output 
transformer T. Therefore the output of stage F; is transformer- (not 
impedance-) coupled to whatever load that follows. ¿1 and L2 are 
high-inductance audio chokes. The straight lines drawn beside these 
chokes represent iron cores. Signal transfer from first to second stage 
is by the coupling capacitor C4. Chokes L\ and L2 are physically 
separated far enough that there is negligible inductive coupling between 

them. 

Question Draw a simple schematic diagram illustrating a method of coupling a 
3.223 high-impedance loudspeaker to an audio-frequency amplifier tube without 

flow of plate current through the speaker windings and without the use of 

a transformer. 

Answer See Fig. 3.223. This is a shunt-fed circuit in which the d-c component of 
the plate current is kept out of the load (speaker coil L2). Capacitor 
Cj blocks the d-c component but passes the signal. I he audio choke 
Li passes the d-c, but no significant signal current can flow through it. 
The signal component is thus forced to flow through the coupling 
capacitor C3 and the load (speaker coil). 
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Fig. 3.223 Shunt-fed amplifier circuit with a high-Z speaker used directly as the 
a-c load. 

Question What would probably be the effect on the output amplitude and waveform 
3.224 if the cathode resistor bypass capacitor in an audio stage were removed? 

Answer The gain of the amplifier would be reduced. The purpose of the 
capacitor is to bypass the signal component of the plate current so that 
it will not pass through the cathode bias resistor. If the bypass capacitor 
is removed, the signal must pass through the cathode biasing resistor. 
Thus a signal voltage develops across the cathode resistor, which is fed 
back to the grid. The feedback is out of phase with the regular grid 
signal, and therefore degenerative, reducing the gain of the stage. 
However, there are advantages: The degenerative action reduces distor¬ 
tion and improves amplifier stability. For these reasons, part of the 
cathode resistance is often intentionally left unbypassed. 

Question Why do vacuum tubes produce random noise? 
3.225 

Answer There are several reasons for noise generated within vacuum tubes. 
First, shot noise is generated by the uneven (that is, random) emission 
of electrons from the tube’s electron-emitting cathode. Second, thermal 
noise is generated by random electron flow in the tube’s control grid 
circuit. Third, partition noise is caused by random variations in the 
division of screen grid and plate currents. (This noise, of course, holds 
true only in the case of tetrode and pentode tubes.) Fourth, micro¬ 
phonics are a tube noise caused by the mechanical vibration of the 
elements—cathode, grid(s), and plate—within the tube. The sound 
waves from the speaker usually cause the vibrations. 



Question Whv are decoupling resistors and capacitors used in stages having a 

3.226 common power supply? 

Answer When an amplifier consisting of several stages is operated from a 
common power supply, decoupling resistors and capacitors are used to 
prevent the amplifier from breaking into oscillation. 

If the multistage amplifier derives its operating power from a power 
supply not having a low internal impedance and if no decoupling net¬ 
works are used, the stages “see” this impedance as a common series 
resistance between the power supply output and its B+ line. Since 
both the output stage and input stage of the amplifier draw operating 
current through this same “resistance,” signal-voltage variations de¬ 
veloped across it by the output stage tube’s plate signal current flowing 
through it will be fed back into the amplifier’s input stage. This will 
cause the amplifier to oscillate. 

To correct this situation, individual stages are “decoupled" from the 
power supply by means of decoupling networks. A typical decoupling 
network consists of a resistor connected from lhe “B+ end" of the 
amplifier tube’s plate load resistor to the common B-f- line. This is 
called the decoupling resistor. A large-value capacitor is placed be¬ 
tween the junction of the two resistors and ground. The time constant 
of this capacitor and decoupling resistor is made long in comparison to 
the lowest signal frequency being handled by the amplifier. 

Question How would saturation of an output transformer create distortion? 

3.227 

Answer When the flux within the core of an audio transformer reaches satura¬ 
tion value, a further increase of primary current will not appreciably 
further increase the flux. Since the secondary signal is formed by flux 
changes in the core, the secondary cannot respond to primary signal 
peaks that saturate the core. This is distortion, since the secondary 
signal is no longer an exact reproduction of the primary signal. 

One cause of output transformer saturation is an excessively strong 
primary signal, which drives the core flux to saturation. Another cause 
is the d-c plate current, which flows through the primary. The flux set 
up by this current adds to the flux set up by the primary signal, so that 
saturation occurs at a lower signal level than it would if the d-c com¬ 
ponent were not present. In push-pull operation the d-c plate currents 
of the two tubes cancel out in the two halves of the primary winding. 
As a result, the transformer can handle a considerably stronger signal 
before saturation occurs than is the case for a single-ended stage. 



34 Question Why is noise often produced when an audio signal is distorted? 

3.228 

Answer When an audio signal is distorted, a large number of unwanted har¬ 
monics are produced. These harmonics, if present in sufficient ampli¬ 
tude, distort the original signal, causing it to sound raspy or noisy. 

Question What factors determine the correct bias voltage for the grid of a vacuum 

3.229 tube? 

Answer If the tube is to be used as an amplifier, the correct grid bias is deter¬ 
mined by its class of operation. In class A operation, for a given plate 
voltage and plate current, the grid bias is so adjusted that the d-c plate 
current will not change when an input signal is applied. Operation is 
then on the straight portion of the characteristic curve, for minimum 
distortion. If class AB operation is used, the grid bias must be so set 
that, with a given plate voltage and plate current, d-c plate current will 
be increased during large excursions of applied input signal. 

For class B operation, the grid bias is so adjusted that plate current 
flows only during 50 per cent of the applied input signal (two tubes are 
used in class B, each tube conducting for 50 per cent of the input signal). 
Class C operation requires a grid bias sufficiently negative to allow 
plate current to flow only during substantially less than half of the 
applied input signal. 

If the tube is to be used as an r-f oscillator, the grid bias is adjusted 
to obtain either the greatest frequency stability or the greatest power 
output, depending upon the oscillator application. In short, the factor 
which determines the proper grid bias for a vacuum tube is the intended 
circuit application of the tube. 

3.230 Draw a schematic diagram illustrating each of the following types of 
grid biasing and explain its operation. 

Question a Battery 
b Power supply 
c Voltage divider 
d Cathode resistor 

Answera Figure 3.23OA illustrates the use of battery bias with transformer-
coupled stages, part (a), and resistance-coupled stages, part (b). In Fig. 
3.23OA(a)the battery 8, furnishes the proper value of grid voltage to 
the control grid of V, via the secondary winding of the input trans-



Fig. 3.230A Battery control grid bias. 

former T\. Capacitor Ci, connected across the battery, serves as a 
low-impedance path across the battery for audio-frequency signals. The 
battery used to furnish control grid bias is generally referred to as the 
C battery. 

The bias voltage in Fig. 3.23OA(b), from the battery B2, is applied to 
’s control grid via R\, which has sufficient resistance to prevent the 

input signal from being short-circuited by the relatively low impedance 
of the bias battery. 

Fig. 3.230B Grid bias derived from power supply. 

Answer b Figure 3.23OB shows a method of obtaining control grid bias from the 
power supply furnishing operating voltage to the rest of the circuitry. 



36 The center tap of the power transformer is returned to ground 
through resistor R2. With the normal load on the power supply, the 
value of R2 is so chosen as to provide a voltage drop of the proper bias 
voltage. Capacitor C4 filters out the power supply ripple. This single 
filter capacitor generally provides sufficient filtering because the load of 
the bias circuitry is negligible. 

power 
supply 

(b) 

Fig. 3.230C Bias voltage from a voltage divider. 

Answer c Figure 3.23OC shows how control grid bias can be obtained from a 
voltage divider. Figure 3.23OC(a) shows the basic voltage-divider 
arrangement, which is suitable where three different bias voltages are 
needed. The output of the power supply is applied across the voltage 
divider, Rt, R 2, Ri- The ratio of these resistors is chosen to provide 
the required bias voltages at outputs 1,2, and 3. 
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Fig. 3.230D Method of obtaining cathode bias. 

Figure 3.23OC(b) shows a voltage-divider bias arrangement incorpo¬ 
rated into a power supply. The circuit is essentially the same as that of 
Fig. 3.23OB. except that R2 in Fig. 3.23OB has been replaced with three 
resistors, R i, R;, and R), in Fig. 3.23OC(a) and (b). 

Answer d Figure 3.23OD shows the basic method of obtaining cathode bias. The 
cathode bias resistor R] is placed between cathode and ground. Plate 
current flows through R i, producing a voltage drop across it propor¬ 
tional to the plate current. This voltage drop across R, makes the 
cathode positive with respect to its control grid (the control grid is 
returned to ground via R2). Since making the cathode positive with 
respect to the grid is the same as making the grid negative with respect 
to the cathode, the effective negative bias will be equal to the voltage 
drop across R ,. 

A bypass capacitor C । is normally placed across the cathode bias 
resistor. This capacitor removes the variations in voltage drop across 
R i caused by the signal flowing through it. 

Question 

3.231 

Is grid-leak biasing practical in audio-amplifier stages? 

No. Audio-amplifier stages require a constant value of grid bias. Grid¬ 
leak bias varies in amplitude in accordance with the amplitude of the 
signal fed to the grid. Hence, the audio signals of high amplitude would 
develop more bias than signals of low amplitude would. This would 
cause distortion in the output. Also the grid must draw current in order 
to have grid-leak bias. Audio amplifiers are not usually so operated 
that the grid draws current. 
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Fig. 3.232 Obtaining grid bias in an indirectly heated cathode type of vacuum 
tube by using a resistance in the cathode circuit. 

Question Draw a diagram showing a method of obtaining grid bias for a filament-
3.232 type vacuum tube by use of resistance in the cathode circuit of the tube. 

Answer See Fig. 3.232. The bias is obtained by the current flow through resistor 
R. The direction of electron flow is as indicated by the arrow. This 
makes the bottom of resistor R negative with respect to the top, or 
cathode. The grid, which is connected to the bottom of resistor R, is 
therefore at a lower potential than the cathode and consequently 
biased. The bypass capacitor C passes the alternating component of the 
plate current, keeping the bias voltage across R at a constant d-c value. 

Question Explain how you would determine the approximate value of cathode bias 
3.233 resistance necessary to provide correct grid bias for any particular 

amplifier. 

Answer As explained in Answer 3.230(d), cathode bias is developed by the 
voltage drop across a resistor connected in a tube’s cathode circuit. The 
amount of voltage developed across this resistor is dependent upon the 
amount of current flowing through the tube. The current value of the 
cathode bias resistor can be determined by a simple application of 
Ohm’s law. In formula form: 

, , , , , required grid voltage 
cathode resistor (ohms) = --—--

total cathode current 

In the case of a triode the total cathode current is the same as the plate 
current. In tetrodes and pentodes the total cathode current is the plate 
current plus the screen current. 



Question Why does a class B audio-frequency amplifier stage require considerably 
3.234 more driving power than a class A amplifier? 

Answer In a class A amplifier the bias is so adjusted that no grid current flows 
during any part of the input waveform. This being the case, the class 
A amplifier offers a high impedance to input signals. On the other hand, 
a class B amplifier is so biased that grid current flows during part of the 
positive half-cycles of the input-signal waveform. This flow of grid 
current represents a loss in the grid circuit. The stage providing the 
input signal to the class B stage must, therefore, be capable of supplying 
power to overcome this loss. Also, since only the positive half of the 
innut signal is used, it must be of greater amplitude than needed with 
class A operation in order to swing the plate current over the entire 
linear portion of the characteristic curve. 

Question Show by use o f circuit diagrams two ways of using single-ended stages 

3.235 todrive a push-pull output stage. 

(a) 

Fig. 3.235A Interstage transformer used to couple output of a single-ended stage 
to a push-pull stage. 

A nswer Figure 3.235A shows an interstage coupling transformer T। with a 
center-tapped secondary winding used to couple the output of a single-
ended stage to the push-pull stage. The amplified signal appearing at 
the plate of F, is applied to the primary of T,. The signal flowing in 
the primary of T, induces a signal voltage in its secondary. T| ’s center-
tapped secondary provides signals to the control grids of F, and F2, 
which are 180° out of phase—a necessity for push-pull operation. 

39 
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(b) 

Fig. 3.235B Inverter circuit of Fig. 3.236C(a). 

The amplified signals, 180° out of phase with each other, appearing at 
the plates of Vi and are applied to the center-tapped primary of the 
output transformer T2. There the two signals combine and induce a 
current in the T 2 secondary, which may be applied to a loudspeaker or 
other load. 

Figure 3.235B shows the inverter circuit of Fig. 3.236C(a) used to feed 
the push-pull grids out of phase. 

3.236 Draw circuit diagrams and explain the operation /including input-output 
phase relationships, approximate practical voltage gains, approximate 
stage efficiency, use advantages, and limitations) of each of the following 

types of audio circuits: 

Question a Class A amplifier with cathode resistor biasing. 
h Cathode follower amplifier. 
c A t least two types of phase inverters for feeding push-pull amplifiers. 
d Cascaded class A stages with a form of current feedback. 
e Two class A amplifiers operated in parallel. 
f Class A push-pull amplifier. 

Answer a For a class A amplifier with cathode resistor biasing, see Fig. 3.236A. 
In operation, the signal to be amplified is applied to the grid via the 
blocking capacitor C,. The purpose of this capacitor is to block d-c 
voltage of the preceding stage from F, ’s grid. 
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Fig 3.236A Class A amplifier with cathode resistor biasing. 

Operating bias for the stage is obtained from the cathode bias resistor 
r. placed in series between the cathode and ground. The catho 
bypass capacitor C* removes the variation in voltage drop across Rk 

that is due to the signal component of plate current flowmg through 

Rk 

The input signal applied to the control gnd of K, var.es K, s plat 
current accordingly. These variations in plate current produce a voltag 
drop across the plate load resistor R, which is proportional to the 
input signal. These voltage variations are coupled to the following stage 
by C„. The purpose of C„ is to prevent d-c plate voltage from being 
applied to the following stage. 

In this amplifier circuit, which is a common-cathode configuration, a 
180° phase reversal occurs between the input and output voltage signa 
waveforms. The approximate practical voltage gam of this circuit is 
about 15. assuming that a triode with a g of 20 .s used. W.th pentodes 
much higher voltage gains are possible; the approximate effic.ency of 

this stage is 25 per cent. 

This circuit is widely used as a voltage amplifier to drive either a power 
Im ^r or add.tiona! vo.tage amplifier stages. The advantage o the 
circuit is that it is simple; it requires no separate source of bias voltage 
Also the bias is “self-adjusting” to a point. As plate supply vo g 
vary, the voltage drop across the cathode res.stor var.es accord.ngly, 
thus maintaining essentially correct bias. 

h Figure 3.236B m rhe sehema.ie diagram of a typical eathodcMIower 
amplifier. Thislypeof amplifier s.agediffers from .he eommonmalhode 
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Fig. 3.236B Basic cathode-follower circuit. 

stage in that the output signal is taken from the cathode rather than 
the plate. 

Since the output is taken from across it, the cathode resistor R L, cannot 
be bypassed. The resulting degenerative feedback is sufficient to reduce 
the cathode-follower “voltage gain” to less than unity. 

One of the characteristics of the cathode follower is that it has a very 
high input impedance (higher than that of the conventional common¬ 
cathode stage) and a low output impedance. Because of this character¬ 
istic the cathode follower is often used as an impedance-matching 
device between high- and low-impedance sources. 

The voltage gain of the cathode follower is always less than unity. A 
practical value with most typical configurations is approximately 0.9. 
There is no phase reversal between the input signal and output signal 
in a cathode follower. 

Since the cathode follower is operated as a class A amplifier (d-c plate 
current is essentially constant whether or not an input signal is present), 
its efficiency is the same as that of a class A amplifier, approximately 
25 per cent. 

The major application of the cathode follower is as an impedance¬ 
matching device between high- and low-impedance circuits. The major 
limitation of the cathode follower is that it is not capable of providing 
any voltage gain. The cathode follower is, however, capable of pro¬ 
viding a power gain. 

i 

Answer c Figure 3.236C illustrates two basic types of phase inverters. The one 
of Fig. 3.236C(a), shown as a schematic, is known as the split-load 
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(b) 

Fig. 3.236C Basic phase-inverter circuits. 

phase inverter. In operation, the input signal is applied to the grid. 
Equal-value resistors Ä* and Rr are placed in the cathode and plate 
leads, respectively. Since these resistances are of equal value, equal 
output signal voltages will be developed across them. 

As in the previously described cathode-follower circuit, the voltage 
appearing at the cathode will be in phase with the input signal applied 



44 to the grid. On the other hand, the signal appearing at the plate is 180° 
out of phase with the signal applied to the grid as in the case of a con¬ 
ventional common-cathode stage. Thus, phase inversion has been 
achieved: the signals taken from the plate and cathode are 180° out 
of phase. As in the case of other class A stages, this circuit has an 
efficiency of approximately 25 per cent. 

The major advantages of this circuit are its simplicity and excellent 
balance if Ä* and are closely matched. A disadvantage is that, 
unlike certain other types of phase-inverter circuits, the split-load 
inverter has a voltage gain of less than unity. 

Figure 3.236C(b) shows another type of phase-inverter circuit. In 
operation, the input signal is applied to the grid of V, via the blocking 
capacitor C,. The signal is amplified by V \ , the output signal appearing 
across the two series-connected load resistors R¡\ and RL2. R ¿i and 
R 1.2 form a voltage divider whose resistance values are such that the 
voltage at the junction is of the same amplitude as the signal applied to 
the grid of K|. 

The signal voltage appearing at the junction of R/\ and R 1.2 is applied 
to the grid of kS via the d-c blocking capacitor C c. Ki amplifies this 
signal, and the output appears across the load resistor R^. Since both 
Ki and V2 are operated as common-emitter stages, each will provide 
a 180° phase reversal between its grid and plate signals. Thus, the out¬ 
put appearing at the plate of (point A) will be 180° out of phase 
with the signa) appearing on K2’s plate, because a 180° phase reversal 
is produced by V2. Rk provides the proper operating bias for V\ 

and V2. 

This type of phase inverter produces a voltage gain approximately 
equal to the gain of V, alone if used in a straight class A amplifier with 
equal values of R1 . /?*. and Re as in the inverter circuit. The efficiency 
of this phase inverter circuit is the same as that of any class A voltage 
amplifier—approximately 25 per cent. 

This phase inverter is advantageous in that it provides a fair amount of 
voltage gain. On the other hand, its balance is not as good as that of the 
“split-load” phase inverter. 

Answer d Figure 3.236D is the basic schematic of a two-stage cascaded audio 
amplifier with current feedback. Signals to be amplified are applied to 
the grid of K,. These produce variations in K/s grid voltage which 
vary Ki’s plate current proportionally. The plate current variations 



Fig. 3.236D Two-stage amplifier with current feedback. 

cause corresponding variations in the voltage drop across the plate load 
resistor Rt. The voltage variations, which are an amplified replica of 
the input signal, are coupled to the grid of V2 for further amplification. 
The signal, further amplified by Kj, is coupled to the output via C„. 

The cathode bias resistors Rk। and Rk2< f°r anc* ^2 respectively, 
are not bypassed. The result is degenerative feedback, which is a form 
of current feedback. 

The phase of the output signal £out is the same as that of the input 
signal Em, because of the double phase reversal occurring in the two 
stages. The signal appearing at the plate of K , is 180° out of phase with 
the input signal owing to the 180° phase-reversal characteristic of the 
common-cathode stage. This signal is again reversed 180° in the second 
stage. Thus, the phase of the output stage is identical with the phase of 
the input signal. 

The voltage gain of this configuration is equal to the product of the two 
individual stages. Since both stages are operated class A, their efficiency 
will be the same as for any class A amplifier, approximately 25 per cent. 

The main application of this two-stage amplifier is as a low-distortion 
voltage amplifier. Beside reducing distortion, the current feedback 
obtained by the unbypassed cathode bias resistors Rk, and Rk2 will 
increase the frequency response of the amplifier as compared with a 
similar amplifier with bypassed cathode bias resistors. Thus, this 
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amplifier may find application where a somewhat extended bandwidth 
is required. 

The major limitation of this amplifier is its reduced voltage gain when 
compared with a conventional circuit with bypassed cathode bias 
resistors. 

Answer e In Fig. 3.236E the signal to be amplified is applied to the parallel-
connected control grids of V, and Kj via the d-c blocking capacitor 
C,. Both tubes obtain their correct control grid bias from the cathode 
bias resistor /?*. 

The varying signal voltage applied to the control grids of V\ and V2 

cause corresponding variations in the plate currents. These varying 
plate currents flow through the primary of the output transformer T\, 
inducing a current in T, ’s secondary which may be applied to a speaker 
or other load. 

Since this configuration is operated as a common-cathode stage, there 
will be a 180° phase reversal between its input and output. Because the 
stage is operated as a power amplifier, it is intended to provide power 
amplification rather than voltage amplification. The stage is biased for 
class A; therefore, its efficiency will be approximately 25 per cent. 

The major application of parallel-tube class A amplifiers is as power 
amplifiers where it is desired to double the power obtained with a single 
tube. However, the parallel arrangement generates considerably more 



Fig. 3.236F Class A push-pull amplifier. 

distortion than if the same two tubes were used in a push-pull 
configuration. 

Figure 3.236F is the schematic of a class A push-pull audio amplifier. 
The signal to be amplified is applied to the primary of the input trans¬ 
former T|. The center-tapped secondary of T\ provides the required 
push-pull signals to drive the control grids of K, and F2. As the top 
end of T|’s secondary (point A ) swings positive with respect to T/s 
center tap, the bottom end of TVs secondary (point B) swings nega¬ 
tive. Thus, the two ends of T| ’s secondary are 180° out of phase with 
respect to ground (common). 
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Proper operating control grid bias for V, and K2 is supplied by the 
cathode bias resistor Rt- For push-pull operation, this resistor need not 
be bypassed, because the a-c signal components flowing through it 
cancel out, and thus there is no degenerative feedback to reduce stage 
gain. 
The signal voltage variations applied to the control grids of Ft and F2 

cause corresponding variations in the plate currents. These plate cur¬ 
rents combine in the two halves of the center-tapped primary winding 
of the output transformer T2, developing a current in the T2 secondary 
winding which can be applied to a loudspeaker or other load. Since this 
is a common-cathode stage, the signal appearing at the plates of F| and 
F2 will be 180° out of phase with the signals on the respective grids. 

This push-pull stage is operated class A, so its efficiency will be ap-



(a) (b) 

Fig. 3.237 Typical tone control circuits. 

proximately 25 per cent. Since it is designed as a power amplifier, its 
primary function is to provide a power gain rather than a voltage gain. 
This circuit is superior to parallel-tube operation in that it can provide 
higher power at lower distortion. 

Question Draw circuit diagrams and explain the operation of two commonly used 
3.237 tone control circuits. 

Answer Figure 3.237 shows two typical tone control circuits. Part (a) provides 
treble “cut,” and part (b) provides treble “boost.” The circuit shown 
in Fig. 3.237(a) operates as follows: The tone-control components Rt 

and Ci are connected from the grid of K, to ground (common). When 
R i ’s slider is set for minimum resistance, at point A. capacitor C, is 
effectively connected directly from the grid of Vs to ground. Since C। 

is chosen to have a low reactance at the higher audio frequencies 
handled by the amplifier, it will bypass those frequencies to ground 
(common). 

At the lower audio frequencies, Ci’s reactance will increase, and as a 
result its bypassing action will decrease at the lower frequencies. The 
signal amplitude at the grid of Vs will then be greater at low fre¬ 
quencies than at high frequencies, thus achieving the desired high-
frequency “cut.” As R i ’s slider is rotated toward the maximum¬ 
resistance end of R ,, increasing amounts of resistance will be placed in 
series with C।. This reduces the bypassing action of C|, and the high-
frequency bypassing becomes less. At the maximum resistance of R ,. 
Ci is effectively out of the circuit, no bypassing of the high frequencies 
results, and the stages have an essentially flat frequency response. 

In the circuit of Fig. 3.237(b) (which uses high-frequency “boost") 
cathode bypass capacitor C । is chosen of such value as to have sub-
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Question 

3.238 

Answer 

stantial reactance at low audio frequencies but low reactance at the 
higher audio frequencies. Signals that pass through the cathode resistor 
rather than bypassing through C, cause degenerative feedback, which 
reduces the stage gain. 

When Ri’s slider is so set that Ci is connected directly from cathode 
to ground. Ci will bypass the higher audio frequencies but not the 
lower frequencies. As a result of this bypassing action, degeneration at 
the higher audio frequencies is reduced and the stage gain is increased 
at the higher audio frequencies. This provides the desired high-
frequency “boost.” 

As Ri’s slider is rotated. Ci is effectively shunted across less and less 
of R i. As a result, the bypassing effectiveness of C । is reduced and less 
high-frequency boost is obtained. When R । s slider is at point R. C| is 
effectively out of the circuit and the stage has an essentially flat 
frequency response. 

Name some causes of hum and self-oscillations in audio amplifiers and 

suggest methods of reducing it. 

Hum is a low-pitched droning noise in the output of an amplifier. The 
origin of hum is the a-c power source. One path by which hum is intro¬ 
duced into the output of an audio amplifier is through heater-to-
eathode capacitance and heater-to-cathode emission. This hum can be 
reduced or eliminated by center-tapping the filament transformer or 
placing a potentiometer across the heater supply with the slider 
grounded, Fig. 3.238. However, a center-tapped filament transformer 
or potentiometer is not always needed. 

The most common cause of hum is insufficient filtering of the d-c 
power supply output. The power supply filter components should be 
checked first if hum suddenly appears in an audio amplifier. 

Electrostatic and magnetic coupling between a-c filament power supply 
leads and the amplifier circuitry is sometimes a cause of hum. Use of 
electrostatic shields and twisting of the a-c leads helps reduce this form 
of coupling. The magnetic fields surrounding power transformers can 
induce a-c into filter chokes and the chassis. By carefully orienting the 
power transformer so that minimum coupling exists between it and the 
chokes, hum is reduced. Placing the laminations vertically instead of 
in the plane of the chassis reduces hum. In extreme cases, a high-
permeability shield around the transformer is required. 

Oscillation in an audio amplifier is most commonly caused by inter-
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to line voltage 

(a) (b) 

Fig. 3.238 Methods of reducing hum, the source of which is the filament supply. 
The center-tapped transformer is satisfactory for low-gain amplifiers, 
but the potentiometer hum balance method in ( b) is better for high-
gain amplifiers. 

action between stages. A common source of interaction is inter-stage 
coupling through the power supply. This can be avoided by the use of a 
power supply with good regulation and by the use of resistor¬ 
capacitor decoupling filters in the individual plate supply leads. The 
stages should be further isolated from each other by the use of 
shielding and by the proper placement of components. It is particularly 
important that the output circuit be kept well isolated from the input 
stage. In the power supply filter an output capacitor sufficiently large 
to present a low reactance at the lowest frequency handled must be 
used. Otherwise, this element acts as a common coupling impedance. 
Mechanical coupling between stages, called microphonics, is also a 
cause of oscillations. This can be avoided by rubber-mounting high-
gain stages. An open grid-leak resistor, or the use of an excessively 
large coupling capacitor, may also causean audio amplifier to oscillate. 

Question What factors should be taken into consideration when ordering a class A 
3.239 audio output transformer? A class B audio output transformer feeding a 

speaker of known ohmic value? 

Answer The general considerations when ordering transformers are: Frequency 
response ... At low frequencies the response of audio transformers 
drops off because of the reduced inductive reactance of the windings. 
At high audio frequencies the response tends to drop off too. This is 
caused by the reduced reactance of the distributed capacitance between 



the turns of the windings. This loss of high and low frequencies is much 
more severe in some transformers than in others. Figure 3.239A shows 
that a good-quality transformer will handle low and high frequencies 
well. In ordering, the transformer chosen must have a frequency re¬ 
sponse as good as that expected from the audio system. 

Power rating . . . The transformer must be capable of handling the 
signal power that is applied to the primary. If the signal power exceeds 
the power rating of the transformer, the transformer may overheat, the 
insulation of the windings may break down, and the core may saturate 
during portions of the signal cycle, which will cause distortion. If the 
transformer is of inadequate power rating for the load power require¬ 
ments, distortion will result because of the inability of the transformer 
to deliver power peaks. 

D-c flowing in the primary . . . Transformers of various designs are 
more or less capable of handling a d-c component in the primary. If 
this d-c exceeds the value specified by the manufacturer, the core may 
be driven into saturation during operation with normal signal levels, 
which may cause distortion of the signal waveform. In ordering a 
transformer for a single-ended class A stage, make sure the transformer 
has a d-c rating in excess of the quiescent plate current value that will 
flow through the primary. 

Transformers that have relatively high d-c primary current ratings have 
larger core areas and therefore are generally more expensive. Thus 
push-pull operation or shunt feed should be used wherever practicable. 
With class A push-pull, the magnetizing force produced by the d-c 
plate current component through half of the primary cancels the mag¬ 
netizing force produced in the other half of the primary. Shunt feed 
keeps the d-c component out of the primary. 

Primary and secondary impedances . . . When using a transformer for 
coupling audio stages or components the primary impedance must be 
such value that it properly loads the tube or transistor feeding it. 
Similarly, the secondary must have an impedance that properly 
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Fig. 3.239B The push-pull class B audio amplifier. 

matches the load placed on it. For example, if a 16-ohm speaker is to 
work off the secondary, the secondary impedance should be 16 ohms 
too, for maximum power transfer. 

A class B audio amplifier is always operated in push-pull. This means 
that the plate circuit transformer primary and the grid circuit trans¬ 
former secondary must be center-tapped; see Fig. 3.239B. Therefore, 
when ordering a transformer for such a stage, the proper center taps 
must be specified. It must be kept in mind that the impedance of the 
top half of ¿3 must be a value that properly loads the tube K,. 
Similarly, the impedance of the lower half of £3 must properly load 
K2. For example, if each tube requires a load of 2500 ohms, the trans¬ 
former must have a primary impedance value of 2500 ohms CT. The 
abbreviation CT means center-tapped on specification sheets. 

Question Draw a diagram of a single-button carbon microphone circuit, including 
3.240 the microphone transformer and source of power. 

Answer See Fig. 3.240. The microphone transformer is a step-up transformer 
to match the low impedance of the microphone to the high impedance 
of the grid of the audio amplifier. 

Question If low-impedance headphones on the order of 75 ohms are to be con-
3.241 nected to the output of a vacuum-tube amplifier, how may this connection 

be made to permit most satisfactory operation? 



source of power 

output 

■> to grid of 
amplifier 

Fig. 3.240 Single-button carbon microphone connected to transformer and power 

source. 
The output of a vacuum-tube amplifier can be satisfactorily coupled 
to low-impedance headphones by use of an impedance-matching 
transformer Tas shown in Fig. 3.241 A. Wh>le high-impedance head¬ 
phonescan be connected directly into the plate circuit without a trans¬ 
former. the gain of the stage would be very poor if this connection were 
made with low-impedance headphones because of the serious mismatch 
between plate impedance and load impedance. A low impedance can 
be coupled to a vacuum-tube amplifier without a transformer by 
connecting it in the cathode circuit; see Fig. 3.241 B. 

Fig. 3.241 A Low-impedance headphones matched to an audio amplifier with an 
impedance-matching transformer T. 

Question Describe the construction and characteristics of a crystal-type 

3.242 microphone. 

Answer The crystal microphone makes use of the piezoelectric effect of 
Rochelle-salt crystals to transform mechanical stress produced by 
sound waves into an electrical output. The most common arrangement 
consistsoftwo very thin Rochelle-salt crystal plates cemented together 
differentially, so that when a voltage is applied between the open faces, 
one plate will increase in length while the other decreases, forcing the 
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Fig. 3.241 B Low-impedance headphones connected into the cathode circuit of an 
audio amplifier. 

element to bend. Conversely, the bending of the element due to the 
impact of sound waves will generate a voltage across the crystal face, 
which is then utilized to provide the input signal to an amplifier. The 
two crystal plates in a crystal microphone, cemented together as de¬ 
scribed above, are known as a “bimorph" cell or element. 

The crystal microphone has a high output impedance, high enough 
to work directly into a vacuum-tube grid. The frequency response of 
the crystal microphone is excellent, and this response will not be 
affected by the shunt capacitance of the microphone cable. The crystal 
microphone is nearly nondirectional. Its principal disadvantage is low 
output power. Also, if the temperature of the Rochelle-salt crystal 
microphone exceeds 120°F, the crystal may be ruined. This temperature 
limit does not apply to microphones employing the newer polarized 
ceramic element of barium titanate. 

Question Describe the construction and characteristics of a carbon-button type 
3.243 of microphone. 

Answer The usual single-button carbon microphone employs a damped, 
stretched diaphragm. This is attached to a cup filled with carbon 
granules in such a manner that varying the pressure on the diaphragm 
varies the pressure on the carbon granules. This in turn varies the 
resistance across the carbon button. The diaphragm is damped by an 
air cushion to improve its frequency response, which extends approxi¬ 
mately from 75 to 5000 cycles. The carbon microphone is the most 
sensitive of all microphones. However, a hiss is noticeable when the 
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Answer 

Question 

3.244 

sound level is low. The output is high, with a medium output im¬ 
pedance. The carbon-button microphone is somewhat directional. It is 
rugged and practically unafTected by heat and humidity. 

What precaution should he observed when using and storing crystal 

microphones? 

Crystal microphones using Rochelle-salt crystals should be stored in a 
cool dry place, preferably in a moisture-proof wrapping. Avoid subject¬ 
ing the microphone to physical shock or mechanical vibrations. If the 
crystal element is of the polarized ceramic (barium titanate) type, it will 
withstand much higher temperatures without damage, and no special 
precautions with regard to temperature need be observed. 

R-F AMPLIFIERS 

Question What is an R FC? Why is it used? 

3.245 

Answer RFC is an abbreviation for radio-frequency choke, which is an inductor 
having a high reactance at radio frequencies but usually a low reactance 
at audio frequencies. The significant difference between an RFC and an 
audio-frequency choke is the much higher inductance that the latter 
must have in order that its reactance will be high at audio frequencies. 
Thus, the audio-frequency choke must be much larger in physical size 
than an RFC, and it must have an iron core in order to realize the 
needed inductance. 

An RFC blocks the flow of r-f current while allowing the passage of d-c 
and a-f currents. Thus it can be used as a filter, or as part of a filtering 
network, to remove the r-f component from a circuit. More important, 
it is used to confine r-f to the desired circuit path while allowing d-c 
or audio currents to follow a different path. 

Question What are the advantages of using a resistor in series with the cathode of a 

3.246 class C r-f amplifier tube to provide bias? 

Answer The cathode resistor is used in class C stages where grid-leak bias is 
the principal source of bias voltage. The cathode resistor protects the 
tube from excessive plate current in the event of failure of the r-f 
excitation voltage. Grid-leak bias exists only when there is an r-f signal 
to the grid. If this signal is lost, the bias voltage would drop to zero it 
it were not for the protective voltage drop across the cathode resistor. 



56 The entire bias voltage required for class C operation cannot be ob¬ 
tained from a cathode resistor. That is so because there is no voltage 
drop across the resistor unless there is plate current, and plate current 
is cut off during most of the cycle with class C operation. Hence, the 
cathode resistor is primarily a protective device, most of the bias 
coming from the grid-leak resistor. 

Question What is the difference between r-f voltage amplifiers and r-f power 
3.247 amplifiers in regard to applied bias? What type of tube is generally em¬ 

ployed in the r-f voltage amplifier? 

Answer The r-f voltage amplifier is biased class A, whereas the r-f power 
amplifier is generally biased class B or C. Also, tubes used in power 
amplifiers are larger and designed to dissipate considerable power. 

The pentode tube is generally used in the r-f voltage amplifier because 
of its relatively high gain and the fact that it generally does not require 
neutralization. Triodes, tetrodes, and pentodes are used as power 
amplifiers. 

Question Draw a schematic diagram of a grounded-grid r-f amplifier and explain 
3.248 its operation. 

Answer See Fig. 3.248 for a schematic diagram of a grounded-grid r-f amplifier, 
in the grounded-grid amplifier, signal input is fed to the cathode circuit 
and output is taken from the plate circuit. The grid is at r-f ground 
potential, so that it acts as a shield between the input and output cir¬ 
cuit. Thus the plate-to-cathode capacitance is small and neutralization 
is not necessary. A large amount of input signal power is required, but 
most of it is transferred to the plate circuit as useful output power. 

The grounded-grid amplifier is popular for low-signal-level vhf opera¬ 
tion. The triode tube will not generate as much noise as a tube with 
more elements does, and neutralization is not required. 

Question Explain the principle involved in neutralizing an r-f stage. 
3.249 

Answer Neutralization involves reducing to a minimum signal transfer between 
input and output of a stage through the grid-to-plate capacitance of 
the tube. This is accomplished by feeding back to the input circuit 
a voltage from the output circuit which is equal ip magnitude but 
opposite in phase. The two voltages, if exactly equal in magnitude 
and 180° out of phase, cancel, and the result is complete neutralization. 
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Fig. 3.248 Grounded-grid amplifier. 

Question Explain, step-by-step, at least one procedure for neutralizing an r-f 

3.250 amplifier stage. 

Answer I. Remove plate voltage from the stage to be neutralized. Then any 
signal present in the plate tank circuit is due to interelectrode 
capacitance coupling between grid and plate passing the grid signal. 

2. Tune all preceding transmitter stages including the grid circuit of 
the stage to be neutralized. This provides a strong signal at the grid 
of the stage to be neutralized. 

3. Connect or couple an r-f indicator to the plate tank circuit of the 
stage to be neutralized. The indicator may be an oscilloscope, r-f 
probe, or neon lamp. The more sensitive the indicator, the more 
complete will be the neutralization. 

4. Adjust the neutralizing capacitor for minimum indication on the 
r-f indicator as the plate tank circuit is tuned through resonance. 
When the plate tank circuit is at resonance and no indication of r-f 
is obtained, the r-f currents divide equally between the gnd-to-plate 
capacitance and the neutralizing capacitance. These out-of-phase 
currents cancel, so that no signal appears in the plate tank circuit. 

Question Draw a circuit diagram of a push-push frequency multiplier and explain 

3.251 its principle of operation. 
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Fig. 3.251 

Answer 

Question 

3.252 

Answer 

voltage 

Push-push frequency multiplier. 

See Fig. 3.251. The grids of a push-push stage are connected in push-
pull and the plates are connected in parallel. In the operation of the 
push-push frequency multiplier, the balanced grid circuit provides out-
of-phase signal voltages at the grids of the tubes with an excitation 
signal. Since one grid has a positive voltage applied, this tube will 
conduct and produce a voltage pulse in the plate circuit while the other 
tube, which has a negative voltage applied to the grid, will remain cut 
off. 

When the excitation signal is reversed, the previously conducting tube 
will cut off and the opposite tube will conduct and produce a voltage 
pulse in the plate circuit. Because both plates are connected in parallel, 
a single cycle of the input frequency will produce two cycles in the 
output circuit; hence the frequency has automatically been doubled. 
The output circuit can be tuned to any desired even harmonic of the 
input frequency. The fundamental and all odd harmonics are elimi¬ 
nated in the output. 

Push-pull frequency multipliers normally produce what order of har¬ 

monics—even or odd? 

Push-pull frequency multipliers normally produce odd-order har¬ 
monics. The input signal is applied out of phase to the grids of a push-
pull stage. The plate current of one tube will increase while the plate 



current of the other tube decreases. When operated as a frequency 
multiplier, class C operation is used. Then the varying plate current 
is badly distorted because both tubes operate over more than the linear 
portions of their dynamic curves. The second and all even harmonics of 
this distortion cancel out because they are opposite in phase in the two 
tubes. Odd harmonics do not cancel out. 

TRANSISTORS 
What is the difference between forward and reverse biasing of transistors? Question 

3.253 

The difference between forward and reverse biasing of transistors is 
that forward bias permits current to flow through the junction, whereas 
reverse bias prevents any appreciable current from flowing through the 
junction. 

Forward biasing is the application of an external emf to a PN junction 
of such polarity as to cause the barrier region to narrow, permitting 
current to flow through the junction. Reverse biasing is the application 
of an external emf to a PN junction of such polarity as to cause the 
barrier region to widen and prevent majority current carriers from 
moving through the junction. 

Figure 3.253(a) shows forward biasing and Fig. 3.253(b) reverse bias¬ 
ing. To forward-bias a transistor junction, connect the positive side of 
the emf to the P-type material of the semiconductor and connect the 
negative side of the emf to the N-type material. 

Question Show connections of external batteries, resistance load, and signal source 
3.254 as they would appear in a properly (fixed] biased common-emitter tran¬ 

sistor amplifier. 

The required circuit using a PNP-type transistor is shown in Fig. 3.254. 
In this circuit the required forward bias for the base-emitter junction 
is obtained by electron flow from the negative terminal of the base bias 
battery VBB through the base current limiting resistor R K. through the 
base-emitter junction, through the emitter-stabilizing resistor RE, and 
back to the positive terminal of the bias battery VBH. The base bias 
voltage is the voltage that appears between the base and emitter. It is 
usually between 0.1 and 0.2 volt. 

The required reverse bias for the collector-emitter junction is obtained 
hv electron flow from the negative terminal of the collector bias battery 
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(b) Reverse biasing 

Fig. 3.253 Biasing of a PN junction (emitter-to-base). 

^cc. through the collector load resistor RL, into the collector, through 
the base, into the emitter, through the emitter-stabilizing resistor RF, 
and back to the positive terminal of the collector bias battery Vcc . 

When a positive half-cycle of voltage is applied from the signal source 
through capacitors Cc and CF to the base-emitter junction of the 
transistor, the bias current decreases and causes the collector current to 
decrease. Because the current through the collector must also flow 
through the collector load resistor R,, the voltage drop across this 
resistor is reduced and results in a higher negative voltage across the 
collector-emitter junction. 
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G Signal source 
Ct Coupling capacitor 
RB Base-biasing resistor 
Re Emitter-stabilizing resistor 
Rt Collector load resistor 
V BB Base-emitter supply voltage 
Vcc Collector-emitter supply voltage 
PNP PNP-type transistor 

Fig. 3.254 Properly biased common-emitter transistor amplifier. 

collector load resistor RL is increased, resulting in a less negative 
voltage across the collector-emitter junction. 

of the common-emitter amplifier. 

shorted out by the signal source. 

The following are excerpts front a transistor handbook describing the 
characteristics of a PNP alloy-type transistor as used in a common-
emitter circuit configuration. Explain the significance of each item. 

The description of operation shows that a voltage phase reversal of 180° 
occurs between the input and output of the circuit. This is characteristic 
of the common-emitter amplifier. Because of the forward signal trans¬ 
fer ratio of this type of amplifier, a small change in base current results 
in a large change in collector current. Current gain is also characteristic 

When the negative half-cycle of voltage is applied from the signal 
source to the base-emitter junction, the bias current increases and 
causes the collector current to increase. The voltage drop across 

Question 

3.255 

The purpose of the emitter-stabilizing resistor R e is to provide thermal 
stability of the base-emitter bias current through current feedback, 
while capacitor Ce provides an a-c ground for the emitter to prevent 
degeneration. Capacitor Cc is used to couple the signal source to the 
amplifier and to prevent the base-emitter bias current from being 

Maximum and Minimum Ratings: 
Collector-to-base voltage I emitter open). 

Collector-to-emitter voltage 
(base-to-emitter volts = 0.5 ). 

Emitter-to-base voltage. 
Collector current. 

-40 max volts 

40 max volts 
-0.5 max volts 
10 max ma 



62 Transistor dissipation: 
A t ambient temperature of25°C 

for operation in free air. 120 max mw 
. 1 1 case temperature of25°C 

for operation with heat sink. 140 max mw 
Ambient temperature range: 
Operation and storage. -65°C to + IOO°C 

Answer Maximum ratings specify the electrical or thermal ratings of the 
transistor, which are limiting values and define the maximum stresses 
beyond which either the initial performance or service life is impaired. 

The collector-to-base voltage (emitter open) is the breakdown voltage 
between collector and base with a reverse voltage applied and the 
emitter circuit open. 

The collector-to-eniitter voltage (base-to-emitter voltage = 0.5) is the 
breakdown voltage between collector and emitter with a reverse voltage 
applied to this junction and a forward bias of 0.5 volt applied to the 
emitter-base junction. 

The emitter-to-base voltage is the breakdown voltage between emitter 
and base with a reverse voltage applied to the junction. 

The collector current is the value which, if exceeded, may cause a 
collector-to-emitter short. 

Transistor dissipation at ambient temperature of 25°C for operation in 
free air is the maximum value of power that can be safely dissipated 
by the transistor when the surrounding temperature does not exceed 
25°C. If the transistor is operated in an area where temperatures above 
25°C may be encountered, it must be derated linearly at a specified 
rate of milliwatts per degree centigrade increase in ambient tempera¬ 
ture. The derating will normally be specified on the transistor data 
sheet. 

Transistor dissipation at case temperature of 25°C for operation with a 
heat sink is the largest permissible value of power that can be thermally 
conducted and dissipated and implies the use of an infinite heat sink. 
Above 25°C this value must also be derated, and the derating will 
normally be specified on the transistor data sheet. 

Ambient temperature range for operating and storage is a minimum and 
maximum rating of temperature within which no electrical character¬ 
istic degredation will occur. Storage or operation beyond these limits 
will cause thermal or mechanical stresses which will damage the 
transistor. 



Question Draw a circuit diagram of a method of obtaining self-bias with one 63 
3.256 batterv. without current feedback, in a common-emitter amplifier. 

Explain the voltage drops in the resistors. 

Answer See Fig. 3.256. To operate the common-emitter amplifier from a single 
battery, a voltage divider is generally used to provide the proper 
forward bias between emitter and base. For the PNP transistor ampli¬ 
fier shown, the base must be made negative with respect to the emitter. 
This is achieved by the voltage divider consisting of resistors R, 

and Rs 

Electron flow is from the negative terminal of the battery, through 
resistor Rt, through resistor Rs, and back to the positive terminal of 
the battery. The voltage drop across resistor R । is then negative at the 
negative terminal of the battery and positive at the transistor base end. 
The voltage drop across resistor R2 is such that the polarity at the 
transistor base end is negative and the polarity at the positive terminal 
of the battery is positive. Since the transistor emitter is also connected 
to the positive terminal of the battery, the polarity of the voltage drop 
across resistor R2 satisfies the requirement that the base be made 
negative with respect to the emitter. 

The voltage drop across resistor R । determines the magnitude of 
forward bias voltage across resistor R2 and therefore across the 
emitter-base junction. The voltage drop across resistor R / establishes 
the magnitude of voltage across the collector-emitter junction. 

Ri Rj Base-biosing resistors 
R t Collector load resistor 
Vcc Supply voltage 
PNP PNP-type transistor 

Fig. 3.256 Method of obtaining self-bias with one battery. 

Question Draw a circuit diagram of a common-emitter amplifier with emitter bias. 

3.257 Explain its operation. 

Answer See Fig. 3.257. Because of capacitor Ct the emitter is at ground 
potential to the signal, although at a positive d-c potential. The 
collector-emitter junction is reverse-biased, since the negative terminal 



64 

Fig. 3.257 Common-emitter stage with bias battery in emitter lead. 

of VEE connects to the collector through R L and the positive terminal 
connects to the emitter. The base-emitter junction is forward-biased, 
the base-biasing current flowing from negative terminal of V EE 
through the base bias current-limiting resistor R B and then through 
the base-emitter junction back to the positive side of V EE . 

Question Why is stabilization of a transistor amplifier usually necessary? How 
3.258 would a ' ' thermistor’ ' be used in this respect? 

Answer Collector current in a common emitter circuit will vary widely with 
temperature variations if stabilization is not used. This causes oper¬ 
ation to swing off the straight portion of the characteristic curve, 
resulting in distortion in the signal output. 

The main cause of the increase in collector current is an increase in 
emitter-collector leakage current as the transistor warms up. The 
collector current is equal to the base current multiplied by the current 
gain (lB) of the transistor (ß), plus the leakage current. The collector 
current can be kept constant by lowering the base current sufficiently 
so that ßlg decreases sufficiently to compensate for the rise in leakage 
current. 

One way to decrease the base current with temperature rise is to use a 
thermistor, as in the circuit of Fig. 3.258. A thermistor is a tempera¬ 
ture-sensitive resistor with a negative temperature coefficient. This 
means that its resistance decreases with an increase in temperature. 

Without the thermistor in Fig. 3.258 the base current is held constant, 
and is approximately equal to Vcc/R (. With a thermistor in the 
circuit, the constant current through R\ divides, part flowing into the 
base of the transistor to form the base bias current, and part flowing 
through the thermistor. As the temperature increases, the thermistor 
resistance decreases. As a result, more of the current flows through 



PNP 

Fig. 3.258 Use of thermistor for stabilization of PNP transistor common-emitter 

amplifier. 

the thermistor, leaving less for the base bias current. With suitable 
component values, the decrease in collector current caused by the de¬ 
creased base current is equal to the increase in the leakage collector 
current. As a result the collector current stays constant with tempera¬ 
ture variations. 

3.259 Draw simple schematic diagrams of the following transistor circuits and 
explain their principles of operation. Use only one voltage source: state 

tvpical component values for low-power 10-mc operation: 

Question a Colpitts-type oscillator 
b Class B push-pull amplifier 
c Common-emitter amplifier 
d A PNP transistor directly coupled to an N PN type 

Answer a See Fig. 3.259A for the circuit and typical component values for a 
10-mc Colpitts-type oscillator using an NPN transistor. The base bias 
current is obtained from the voltage divider consisting of resistor R i 
and resistor R2 connected across the voltage source V„. Electrons 
flow from the negative terminal of the voltage source, through resistor 
R !, through R 2, and back to the positive terminal of the voltage source. 
Since the base is connected at the junction of resistors R । and R2, the 
voltage drop across resistor R\ is applied as bias between base and 
emitter. Collector-to-emitter voltage is supplied from the voltage 
source through the collector load resistor Rc and emitter-stabilizing 

resistor R e-

The amount of collector current is determined primarily by the base-
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Vcc 12 v

Cc .005 uf 

Fig. 3.259A 10-mc. Colpitts-type oscillator. 

emitter current, rather than by the voltage between collector and 
emitter. 

Inductor ¿i and the split capacitor Ct\~Cti form the oscillator tank 
circuit, which determines the frequency of oscillations. The signal 
voltage formed across Cn is applied to the base-emitter junction 
through CB for the feedback required to sustain oscillations. The 
tank circuit is shunt-fed in the drawing; deblocks the r-f output from 
the transistor, so that the r-f goes through Cc to excite the tank circuit. 

Answer b See Fig. 3.259B for a circuit and typical component values for a 10-mc 
class B push-pull amplifier. The push-pull amplifier consists essentially 
of two transistors connected back to back, with both transistors biased 
for class B operation, which is near, but not at, cutoff. 

The 10-mc input transformer T] has its secondary winding resonated 
by capacitor C|. The signal source is applied to the untuned primary 
winding and is inductively coupled to the secondary winding, which is 
center-tapped to provide 180° out-of-phase signals to the bases of the 
transistors. The transistor bases are tapped down from the ends of the 
secondary winding to provide selectivity by preventing excessive 
loading of the tuned circuit (which would reduce the Q). The 10-mc 
output transformer has its primary winding resonated by capacitor 
Cj, and it is center-tapped to provide a balanced load for the tran¬ 
sistors. 



RR J Bias voltage dividers, 47 SI, 1 8,000 ö 
Re Stabilizing resistor, 10 ti 
Ci, Cj Tuning capacitors, 50 pf 
Cn Neutralizing capacitors, 4.7 pf 
Ce Bypass capacitor, 0.005 pf 

Ti^TzpciTuning inductors, 5 ph 
V« Battery, 12 volts 

Fig. 3.259B 10-mc class B push-pull amplifier. 

Neutralization is accomplished by cross-connecting the collector of one 
transistor with the base of the other transistor through neutralizing 
capacitor C„, and vice versa, to feed back a signal 180° out of phase 
with the in-phase signal fed back through the collector-to-base capaci¬ 
tance of the individual transistors. Stabilizing resistor RF provides 
current feedback for both transistors to help temperature-stabilize the 
bias point. Bypass capacitor CF effectively places both transistor 
emitters at ground potential for signal purposes. 

When a signal is applied to the input, the base voltage on one transistor 
(the one which has the negative half-cycle applied, since PNP tran¬ 
sistors are used in this circuit) will increase. This will increase the base¬ 
emitter current and therefore the collector current. At the same time, 
the bias on the other transistor is reversed so that the base potential 
becomes more positive than the emitter potential. No base-emitter 
current will flow and no collector current will flow through this tran¬ 
sistor The conducting transistor causes a magnetic field to build up in 
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68 the resonant output circuit and thereby develop a potential across the 
tank circuit which is of opposite polarity to the input voltage. 

When the input signal reverses polarity, the transistor which had been 
cut off conducts and the previously conducting transistor cuts off. The 
current in the tank circuit reverses and induces a large voltage of op¬ 
posite polarity in the tank circuit. Since the circuit is balanced, the 
push-pull action of the output transformer T2 eliminates even har¬ 
monics in the output. 

Base-emitter bias is established by electron flow from the negative 
terminal of battery through resistor R2, through resistor Rt, 
and back to the positive terminal of the battery. Resistor R, is a very 
small value, so the voltage drop across this resistor is very small to 
provide the very small amount of forward bias used in class B 
operation. 

R i, R 2 Base-biasing resistors ( voltage divider) 
Re Emitter-stabilizing resistor, 150011 
C|,C? Tuning Capacitors, 50 pf 
C3, Ce Bypass capacitors, 0.005 ^f 
C4 Blocking capacitor, 0.005 /zf 
Cc Coupling capacitor, 0.005 gf 
Li, Ij Tuning inductors, 5 gh 
Lj Coupling link 
L„ Neutralizing inductor 
VK Battery, 9 volts 
PNP PNP transistor 

Fig. 3.259C 10-mc common-emitter amplifier. 



Answer c 

A nswer d 

See Fig. 3.259C for a circuit and typical component values for a 10-mc 
common-emitter amplifier. Forward bias for the base-emitter junction 
is obtained from the voltage divider consisting of resistors R । and R2, 

as described for preceding circuits. Collector-emitter voltage is ob¬ 
tained by electron flow from the negative terminal of battery Vcc 

through inductor ¿3, into the collector, through the base, through the 
emitter, through the emitter-stabilizing resistor RE and back to the 
positive terminal of the battery. Capacitor C i and inductor com¬ 
prise the 10-mc tuned input circuit, and capacitor C2 and inductor ¿3 
comprise the 10-mc tuned output circuit. 

A signal voltage is applied to a portion of the input tuned circuit at the 
tap on inductor L,. This is done to match a low-impedance s.gnal 
source to the high impedance of the tuned circuit to provide selectivity 
in the input circuit. By autotransformer action, the small signal voltage 
develops a high voltage in the resonant circuit. Inductor £1 is in¬ 
ductively coupled to inductor ¿2 as a step-down transformer to match 
the relatively low input impedance of the transistor. Bypass capacitor 
C} effectively grounds the end of inductor ¿2 opposite the base for 
signal purposes, while bypass capacitor CE puts the emitter at ground 
potential for signal purposes. Voltage is coupled out of the circuit 
through coupling capacitor Cc, which is tapped down on the tuned 
circuit to match a low-impedance load to the high impedance of the 
transistor output circuit. 

Neutralizing in this circuit is accomplished by neutralizing inductor 
¿„which is connected between collector and base and resonates with 
the collector-to-base capacitance of the transistor at 10-mc to provide 
a high impedance between the base and collector. The neutralizing 
inductor is necessarily a large inductance because the collector-to-base 
capacitance is very small. Blocking capacitor serves merely to keep 
the base and collector voltages isolated. Stabilizing res.stor R E provides 
current feedback to stabilize the base bias against temperature 

variations. 

See Fig 3 259D for a circuit and typical component values of a PNP 
transistor directly coupled to an NPN type. The PNP stage corresponds 
to that of Fig 3.259C. and the discussion of that circuit applies here. 
Notice particularly in Fig. 3.259D how a negative voltage is applied 
to the collector of the PN P and a positive voltage to the collector of the 
NPN from the same battery. This requires that the two emitters connect 
to opposite sides of the power supply, as shown. 

6‘ 

The collector current to the PNP transistor passes through Rs. The 



70 kg 5 uh Lj 5 uh L4 5 uh 

Ri,Rj 
Ra 
Rei, RE2 
Cl, CiC 3
C4.Cs, Ci, C 7 

la la I4 
Cm,, Cn2 

PNP biasing resistors (voltage divider) 
NPN biasing resistor 
Emitter-stabilizing resistors 
Tuning capacitors, 50 pf 
Bypass capacitors, 0.005 ^f 
Tuning inductors, 5 ph 
Neutralizing capacitors, 4.7 pf 
Battery, 9 volts 

Fig. 3.259D A PNP transistor directly coupled to an NPN type as a 10-mc amplifier. 

resulting voltage drop across R} furnishes base bias current to the 
NPN stage. The current direction through Rj is such as to make the 
top of this resistor positive with respect to the bottom, so that the NPN 
base-emitter junction is forward-biased. 

3.260 Discuss etched-wiring printed circuits with respect to the following: 

Question a Determination of wiring breaks 
b Excessive heating 
c Removal and installation of components 

Answer a Voltage and resistance measurements can be made on etched-wiring 
printed circuits in the same way and by using the same techniques as 
with conventionally wired circuits to determine wiring breaks. Voltage 
measurements may be preferable to resistance measurements, because 
it is possible to destroy a transistor by the application of reverse bias 
from an ohmmeter and because readings may be misleading owing to 
transistor internal resistance. Once a break has been determined, it can 
be found by visual inspection. A magnifying glass may be necessary. 
The use of a light on the reverse side of the printed circuit can also be an 
aid in finding breaks visually. To repair a break, a small piece of tinned 
solid copper wire may be bridged over the break and soldered in place. 



Answer b 

Answer c 

Question 

3.261 

Answer 

In working with etched-wiring printed circuit boards it is recommended 
that a lightweight 25- to 35-watt pencil-type soldering iron be used 
along with a low-melting-point rosin-core solder containing 60 per cent 
tin and 40 per cent lead. Excessive heating may cause the etched circuit 
to pull away from the board. Components that normally run hot 
should be mounted on heat sinks or spaced away from the board to 
avoid warping the board and causing breaks in the wiring. 

When removing smaller components such as resistors and capacitors, 
the leads should be cut as close as possible to the body of the com¬ 
ponent. The leads of the replacement component can then be looped 
around the remaining leads protruding from the board and soldered. 
An alternative method is to cut the leads of the defective component 
and then heat the remaining leads and pull them through from the 
etched side of the board. The replacement component can be inserted 
through the original holes and soldered on the etched side of the board. 
A third method is to remove most of the solder from the leads of the 
defective component by heating with a soldering iron, brushing the 
solder away with a wire brush, and then reheating and pulling the leads 
out from the top side of the board. Again the replacement component 
is inserted in the original holes and soldered on the etched side of the 

board. 

To remove larger components such as i-f transformers and potentiom¬ 
eters, the lugs that protrude through the bottom of the board should 
be clipped away and the connections heated alternately while gently 
pulling on and rocking the defective component. When enough clear¬ 
ance has been obtained on the component side of the board, the lugs 
can again be clipped and the component removed. The lugs remaining 
on the board can be heated and pulled through from the top of the 
board. The holes must then be cleaned so the replacement component 
can be inserted in the same holes. The lugs of the replacement com¬ 
ponent can be gently twisted to hold the component firmly in place 
while it is being soldered. 

What is a junction tetrode transistor? How do transistors of this type 
differ from other transistors in base resistance and operating frequency? 

The junction tetrode transistor has four terminals; the conventional 
transistor has three. The four terminals are the emitter, collector, and 
two base terminals. The construction of the junctions is similar to that 
in the conventional transistor, and the junctions biased in the same 
manner except that the second base terminal has a large reverse bias 
whereas the first base terminal has a small forward bias. 



72 Junction tetrode transistors are available as either PNP or NPN types. 
They differ from ordinary transistors in that the base resistance is 
lower, the capacitances are smaller, and the maximum operating 
frequency is higher. These differences are due to the potential on the 
second base terminal forcing the majority carriers through a small 
region of the base. In the conventional transistor the majority carriers 
move through the whole base area with resulting higher resistance and 
capacitances. 

Figure 3.261 A shows the proper biasing arrangement for a PNP tetrode 
transistor and the path of majority carriers through the junction. 
Figure 3.261 B shows a typical PNP tetrode transistor amplifier. 

Fig. 3.261 A Biasing arrangement for a PNP tetrode transistor. 

Fig. 3.261 B Typical PNP tetrode transistor amplifier. 
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YOUR PROGRESS REVIEW AND FCC LICENSE CHECK 

EXAMINATION 

Circle the number of the correct answer for each question that follows. When you are 
finished, transfer the answers to the answer sheet by putting X's in the proper 
squares. When the graded answer sheet is returned to you, correct in this book any 
questions you may have missed. By doing so, you will have a record of the correct 
answers to all questions for review purposes. 

1. In Fig. E. 1 the purpose of R । and R 2 is to 
(1) provide a load for the amplifier stage. 
(2) provide proper base bias. 
(3) reduce the high input impedance of the transistor. 
(4) provide transistor base current saturation. 

2. In Fig. E. 1, the base of the transistor is maintained at-
_potential with respect to the emitter of the transistor. 
(1) The same 
(2) A small positive (much less than 1 volt) 
(3) A small negative (much less than 1 volt) 
(4) A positive potential (over 1 volt) 
(5) A negative potential (over 1 volt) 

Fig. E.1 

3. In Fig. E. 1 the purpose of R L is to provide 
(1) base bias. 
(2) the load for the stage. 
(3) a d-c return for the input signal. 
(4) emitter bias. 



74 4. In transistor circuitry, it is often desirable to use voltage measurements 
rather than resistance measurements because 
(1) voltmeters are simpler to use than ohmmeters, 
(2) the resistance values encountered in transistor circuitry are gen¬ 

erally too low to be accurately measured with an ohmmeter. 
(3) the voltages present in transistor circuitry may damage the 

ohmmeter. 
(4) accidental wrong-polarity bias may be applied by an ohmmeter 

and that could destroy a transistor. 

5. Etched-wiring circuit boards should be repaired with a low-wattage 
soldering iron and low-temperature solder 
(1) to avoid burning the board. 
(2) to avoid accidental unsoldering of adjacent circuitry. 
(3) because low soldering temperatures minimize pulling away of the 

copper foil from the board. 
(4) because low soldering temperatures minimize the danger of fire. 

6. The gain from a triode stage will approach the amplification factor of 
the tube if the 
(1) plate load impedance is many times the plate resistance of the 

triode. 
(2) load impedance is equal to the plate resistance. 
(3) load impedance is twice the plate resistance. 
(4) stage is operated class C. 

7. Comparing the features of typical triode and tetrode tubes, 
(1) the interelectrode capacitance of a tetrode is higher. 
(2) the tetrode is usually capable of handling greater plate current for 

a given voltage than a comparable triode can handle. 
(3) the overall efficiency of a triode is higher. 
(4) the triode is more suitable than a tetrode in r-f applications. 

8. A vacuum tube with a cathode, control grid, screen grid, suppressor 
grid, and plate is called a 
(1) diode. (2) triode. (3) tetrode. (4) pentode. 

9. When replacing small components, such as resistors and capacitors, 
on printed boards. 
(1) push component leads through board eyelets and cut off level with 

other side of board. 
(2) the leads should be kept short with the component mounted close 

to the board. 
(3) the mounting procedure is not overly critical as long as the com¬ 

ponent will physically fit. 
(4) use a high-temperature solder for maximum joint strength. 



10. When used as an audio amplifier, a triode tube requires neutralization, 
whereas a tetrode or pentode type does not. 
(1) True (2) False 
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11. The primary of an audio output transformer has 8000 turns. The 
secondary has 200 turns. If the input resistance to the transformer is 
16,000 ohms, the transformer is satisfactory for matching to a load 
impedance of 10 ohms. 
(1) True (2) False 

12. When several amplifiers have a common power supply, a network of 
resistors and capacitors is often used between the common power 
supply point and the plate circuit of each amplifier tube. These net¬ 
works are called 
(1) tuned circuits. (3) decoupling networks. 
(2) voltage-regulator networks. (4) multistage networks. 

13. A class A audio amplifier uses cathode bias. If the cathode bypass 
capacitor is removed, 
(1) distortion is greatly increased. 
(2) the gain of the amplifier is increased. 
(3) the gain of the amplifier is reduced. 
(4) the amplifier is inoperative. 

14. Of the following types of noise generated within a vacuum tube, which 
is not commonly called random noise? 
(1) Noise generated by an uneven emission of electrons from the 

cathode 
(2) Thermal noise generated by electron flow in the tube’s control 

grid circuit 
(3) Harmonic interference 
(4) Partition noise, generated by random variations in the spacing 

between electrodes of the tube 

15. An audio transformer has 4 times as many turns on the primary as on 
the secondary. 
(I) This transformer would be used to couple a high-impedance 

source to a lower-impedance load. 
(2) This transformer would be used to couple the output of one stage 

to the grid of the following class A stage. 
(3) This transformer would be used to couple stages having equal 

impedances. 
(4) If the plate impedance of the output tube is 5(XX) ohms, the trans¬ 

former is satisfactory to drive a loudspeaker with an impedance of 
8 ohms 
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16. A class B amplifier is biased so that grid current flows during part of 
the positive half-cycles of the input-signal waveform. Compared with a 
class A amplifier, 
(1) the input impedance of such an amplifier is considerably higher 

than that of the class A amplifier. 
(2) the stage providing the input signal must be capable of supplying 

power to the driven stage. 
(3) no appreciable difference exists in the requirements of the stage 

providing input power. 
(4) since a portion of the positive half of the input signal is called 

upon to deliver power, the center tap of the primary of the inter¬ 
stage transformer should be off center (toward the ground) to 
provide additional needed power. 

17. The minimum change(s) in Fig. E.2 to make the circuit operate satis¬ 
factorily as an a-f amplifier with good voltage gain 
(1) is to add a capacitor between cathode and ground. 
(2) is add a capacitor between cathode and ground and a resistor 

between control grid and ground. 
(3) are none no changes are required. 
(4) are to add a resistor between control grid and ground and change 

the tube from a triode to a pentode. 

18. With a tetrode- or pentode-type tube operating class A. cathode cur¬ 
rent is the sum of plate current and screen grid current. 
(I) True (2) False 

19. Which of the following types of bias is not practical in an audio 
amplifier? 
(I) Battery bias (4) Power supply bias 
(2) Cathode bias (5) A combination of cathode 
(3) Grid-leak bias and battery bias 



20. If the grid bias of an amplifier is so adjusted that plate current flows 
for substantially less than 50 per cent of the time, the stage is said to 
be operating 
(1) class A. (2) class B. (3) class C. 

21. Which of the following is not likely to cause saturation of an output 
transformer? 
(1) Excessively strong primary signal 
(2) Push-pull operation 
(3) D-c plate current which flows through the primary 
(4) Selection of too small an output transformer 

22. When an audio signal is distorted, which of the following is not likely 
to occur? 
(1) The output waveform differs from the input waveform. 
(2) A large number of unwanted harmonics are produced. 
(3) Correction of the distortion can be accomplished in a following 

stage. 
(4) The output signal is likely to sound raspy or noisy. 

23. With a given signal applied to the primary of an audio transformer, 
an increase in primary current does not appreciably further increase 
the flux. This condition is called 
(1) distortion. (3) core saturation. 
(2) normal operation. (4) current cancelation. 

24. When battery bias is applied to the grid of a tube in series with the 
secondary winding of a transformer, a capacitor is placed in parallel 
with the battery. The purpose of that capacitor is to 
(1) protect the battery. 
(2) protect the tube in the event of battery failure. 
(3) provide a low-impedance path for the signal developed in the 

secondary of the transformer to follow. 
(4) reduce harmonic generation. 

25. With a certain type of triode, cutoff grid bias for 800 volts on the 
plate is -35 volts. Initially the instantaneous grid voltage applied to 
this triode is -42 volts. If the instantaneous value of the grid voltage 
changes to -75 volts, 
(1) plate current increases. 
(2) plate current decreases. 
(3) plate current is zero. 
(4) the tube will probably be damaged severely. 



78 26. In a class C amplifier, plate current flows only during that part of the 
cycle when the instantaneous value of plate voltage is low. 
(1) True; this is why the efficiency is high. 
(2) False; if this were true, the power output would be low. 

27. When the grid bias of an audio amplifier is so adjusted that plate 
current flows only during 50 per cent of the applied input signal, the 
stage is said to be operating 
(1) class A. (2) class B. (3) class C. 

28. Of the following types of amplifier, which would be the one to use 
after an r-f oscillator for the best frequency stability? 
(1) Class A (2) Class B (3) Class C 

29. Which of the following types of bias cannot be used for a class A 
audio amplifier? 
(1) Battery (3) Power supply (5) Cathode 
(2) Grid leak (4) Voltage divider 

30. With respect to class B amplifiers, which of the following statements 
is not correct? 
(1) Two tubes are required for class B audio-frequency operation. 
(2) Only one tube is required for class B radio-frequency operation. 
(3) Neutralization is never required if a push-pull circuit is used. 
(4) Operation of a class B amplifier is more efficient than that of a 

class A amplifier. 

31. Of the following types of amplifier, which has the lowest voltage gain? 
(1) Class A amplifier with cathode resistor bias 
(2) Class B push-pull amplifier 
(3) Class C amplifier with grid-leak bias 
(4) Cathode follower 

32. What minimum changes are required for the circuit shown in Fig. E.3 
to function properly as a push-pull audio amplifier driven by a phase 
inverter? 
(1) Remove CH C4, and C8, connect Æ8 to the plate of K2, and con¬ 

nect Æo to the plate V3. 
(2) Remove CH C4, C5, and C8, connect /?8 to the plate of K2, 

and connect to the plate of V y. 
(3) Remove C|. 
(4) Remove C,, C4, C5, C6, C7,C8, /G, and R^ and connect the 

primary circuit of the output transformer to the plates of F2 and 
K3. 



(7) 

33. 

(5) Cathode 

34. 

35. 

36. 

(5) 
(6) 

No changes are required. 

oAT ^ 7’ 6 ’’ S’’ Äs ’ and Rl1 and connect the primary circuit of the output transformer to the plates of r2 and V. 

leads°ofth •’ 7’ ^8’ and and connect the primary leads of the output transformer to the plates of P2 and V. 

‘yPeS ° f bias quires the “se of a resistor in the cathode circuit of a vacuum tube9
(1) Buttery (3) Power supply 
(2) Grid-leak (4) Voltage-divider 

normaiiy provides hi8h“' 
(1) Class A amplifier with cathode resistor bias 
(2) Cathode follower 
(3) Class A push-pull amplifier 
(4) Two class A amplifiers operated in parallel 

(1 )e2e5 per cent°f Ä PUSh‘PU" aUd¡° amplÍfier is Proximately (D 25 per cent. (2) 40 per cent. (3) 60 per cent. (4) 85 per cent. 

W the are C°u"eCted as a class A Push-pull amplifier. 
(1) thecathodes must be well bypassed to ground for proper opera-

(2) toe8groundfeedbaCk ÍS ÍntrOdUCCd Íf the Cath°deS are not b*Pas^ 

(3) parallel0” “ W¡th ''æ* A amPlifiers connected in 

(4) odd-harmomc distortion is reduced considerably. 
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80 37. Of the following types of amplifier, which is least efficient? 
(1) Class A (2) Class AB, (3) Class AB2 (4) Class B (5) Class C 

38. In an audio-frequency amplifier, failure to adequately bypass the 
cathode so that it is at ground potential to the signal, 
( 1 ) results in distortion. 
(2) makes the amplifier inoperative. 
(3) introduces regenerative feedback. 
(4) introduces degenerative feedback. 

39. In a cathode follower amplifier 
(1) the input and output signals are in phase. 
(2) there is regenerative feedback, causing the amplifier gain to be less 

than unity. 
(3) the relationship between input and output impedance is often used 

to match a low-impedance input device to a high-impedance 
output device. 

(4) the power gain is always less than unity. 

40. The major function of a phase inverter is to 
(1) match the impedance of a low-impedance source to the high-

impedance grid circuits of a push-pull amplifier. 
(2) provide 180° phase shift to properly drive a push-pull amplifier. 
(3) provide power gain. 
(4) provide voltage gain. 

41. Ina cathode-follower amplifier the 
(1) grid is at signal ground, the input is applied to the cathode circuit, 

and the output is taken from the plate circuit. 
(2) cathode bias resistor must be well bypassed for proper operation. 
(3) input impedance is extremely low and the output impedance is 

relatively high. 
(4) power gain is good. 

42. The notations AB, and AB 2 are often used to describe amplifiers. 
Which of the following statements most accurately describes the 
difference between the two types of amplifier? 
(Î) A class AB i amplifier for audio-frequency operation requires the 

use of only one tube, while AB 2 requires two tubes. 
(2) A class AB| amplifier is biased and driven in such a manner that 

at no time during the cycle the grid draws current; a class AB 2 

amplifier is biased and driven in such a manner that during a 
portion of the input cycle the grid circuit draws current. 

(3) Larger tubes are required for class AB2 operation than for class 
AB i operation. 

(4) A B i is used with audio amplifiers and A B 2 with r-f amplifiers. 



43. A center-tapped secondary on an interstage transformer used to 81 
couple a single-ended audio stage to a push-pull output stage 
(1) is required for class B operation only. 
(2) is required for class A operation only. 
(3) is used to provide signals to the control grids of the push-pull 

tubes, which are 180° out of phase. 
(4) must be attached to the secondary winding at a location slightly 

removed from the exact center of the winding to prevent oscilla¬ 
tion of the push-pull output stage. 

44. The frequency response of a typical audio transformer 
(1) usually approximates an exponential curve. 
(2) usually is poor at low frequencies and good at all higher fre¬ 

quencies. 
(3) tends to drop off at low frequencies and at high frequencies. 
(4) is good at low frequencies but becomes poor as frequencies 

increase. 

45. If an output transformer is operated with power in excess of its rated 
power, which of the following results is not likely to occur? 
(1) The amplifier may oscillate. 
(2) The transformer may overheat. 
(3) The insulation between windings may break down. 
(4) The core may saturate during portions of the signal. 
(5) Severe distortion may appear in the output. 

46. The output transformer for a class B audio amplifier must 
(1) be designed to prevent core saturation with high d-c current in 

the primary. 
(2) have a center-tapped primary. 
(3) have impedance in the primary which matches the plate impedance 

of the output stage within 10 per cent. 
(4) have center-tapped primary and secondary windings. 

47. Interconnecting leads in r-f circuitry should be kept as short and 
direct as possible 
(1) because power loss due to lead resistance is reduced. 
(2) because the chassis is less crowded and a neater appearance is 

achieved. 
(3) to minimize radiation and influence of stray electromagnetic and 

electrostatic fields. 
(4) because long leads reduce stage gain. 
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48. The circuit shown in Fig. E.4 is a transistor Colpitts oscillator. Which 
of the following statements about the circuit is not correct? (C । is an 
electrolytic capacitor.) 
(1) The function of A , is to provide bias for the transistor base. 
(2) A PNP transistor is used in this circuit. To convert the circuit to 

use a type-NPN transistor, the only change necessary is to reverse 
battery potential. 

(3) The operating frequency of this circuit is determined primarily by 
the values of C) and Lt. 

49. When all of the lines of magnetic force generated by an inductance 
link the turns of a second inductance placed near it, the coefficient of 
coupling between the two inductances is 
(1) 0. (2) 0.5. (3) 1. (4) 10. 

50. The cloud of electrons immediately surrounding the heated cathode 
of a vacuum tube is known as the 
(1) electron stream. (3) depletion region. 
(2) secondary emission. (4) space charge. 

51. The function of C| in Fig. E.4 is to 
(1) determine the operating frequency of the circuit. 
(2) provide a low-impedance path so the base is effectively at ground 

potential at the frequency of operation. 
(3) increase stability of d-c base bias voltage. 
(4) stabilize collector voltage. 



52. The opposition to the flow of current through a vacuum tube is known 
as 
(1) grid resistance. (3) cathode resistance. 
(2) plate resistance. (4) grid-cathode resistance. 

53. A thermistor is a temperature-sensitive 
(1) capacitor. (2) resistor. (3) inductor. (4) vacuum tube. 

54. Transistor temperature stabilization is desirable to 
( 1 ) reduce collector current variations with temperature. 
(2) widen frequency response. 
(3) stabilize transistor power supply demands with variations in 

temperature. 
(4) eliminate possible degenerative feedback as a result of signal-leve 

change with temperature variations. 

55. The coefficient of coupling between two coils is said to be 0.5. What 
per cent of the lines of magnetic force generated by the one coil link 
the second coil? 
(1) 100 per cent (2) 50 per cent (3) 10 per cent (4) 5 per cent 

56. When all of the electrons emitted by the cathode are attracted to the 
plate, a condition known as--_ occurs. 
(1) Cathode depletion (3) Loss of control grid control 
(2) Plate saturation (4) Secondary emission 

Fig. E.5 

57 In the circuit shown in Fig. E.5, R rserves to 
(1) cause the base current of the transistor to increase with an in 

crease in temperature. 
(2) cause the base current of the transistor to decrease with an in 

8. 



84 crease in temperature. 
(3) increase the power output of the circuit. 
(4) maintain the base current of the transistor nearly constant for 

changes in temperature. 

58. A negative temperature coefficient means that 
(1) resistance will increase as temperature increases. 
(2) resistance will decrease as temperature increases. 
(3) resistance will remain constant as temperature increases. 
(4) current is generated in a resistance when temperature is changed. 

59. Excessive plate current in a tube may be caused by 
(1) improper filament or heater voltage. 
(2) a shorted screen bypass capacitor. 
(3) excessive power supply ripple. 
(4) loss of control grid bias. 

60. An r-f choke would normally be used to 
(1) couple two r-f amplifier stages. 
(2) provide operating grid bias. 
(3) remove r-f from a portion of a circuit while allowing audio and 

d-c to pass. 
(4) limit plate current to a safe value. 

61. Distortion in a tetrode plate current characteristics is a result of 
(1) plate saturation. (3) excessive screen grid current. 
(2) secondary emission. (4) the use of cathode bias. 

62. The entire operating bias for a class C r-f amplifier stage cannot be 
obtained from a cathode resistor because 
(1) the cathode resistor would waste too much power when used in 

high-power r-f amplifiers. 
(2) there is no voltage drop across the cathode resistor unless tube 

plate current flows and, in a class C amplifier, plate current flows 
during only a small part of the operating cycle. 

(3) excessive plate supply voltage must be used if cathode bias is used, 
owing to the substantial voltage drop required across the cathode 
resistor for sufficient bias. 

(4) the cathode resistor will introduce excessive degeneration and the 
stage gain will be reduced. 

63. The grounded-grid triode amplifier normally does not require neutral¬ 
ization because 
(1) it is not intended for operation at radio frequencies. 
(2) such a triode has very low grid-plate interelectrode capacitance. 
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Fig- E-6 

(3) its operating signal level is too low to permit self-oscillation. 
(4) the grid acts as a shield between the input and output circuits. 

64. In Fig. E.6 which component should be omitted from the circuit for 
its proper operation? 
(1) ¿i (2) ¿2 (3) Ci (4) C2

65. Why should the component selected in Question 64 be removed from 
the circuit of Fig. E.6? 
(1) It will not allow the tank circuit to be tuned to resonance because 

its value will be excessive. 
(2) It will cause instability of the circuit. 
(3) It serves no useful purpose and only adds expense. 
(4) It will excessively load the circuit driving the stage. 

66. A leaky or shorted grid coupling capacitor can cause excessive plate 
current because it will 
(1) allow excessive signal voltage to reach the tube s control gri . 
(2) prevent sufficient drive signal from reaching the following tube s 

control grid, and loss of grid bias will result. 
(3) allow the positive voltage appearing on the plate of the preceding 

tube to reach the control grid of the following tube. The resulting 
positive grid voltage of the following tube will cause the tube 
plate current to soar to a high value. 

(4) prevent proper contact bias from taking place. 

67. Higher than normal filament (or heater) voltage could be caused by 
(1) corrosion of tube socket contacts. 
(2) a shorted turn in the filament transformer secondary. 
(3) higher than normal line voltage. 
(4) a broken strand or strands in filament connecting leads. 



86 68. A class C r-f amplifier would not generally be found in a 
(1) communications receiver i-f amplifier stage. 
(2) broadcast transmitter. 
(3) amplitude-modulated transmitter. 
(4) frequency-modulated transmitter. 

69. A high-gain r-f voltage amplifier would probably use a 
(1) triode. (2) beam-power pentode. (3) diode. (4) pentode. 

70. High-power unmodulated r-f amplifiers are generally operated class C 
because 
(1) fewer components are required. 
(2) this type of operation is more efficient. 
(3) this type of operation is least apt to cause oscillations. 

71. Neutralization of an r-f amplifier stage is accomplished by 
(1) neutralizing plate current variations in the power supply feeding 

the amplifier stage. 
(2) neutralizing the grid-plate capacitance of the amplifier tube. 
(3) reducing the input signal applied to the amplifier. 
(4) proper tuning of the amplifier’s plate tank circuit. 

Fig. E.7 



72. If the circuit of Fig. E.7 is used as a straight-through amplifier (that is, 
not as a frequency multiplier), Ci and Cj most probably function as 
(1) neutralizing capacitors. 
(2) coupling capacitors. 
(3) base-stabilizing capacitors. 
(4) collector-stabilizing capacitors. 

73. In the tetrode junction transistor 
(1) the two bases are maintained at the same potential. 
(2) the first (conventional) base is forward-biased and the second base 

has a reverse bias applied to it. 
(3) both bases are reverse-biased with respect to the collector. 
(4) the second base increases the area of the base region through 

which the majority carriers flow, thus decreasing the base resist¬ 
ance of the transistor. 

74. The major advantage(s) of the tetrode transistor is (are) 
(1) higher stability at elevated operating temperatures. 
(2) lower base resistance and capacitance. 
(3) lower operating temperature. 
(4) biasing is simpler, since both bases are operated at the same 

potential. 

75. Biasing the base of a PNP transistor positive with respect to the 
emitter will 
(1) forward-bias the base-emitter junction. 
(2) cause current to flow across the base-emitter junction. 
(3) cause a large flow of majority carriers across the base-emitter 

junction. 
(4) reverse-bias the base-emitter junction. 

76. In a class C r-f amplifier, cathode bias is often used in conjunction 
with grid-leak bias to 
(1) reduce the power consumption from the fixed bias supply and thus 

improve its regulation. 
(2) provide sufficient “standby bias if the grid-leak bias should fail 

owing to loss of the amplifier’s driving signal. 
(3) improve the linearity of the class C stage. 
(4) reduce the amount of power required to drive the class C stage. 

77. When neutralizing an r-f amplifier stage, plate voltage should be 
removed 
(1) for maximum safety in making the adjustments. 
(2) to assure that any signal present in the plate tank circuit is due to 

8' 



interelectrode coupling between the tube’s grid and plate. 
(3) to prevent the signal from reaching the antenna and causing inter¬ 

ference. 
(4) to prevent oscillation of the r-f stage. 

78. For proper operation, the collector of a PN P transistor is 
( 1 ) maintained at a positive voltage with respect to the emitter. 
(2) forward-biased with respect to the base. 
(3) reverse-biased with respect to the base. 
(4) maintained at the same potential as the emitter. 

79. Identify the circuit in Fig. E.8. 
(1) An a-f grounded-cathode triode amplifier with cathode resistor 

bias for class A operation 
(2) An a-f grounded-cathode triode amplifier biased for class C 

operation 
(3) An r-f grounded-cathode triode amplifier for class C operation 
(4) An a-f cathode follower triode amplifier 

Fig. E.8 

80. Neutralization of a triode r-f amplifier stage is necessary to 
(1) assure maximum power output from the stage. 
(2) prevent the stage from self-oscillating because of plate-to-grid 

feedback. 
(3) prevent degeneration and loss of stage gain. 
(4) minimize loading of the preceding stage. 

81. All stages preceding the amplifier stage being neutralized should be 
properly adjusted and tuned for maximum output to 
(1) avoid the necessity for readjusting them after the final stage has 



been neutralized. 
(2) provide a strong signal at the grid of the stage being neutralized 

for maximum ease of neutralization. 
(3) assure that varying the neutralizing capacitor setting will not cause 

a shift in power output from the preceding stages. 
(4) prevent off-frequency operation. 

82. In a common-emitter stage an emitter resistor is often included to 
(1) increase the gain of the stage. 
(2) provide base-biasing voltage. 
(3) provide thermal stability of the base bias. 
(4) provide voltage feedback for reduced distortion of the signal being 

amplified. 

83. The emitter resistor of a common-emitter stage is often bypassed with 
a capacitor to 
(1) decrease distortion and increase frequency response of the stage. 
(2) increase stage gain by preventing degeneration which would be 

caused if the emitter resistor were not bypassed. 
(3) maintain the collector current at a safe value for changes in the 

operating temperature of the transistor. 
(4) decrease the thermal noise generated in the transistor. 
(5) allow a smaller value of emitter resistor to be used. 

84. When a semiconductor PN junction is forward-biased 
(1) it presents a low resistance to the flow of current through it. 
(2) only minority charge carriers can cross the junction. 
(3) a negative voltage is applied to the P-type material and a positive 

voltage is applied to the N-type material. 
(4) the barrier region is wider than when the junction is reverse-biased. 

85. The “push-pull” frequency multiplier is normally operated 
(1) class A. (2) class AB;. (3) class B. (4) class C. 

86. The output of the push-pull frequency multiplier contains 
(1) even-order harmonics of the input signal. 
(2) odd-order harmonics of the input signal. 
(3) a combination of both even- and odd-order harmonics of the input 

signal. 
(4) only the fundamental input frequency plus its first even harmonic. 

87. Identify the circuit in Fig. E.9. 
(1) An a-f grounded-cathode triode amplifier with cathode resistor 

bias for class A operation 

89 



90 

(2) An r-f grounded-cathode triode amplifier with bias for class C 
operation 

(3) An r-f grounded-grid triode amplifier with output taken from 
cathode circuit 

(4) An a-f cathode-follower triode amplifier 

88. The collector-to-base voltage (emitter open) rating of a transistor 
refers to the 
(1) maximum forward voltage which can be applied to a transistor’s 

base with the emitter open. 
(2) maximum voltage between collector and base of a transistor with 

the emitter open that can be used without danger of breakdown. 
(3) minimum collector saturation voltage with emitter open. 
(4) maximum forward collector current. 

89. The maximum reverse voltage which can safely be applied to the 
base-emitter junction is denoted by the maximum 
(1) forward base-emitter voltage. 
(2) emitter-to-base voltage. 
(3) emitter-collector voltage with the base grounded. 
(4) emitter current. 

90. The following signal(s) appear at the output of a “push-push” fre¬ 
quency-multiplier stage. 
(1) The fundamental input frequency plus all of its odd harmonics 
(2) The fundamental input frequency plus all of its even harmonics 
(3) Only odd harmonics of the input frequency 
(4) Only even harmonics of the input frequency 



91 The push-push stage is different from the push-pull stage in that 
(1) the control grids of the tubes used in the push-push stage are 

always connected in parallel. 
(2) the plates of the tubes used in the push-push stage are always 

connected in parallel. 
(3) the push-push stage always produces less distortion than the push-

pull stage. 
(4) the push-pull stage will not operate at as high a frequency as the 

push-push stage. 

92. The capacitance existing between the control grid and all other tube 
electrodes, except the plate, is termed the 
(1) input capacitance. (3) effective capacitance. 
(2) tube capacitance. (4) cathode capacitance. 

93. The maximum peak negative control grid voltage rating of a tube 
refers to the maximum 
(1) peak pulse voltage which can be applied between the control grid 

and common of a vacuum tube. 
(2) average control grid voltage. 
(3) negative peak voltage which can be safely applied to the control 

grid with respect to the cathode. 
(4) peak negative voltage which can be applied between the control 

grid and plate of a vacuum tube. 

94. The circuit of Fig. E.7 is a 
(1) push-push amplifier. (2) push-pull amplifier. 

95. The maximum d-c cathode current rating of a tube refers to the 
maximum 
(1) current which can safely flow from the cathode of a tube to the 

plate of the tube. 
(2) current which can safely pass from the cathode of a tube to all the 

other tube elements. 
(3) current which can safely pass from the cathode of a tube to the 

screen grid of the tube. 
(4) peak current which can safely pass from a cathode of a tube to all 

the other tube electrodes. 

96. Identify the circuit in Fig. E. 10. 
(1) An a-f grounded-cathode pentode amplifier biased for class B 

operation 
(2) An r-f grounded-cathode pentode amplifier biased for class C 

operation 
(3) An a-f grounded-cathode pentode amplifier for class A operation 
(4) An a-f cathode-follower triode amplifier 

9 
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Fig. E. 10 

97. The collector-to-emitter voltage (base voltage = 0.5 volt) denotes the 
maximum 
(1) forward voltage which can be applied to the collector-emitter 

junction. 
(2) forward voltage which can be applied between the collector with 

the emitter grounded with respect to the base. 
(3) collector supply voltage. 
(4) reverse voltage which can be safely applied between the collector 

and emitter. 

98. A certain type of microphone uses a damped, stretched diaphragm. 
The frequency response is approximately 75 to 5000 cps. With this 
type of microphone, a hiss is noticeable when the sound level is low. 
This type of microphone is the 
(1) dynamic microphone. (3) ribbon microphone. 
(2) carbon microphone. (4) crystal microphone. 

99. Which of the following statements about hum and self-oscillations in 
audio amplifiers is not correct? 
(1) A common cause of hum is insufficient filtering of the d-c power 

supply output. 
(2) A possible cause of hum is a short-circuited choke in the audio¬ 

amplifier power supply. 
(3) With indirectly heated cathodes it is always necessary to use a 

center-tapped filament transformer and ground the center tap to 
reduce hum to an acceptable minimum. 

(4) Self-oscillations in an audio amplifier are usually caused by inter¬ 
action between stages. 

(5) Mechanical coupling between stages is also sometimes a cause of 
oscillation. 

(6) Twisting filament leads usually helps to reduce 60-cycle hum in 



audio amplifiers. 
(7) Sometimes basic design errors can cause self-oscillations or hum 

in audio stages. 

100. Headphones with an impedance of the order of 55 ohms are to be 
connected to the plate circuit of an audio-amplifier stage. Which of the 
following types of coupling would probably be most satisfactory? 
(1) Transformer coupling (3) Impedance coupling 
(2) Resistance coupling (4) Capacitive coupling 

101. Which of the following types of microphones requires the use of a 
low-voltage d-c power supply in series with the microphone? 
(1) Crystal (3) Carbon 
(2) Dynamic (4) All the preceding types 

102. The maximum peak cathode current rating of a tube refers to the 
maximum 
(I) current which can safely flow from the cathode of a tube to the 

plate of the tube. 
(2) current which can safely pass from the cathode of a tube to all the 

other tube electrodes. 
(3) current which can safely pass from the cathode of a tube to the 

tube screen grid. 
(4) peak current which can safely pass from the cathode of a tube to 

all the other tube electrodes. 

103. A certain type of microphone makes use of the piezoelectric eflect 
present in some types of materials. That type of microphone is the 
(1) dynamic microphone. (3) ribbon microphone. 
(2) carbon microphone. (4) crystal microphone. 

104. The maximum control grid resistance denotes the maximum 
(1) internal resistance between a tube’s control grid and cathode 

which can be tolerated before the tube is unsatisfactory for further 
use. 

(2) amount of external resistance that should exist between control 
grid and cathode. 

(3) external resistance which should be used in series with an a-c 
input signal. 

(4) value of grid-leak resistance for optimum results when the tube is 
used as a diode detector. 

105. Identify the circuit in Fig. E.l 1. 
(1) An r-f grounded-cathode triode amplifier with cathode resistor 

93 



94 

bias as for class A operation 
(2) An a-f grounded-cathode pentode amplifier with battery bias for 

class A operation 
(3) An r-f grounded-cathode triode amplifier with parallel-fed LC 

plate load for class B operation 
(4) An a-f cathode-follower triode amplifier 

106. Which of the following statements about an impedance-coupled audio 
amplifier is not correct? 
(1) Coupling is accomplished by the inductive method. 
(2) The operation of an impedance-coupled system is similar to that 

of a resistance-coupled system. 
(3) The audio chokes used in an impedance-coupled system are 

physically separated from each other to minimize inductive 
coupling between them. 

(4) A coupling capacitor is used between two audio-frequency 
chokes. This capacitor should have low reactance at the lowest 
frequency the amplifier will encounter. 

107. When storing a crystal microphone, several basic precautions should 
be taken. Of the following, which is not particularly important? 
(1) If the microphone is to be stored for an extensive length of time, a 

small current should first be passed through the crystal elements to 
neutralize the crystal. 

(2) Store in a cool place. 
(3) Store in a dry place, preferably in a moisture-proof wrapping. 
(4) Avoid subjecting the microphone to physical shock or mechanical 

vibrations. 
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A chat with your instructor 

These questions and answers review important concepts that 
you must understand in order to progress fast and learn most 
from the lessons ahead. The answers given to the questions are 
by no means merely a repetition of what you have already 
learned in previous lessons. The discussion often takes a dif¬ 
ferent viewpoint to help you get a broader and clearer under¬ 
standing of the subject matter. Also, much additional informa¬ 
tion is given beyond that of previous lessons. The purpose of 
this review is not just to refresh your memory on what you 
have forgotten. It will also carry you forward to new knowl¬ 
edge and understanding. 

Studying these questions and answers will show up areas in 
which you are weak. Be sure and go back to the lessons you 
have completed and review these subject areas. Don’t let your 
review be confined to merely reading the questions and answers 
given here. Don't forget that taking plenty of time out for re¬ 
view is one of the best ways to save time. The better you 
understand the lessons already completed, the easier the fol¬ 
lowing lessonswill be, and the more you will learn from them. 
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Part I 

ELECTRICAL PRINCIPLES AND 

COMPONENTS 

Question By what other expression may a "difference of potential" be described? 
3.01 

Answer “Voltage drop,” "1R drop,” “emf,” “electromotive force,” “voltage 
difference,” “potential fall,” and “impressed voltage” are all syno¬ 
nyms for “difference of potential.” “Voltage drop,” "IR drop,” and 
“potential fall” most commonly refer to the voltage across various 
elements, or groups of elements, within a circuit, and usually not to 
the source voltage. The terms “emf,” “impressed voltage,” and 
“electromotive force” usually refer to the source of voltage, such as a 
generator or a battery. 

Question By what other expression may an electric current flow be described? 
3.02 

Answer It may properly be referred to as an electron flow. The strength of an 
electric current flow is determined by the rate of electron flow. When 
electrons pass a certain point at the rate of one coulomb per second, 
the strength of the current flow is one ampere. 

Question Explain the relationship between the physical structure of the atom and 
3.03 electric current flow. 

Answer An atom consists of an inner nucleus around which electrons revolve 
in rings or shells, as shown in Fig. 3.03. The nucleus is made up of 
protons and neutrons. All electrons except those in the outer shell are 
rigidly held in their shell. If the outer shell has only a few electrons, 
they break out of their shell easily and wander around through the 
material of which the atom is a part. Such wandering electrons are 
called free electrons because they are not attached to any atom. 

If a voltage is applied to the material, the free electrons move away 



Fig. 3.03 Structure of the copper atom. The black dots are electrons. 

from the negative terminal of the voltage source and toward the posi¬ 
tive terminal. This is because the electrons carry a negative charge 
and thus move in accordance with the rule that like charges repel each 
other and unlike charges attract each other. This movement of free 
electrons in some general direction under the influence of a voltage 
constitutes a current flow. 

If there are many electrons in the outer shell, they cannot break away 
from the shell except with great difficulty. Hence, a material with 
atoms having many electrons in their outer orbits has few free elec¬ 
trons, and it is therefore a poor conductor, or an insulator. The maxi¬ 
mum number of electrons that can exist in the outer shell of an atom is 
eight. Materials in which the atoms have this maximum number are 
excellent insulators. Both copper and silver, on the other hand, have 
only single electrons in the outer shells of their atoms, and they are 
therefore excellent conductors. 

Question 

3.04 
With respect to electrons, what is the difference between conductors 

and nonconductors? 



4 /inswer A good conductor has a large number of free electrons, which can, 
under the influence of a potential, move from atom to atom along the 
conductor, forming a current flow. A nonconductor has but very few 
free electrons. Practically all of the electrons in a nonconducting 
material are bound within their own atomic orbits, so that they are not 
free to travel along the conductor. 

Question What is the difference between electric power and electric energy? 
3.05 

Answer In order to understand energy, “work" must first be understood. 
Work is the overcoming of opposition. In an electrical circuit the 
opposition is the resistance of the circuit. This opposition is overcome 
by applying the voltage across the circuit, which forces current 
through the resistance. The amount of work done is equal to the 
product of the voltage, the current, and the length of time that the cur¬ 
rent flows. Work is measured in watthours, kilowatthours, or joules 
(one joule being one wattsecond). For example, if 3 amp flows 
through a circuit for 4 hr, the impressed voltage being 12 volts, the 
work done will be 3 x 4 x 12 = 144 whr. 

Energy is the capacity for performing work. Thus if a 12-volt battery 
has sufficient charge to deliver 3 amp for 4 hr, the electric energy in 
the battery is 144 whr. Energy is measured in the same units as work. 

Power is the rate at which energy is expended; it is the rate of doing 
work. Power is equal to work divided by time. Thus if 144 whr of 
work is done in 4 hr, the power is 144 -r 4 = 36 watts. Power can 
also be defined as the ability to do work. Electric power is measured 
in watts. 

Question A relay with a coil resistance of 500 ohms is designed to operate when 
3.06 0.2 amp flows through the coil. What value of resistance must be con¬ 

nected in series with the coil if operation is to be from a 110-volt d-c line? 

Answer The voltage drop across the coil in normal operation will be 

£ = /Æ = 0.2 x 500 = 100 volts 

The series voltage-dropping resistance to be added must be of such 
value as to drop the 110 volts of the line down to the 100 volts required 
for proper operation of the relay. This will be a drop of 110 - 100 = 
10 volts. The required resistance will be 

R = — = -— = 50 ohms 
/ 0.2 
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Fig. 3.07 Pi network. 

3.07 Draw the circuit of a 12-volt battery with three resistors (100. 200, and 
300 ohms) arranged in a pi network. 

Question a What are the total current and the current through each resistor? 

Answera One arrangement for the circuit is shown in Fig. 3.07. Note that the 
three resistors are connected in the form of the Greek letter tt, from 
which the network gets its name. Since the 12-volt battery is con¬ 
nected directly across Rt, the current through R¡ is, by Ohm’s Law, 

/i 
E 

Ri 
= 120 ma 

100 

The 12 volts is also across R2 and Ry in series. Since R2 and Ry have 
a combined resistance of 200 + 300 = 500 ohms, the current I2 
through R2 and Ry is 12 -s- 500 = 24 ma. The total current from the 
battery is the sum of the current taken by the two parallel branches, 
which is 120 + 24 = 144 ma. 

In summary, the current through Rt is 120 ma; through R2, 24 ma; 
and through Ry, 24 ma. The total current is 144 ma. 

Question b What is the voltage across each resistor? 

Answerb The voltage across Rt is 12 volts; across R2, 4.8 volts; and across Ry, 
7.2 volts. Since R¡ is connected directly across the battery, its voltage 
must be the same as the battery voltage. The current through R2 was 
found to be 24 ma. By Ohm’s law, E2 = I2 x R2 = 0.024 x 200 = 
4.8 volts. Find the voltage across Ry in the same manner. If your 
values are correct, the sum of E2 and Ey must equal the battery 
voltage. 

Question c What power is dissipated in each resistor, and what is the total power 
dissipated by the circuit? 

Answerc The power in Rt is 1.44 watts; in R2, 0.1152 watt; and in Rj, 0.1728 
watt. You can use the formula P -Ex /in each case. For example, 
the power in R2 is 0.024 x 4.8 = 0.1152 watt. 



ß Question 

3.08 

Answer 

Question 

3.09 

Answer 

What is the relationship between wire size and resistance of the wire? 

The resistance of a wire varies in inverse proportion to the cross-
sectional area of the wire. Thus, if the cross-sectional area is increased 
ten times, the resistance will be decreased to one-tenth of its previous 
value. 

Since the area of a circle is proportional to the square of its diameter, 
the resistance of a conductor will be inversely proportional to the 
square of its diameter. That is, if one conductor is 3 times the diam¬ 
eter of another conductor of the same material, the resistance of the 
larger conductor per unit length will be one-ninth (32 = 9) of the 
resistance of the smaller conductor. In answering a question referring 
to the variation of resistance with wire size, check the question care¬ 
fully to see whether cross-sectional area or diameter is being referred 
to. 

Wire size is also commonly stated by giving the AWG (American wire 
gauge) size number. The larger the AWG number, the smaller the 
wire. A wire with a three sizes larger number than a given wire will 
have exactly one-half the cross-sectional area and therefore twice the 
resistance. Thus a No. 16 wire has twice the cross-sectional area and 
half the resistance of a No. 19 wire. 

Length must also be considered in respect to wire resistance. Resist¬ 
ance is proportional to length. If one piece of wire is 3 times as long 
as another piece of the same wire, the resistance of the longer piece is 
3 times that of the shorter. 

What is the meaning of "skin effect" in conductors of radio-frequency 
energy? 

“Skin effect” refers to the tendency of r-f currents to travel near the 
surface of the conductor. This increases the effective resistance of the 
conductor because the center of the conductor is little used for carry¬ 
ing current, making the useful cross-sectional area of the wire much 
less than the entire cross-sectional area of the wire. Decreasing the 
cross-sectional area of a conductor increases its resistance. Skin effect 
exists because more magnetic lines of force cut the center of the con¬ 
ductor than cut the outer sections. Thus the self-inductance of the 
conductor is greatest at the center and decreases toward the outer 
edge. More counter emf is developed at the center of the conductor, 
and therefore the least amount of current exists at the center. The 
higher the frequency, the more pronounced is the skin effect. 
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Fig. 3.10 The electromagnetic Field around a conductor carrying a current is 
made up of an electric and a magnetic field. 

Question Compare some properties of electrostatic and electromagnetic fields. 
3.10 

Answer There are two types of fields, electric and magnetic. When the two 
types exist together, one being formed by the other, the combination 
is known as an electromagnetic field. 

An electric field exists between electric charges—the electric field is the 
force that causes oppositely charged bodies to attract each other and 
like-charged bodies to repel each other. A magnetic field is one asso¬ 
ciated with magnetism. It is the force of the magnetic field that causes 
magnetized bodies to be attracted or repelled, like magnetic poles 
repelling each other and unlike poles attracting each other. 

More often than not, electric and magnetic fields exist together. That 
is because a moving or changing magnetic field will produce an electric 
field and a moving or changing electric field will produce a magnetic 
field. A permanent magnet setting on the shelf has only a magnetic 
field because the field is not moving. There is only an electric field 
between two static charges, such as between the plates of a charged 
capacitor with the charging voltage removed, because the field is not 
changing or moving. An unchanging electric field like this is called 
an electrostatic field. 

We shall now consider the field around a wire carrying an electric 
current. The current is made up of moving electric charges (electrons). 
Each electron projects an electric field into the space around the wire. 
This electric field moves with the moving electrons and thus produces 
a magnetic field which surrounds the wire in concentric circles. Hence, 
the field around a wire carrying a current is an electromagnetic field, 
since it consists of both an electric and a magnetic field as shown in 
Fig. 3.10. 



8 As an example of how a moving magnetic field creates an electric 
field, suppose that the field of a permanent magnet is moved across 
a conductor. It is well known that a voltage will be induced in the 
conductor, causing a current flow if the ends of the conductor are 
connected. The voltage is the potential associated with the electric 
field induced in the wire by the moving magnetic field. An electric 
field exists between points of a different potential; conversely, if an 
electric field exists, there must be a potential difference. 

The paths of both electric and magnetic fields can be controlled by 
shielding. The only suitable shield for an unvarying magnetic field 
is a magnetic material, such as iron. The magnetic lines of force con¬ 
fine themselves mostly to the iron because iron is a much better carrier 
of magnetic lines of force than nonmagnetic material is. Varying mag¬ 
netic fields, such as those associated with r-f, can be confined by en¬ 
closing the field source in a can made of some good conductor, such 
as aluminum. The varying magnetic field induces electric fields and 
therefore electric currents in the can, and these induced currents in 
turn produce magnetic fields of their own which oppose the original 
magnetic field, thus canceling it out. Hence, the original magnetic 
field does not pass through the can. 

The same cans used for magnetic shielding can also be used for elec¬ 
tric shielding by grounding the can. Since ground is at a different 
potential than the source of the electric fields to be shielded, the 
electric fields terminate on the can. The screen grid in a vacuum tube 
is an example of a shield of this type. The screen grid is at ground r-f 
potential. The electric field from the plate then terminates on the 
screen grid rather than on the control grid, and thus electric field iso¬ 
lation is provided between plate and control grid. 

Both electric and magnetic fields store energy. The energy stored in 
a capacitor is stored in the electric field between the plates, and the 
energy stored in an inductor is stored in the magnetic field associated 
with the inductor. 

Magnetic and electric fields convey energy from one point to another. 
It is through magnetic fields that the primary of a transformer trans¬ 
fers energy to the secondary. It is by means of the electric fields be¬ 
tween the plates that energy is conveyed through a capacitor. Energy 
is conveyed to far-distant points by means of electromagnetic fields 
(radio waves) traveling through space at the speed of light. 



Question Which factors determine the amplitude of the emf induced in a conductor 
3.11 which is cutting magnetic lines off orce? 

Answer The amplitude of the induced emf depends upon the rate at which 
lines of force are cut by the moving conductor. This in turn depends 
upon the flux density of the magnetic field cut by the conductor, the 
length of the conductor, the speed of the conductor, and the angle at 
which the conductor cuts across the field. 

Question Define the term "residual magnetism. ” 
3.12 

Answer “Residual magnetism” is the magnetism remaining in a body after the 
removal of the magnetizing force. An example of residual magnetism 
is the magnetism often noticed in a screwdriver after it has once been 
near a magnetizing force. A more useful example is the magnetism 
that remains in the field coils of a d-c generator after the generator 
is shut down. If it were not for this residual magnetism, the generator 
voltage would not build up again when the armature was once more 
put in motion. 

Question In what way does an inductance affect the voltage-current phase rela-
3.13 tionship of a circuit? Why is the phase of a circuit important? 

Answer Inductance causes the current to lag the voltage. In a circuit with 
inductance and no resistance the current will lag the applied voltage 
by 90°. If there is resistance in the circuit as well as inductance (the 
two being in series), the angle of lag will be less than 90°. If the re¬ 
sistance is equal to the inductive reactance, the current will lag the 
voltage by 45°. If the inductive reactance is greater than the resist¬ 
ance, the angle of lag will be between 45 and 90°. If the resistance is 
greater than the reactance, the angle of lag will be less than 45°. If 
there is only resistance (no reactance), the current and voltage will be 
in phase. 

If a circuit has capacitive reactance (rather than inductive reactance) 
in series with resistance, the angle between the current and voltage 
will be the same as described above for inductive reactance, except 
that the current will now lead the voltage rather than lag. 

The proper operation of many circuits requires maintaining correct 
phase relationships. Whether an amplifier with feedback becomes an 
oscillator or an inverse-feedback amplifier depends upon the phase of 
the feedback signal. If some signal frequencies have more phase 



10 shift than others, the time relationship between the different frequen¬ 
cies that make up the signal will be changed, which will change the 
shape of the wave. For example, a square wave will no longer be a 
square wave if some components of the wave are subject to more 
phase shift than others. The proper timing of timing circuits requires 
the correct phase shift, since a phase shift represents a time delay. 

When two signals come together, whether they reinforce each other 
to form a stronger signal, or buck each other to give a weaker signal 
depends upon the phase relationship between the two signals. If in 
phase, they add for a stronger signal; and if 180° out of phase, 
they subtract for a weaker signal. Phase-shifting networks are often 
designed into electronic equipment in order to shift the phase of one 

10 signal to the desired relationship with that of another 

Fig. 3.14 Finding the sum 
of two voltages 
90° out of phase. 

Question Explain how to determine the sum of two equal vector quantities that 
3.14 have the same reference point hut directions that are 90° apart, 0° apart, 

and 180° apart. How does this pertain to electric currents or voltages? 

Answer The meaning of vectors (more properly called phasors) and how they 
are used to represent currents and voltages is discussed in the appen¬ 
dix to this lesson. Two equal vectors A and B whose directions are 
90° apart are shown in Fig. 3.14. Vectors A and B represent two 10-
volt a-c signals separated in phase by 90°. The vector sum is the hypot¬ 
enuse of a triangle which is 10 volts on each side. Remembering that 
the hypotenuse of a triangle is equal to the square root of the sum of 
the squares of the sides, the vector sum is equal to vlO2 + 102 = 
V2Õ0 = 14.14 volts. 

Two vectors 0° apart represent two voltages or currents in phase. 
The sum is then the simple arithmetical sum of the vector amplitudes. 
Thus the sum of two 10-volt vectors 0° apart is 20 volts. Two vectors 
180° apart directly oppose each other, so that their sum is the arith¬ 
metical difference between the two vector values. Thus the sum of two 
10-volt vectors 180° apart is 10 - 10 = 0. 



Question 

3.15 
Explain the theory of molecular alignment as it affects magnetic prop¬ 
erties of materials. 

11 

Answer You have learned that, when current flows through a coil of wire, a 
magnetic field is produced with a north pole at one end of the coil and 
a south pole at the other end. Since the current is made up of elec¬ 
trons, this magnet is formed by electrons moving in circles. Inside the 
atoms electrons also move in circles, revolving in their orbits around 
the nucleus. Each revolving electron forms a tiny magnet. This is one 
reason why all materials are made up of a huge number of tiny 
magnets. 

If you take several bar magnets free to turn and place them close to 
each other, they will all align to form one larger magnet, opposite 
poles being pulled together. This does not happen with the tiny mag¬ 
nets of most materials because the collisions and temperature vibra¬ 
tions continually going on within the atomic structure keep the tiny 
magnets in perpetual agitation so alignment is impossible. The mag¬ 
netic property of most materials, because of this, is either zero or 
very slight. 

However, in a few elements, particularly iron, and a variety of alloys 
a special form of interaction occurs between adjacent atoms, coupling 
the tiny magnets together in alignment. These materials are called 
magnetic materials. The coupling between atoms is strong enough in 
some magnetic materials that the atoms, after they once align, will 
stay aligned without the need of any external magnetizing force. These 
materials are used for permanent magnets. If an external magnetic 
force, such as a coil carrying a current, is required to keep the tiny 
magnets in alignment, the material is suitable for temporary magnets. 

If magnetic material is placed within a coil, the lines of force increase 
very rapidly at first as the current is increased. However, if the cur¬ 
rent continues to be increased, a point is reached beyond which a 
further increase in current does not appreciably increase the number 
of lines of force. The iron or other magnetic material is then said to 
be saturated. Saturation occurs when the applied magnetizing force 
is great enough that practically all the tiny magnets within the ma¬ 
terial have become aligned, so that the magnet has nearly reached its 
maximum strength. 

Question What is the relationship between the inductance of a coil and the number 
3.16 of turns of wire in the coil; between the inductance and the permeability 

of the core material used? 



12 Answer The inductance of a coil varies approximately as the square of the 
number of turns. For example, if the number of turns is tripled, the 
inductance will increase by 32, or 9 times its original value. This 
statement assumes that the turns of the coil are close enough together 
that most of the lines of force that thread any one turn also thread all 
the rest of the turns. If the turns are widely separated, the change of 
inductance with a change in the number of turns will be considerably 
less than that predicted by the rule given earlier in this answer. 

The inductance of a coil is proportional to the permeability of its core 
material. Thus, using iron in place of air as the core of a coil will 
greatly increase the coil inductance. 

Question What factors influence the direction of magnetic lines of force produced 
3.17 by an electromagnet? 

Answer The direction of the magnetic lines of force is determined by the direc¬ 
tion of the current through the winding. Hold the electromagnet by 
the left hand so that the fingers point in the direction of electron flow 
through the winding. The thumb will then point toward the north 
pole of the coil. The direction of the lines of force is from the north 
pole to the south pole externally to the magnet. 

Reversing the polarity of the voltage applied to the winding reverses 
the polarity of the magnet and hence also reverses the direction of the 
lines of force. 

Question Explain how self- and mutual inductance produce transformer action. 
3.18 

Answer The continually varying current from the a-c voltage source in Fig. 
3.18A causes a continually varying magnetic flux to be set up through 
and around transformer primary P. Part of this flux threads the 
nearby secondary coil S. Whenever the number of lines of force 
threading a coil varies, a voltage is induced in that coil. Hence, a 
voltage is induced in the secondary in Fig. 3.18A. 

The process of producing a voltage by varying lines of force is called 
induction. If the varying lines of force that induce the voltage in one 
coil come from another coil, the voltage is said to be induced by 
mutual induction. The voltage is induced in the transformer secondary 
in Fig. 3.18A by mutual induction, because the voltage is induced in 
S, whereas P is the source of the lines of force. 



Fig. 3.1 8A Transformer action: The varying current through P causes a vary¬ 
ing flux through X, which induces a voltage in S. 

Since the flux threading coil P, as well as the flux threading coil 5, is 
also varying, a voltage is also induced in the turns of coil P, of Fig. 
3.18A. This voltage is said to be produced by self-induction. In 
Fig. 3.18B the principle of self-induction is used to form a trans¬ 
former with only a single coil. Such a transformer is called an auto¬ 
transformer. The self-induced voltage in the turns between points A 

primary current 

A 

Fig. 3.18B Autotransformer: It works through self-induction. 



14 and B forms the transformer secondary voltage. The higher up on the 
coil tap B is placed, the greater the secondary voltage. If tap B is in 
the center of the coil, the secondary voltage will be one-half the pri¬ 
mary voltage; if three-quarters of the way up the coil, three-fourths the 
primary voltage; etc. 

Self- and mutual induction are also responsible for the strength of the 
primary current in a transformer. If switch S, Fig. 3.18A, is opened 
so that there is no load on the secondary, the primary current will be 
small. This is because the voltage produced by self-induction in P is 
of such polarity as to oppose the a-c source voltage. With the “buck¬ 
ing” induced voltage canceling out most of the source voltage, the 
current through the primary will be small. 

When switch S, Fig. 3.18A, is closed, current flows through the wind¬ 
ing of S. Now current through S tends to set up a flux just as the cur¬ 
rent through P sets up a flux. The flux that S tries to set up opposes 
the flux set up by P. The result of the bucking action is to reduce the 
total flux threading coil P. Hence, the voltage of self-induction in P 
is reduced, resulting in an increase in the current through the winding 
ofP. 

Question How does the capacitance of a capacitor vary with the area of the plates, 
3.19 the spacing between the plates, and the dielectric material between the 

plates? 

Answer The capacitance is proportional to the area of the plates. For ex¬ 
ample, if you double the plate area (which you might do by using twice 
as many plates or by using larger plates), the capacitance will be 
doubled. 

The capacitance is inversely proportional to the distance between the 
plates. The closer together the plates, the higher the capacitance. If 
you double the spacing between the plates, you cut the capacitance in 
half. 

The material in the spacing between the plates is called the dielectric. 
The dielectric constant is a measure of the ability of a dielectric ma¬ 
terial to conduct electric lines of force as compared to the ability of 
air. If a certain material has a dielectric constant of 4, it will have 
4 times as many electric lines of force for the same applied voltage 
as an equal thickness of air would have. Consequently, when this 
material is used for the dielectric, the capacitance will be 4 times as 
great as it would be if air were the dielectric. The capacitance is pro¬ 
portional to the dielectric constant of the material used as the dielec¬ 
tric. 



Question Assuming the voltage on a capacitor is at or below the maximum allow-
3.20 able value, does the value of the capacitor have any relationship to the 

amount of charge it can store? What relationship does this storage of 
charges have to the total capacitance of two or more capacitors in 
series; in parallel? 

Answer The quantity of electricity Q, or charge, stored in a capacitor is equal 
to the capacitance C multiplied by the voltage E across the capacitor. 
In equation form, 

Q = C X E 

This formula shows that, fora given voltage, the charge stored is pro¬ 
portional to the capacitance. Since the applied voltage should not be 
greater than the voltage rating of the capacitor, the maximum charge 
that can be stored can be increased only by using a larger capacitor or 
by using a capacitor with a higher voltage rating. 

When two identical capacitors are connected in series, the total ca¬ 
pacitance is cut in half, but the voltage rating is doubled. The maxi¬ 
mum charge that can be stored is thus the same as it would be for 
one of the capacitors used alone. When two identical capacitors are 
connected in parallel, the total capacitance is doubled and the voltage 
rating is not changed. Hence, the maximum charge that can be stored 
is twice that of a single capacitor. 

For a given applied voltage, connecting two identical capacitors in 
parallel doubles the stored charge, and connecting the two capacitors 
in series halves the stored charge. You can see from this discussion 
that the only time when it is useful to connect capacitors in series is 
when you want to use them across a higher voltage than they are 
rated for. 

Question How should electrolytic capacitors be connected in a circuit in relation 
3.21 to polarity? Which type of low-leakage capacitor is used most often in 

transmitters? 

Answer Electrolytic capacitors can be used only in d-c circuits. The positive 
lead of the capacitor must always be connected to the positive side of 
the circuit voltage. Electrolytic capacitors will be destroyed if in¬ 
stalled with polarity reversed. 

15 

Since electrolytic capacitors have a relatively high leakage, reference 
to a low-leakage type of capacitor implies a nonelectrolytic capacitor. 



16 Mica-dielectric capacitors have a very low leakage, and they are the 
most common low-leakage capacitors in transmitters. The high 
breakdown voltage that is characteristic of mica makes the material 
particularly suitable as a dielectric for capacitors where high voltages 
are used, as in transmitters. 

Mica is probably the best capacitor dielectric available when all 
properties are considered. The combination of excellence in stability, 
dielectric strength, Q, dielectric constant, longevity and reliability, 
chemical inertness, ruggedness and resistance to puncture, and mois¬ 
ture resistance is not duplicated by any other material. 

Question A certain power company charges 7 cents per kwhr. How much would 
3.22 it cost to operate three 120-volt bulbs, connected in parallel and each 

having an internal resistance of 100 ohms, for 24 hr? 

Answer The power used by the three bulbs must first be found, and then the 
work done in using that much power for 24 hr must be calculated. 
For the power used by one bulb 

„ E2 I2O2
P = — = - = 144 watts 

R 100 

Since each bulb uses 144 watts, the three bulbs together use 3 x 144 = 
432 watts. Remembering that work is equal to power multiplied by 
time, the work, in watthours, done by the three bulbs is 24 x 432 = 
10,368 whr, or 10.368 kwhr. At 7 cents per kwhr, the cost of operat¬ 
ing the bulbs for 24 hr is 7 x 10.368 = 72.6 cents. 

Question Name four materials that make good insulators at low frequencies but 
3.23 not at uhf or above. 

Answer Many materials make suitable insulators at audio and low r-f fre¬ 
quencies but have excessive losses at high r-f frequencies. Examples 
are porcelain, glass. Bakelite, hard rubber, fiber, Micarta, and many 
types of ceramics. 

The best insulators for uhf use are those with both low dielectric loss 
at uhf and a low dielectric constant, such as Teflon and polystyrene. 

Question In an iron-core transformer what is the relationship between the trans-
3.24 former turns ratio and primary to secondary current ratio? Between 

turns ratio and primary to secondary voltage ratio? (Assume no losses.) 



Answer The secondary to primary voltage ratio is equal to the secondary to 
primary turns ratio. That is, if the secondary has 5 times as many 
turns as the primary, the secondary voltage will be 5 times the pri¬ 
mary voltage. If the secondary has one-fourth as many turns as the 
primary, the secondary voltage will be one-fourth the primary voltage. 

If a transformer steps up the voltage, it steps down the current. Thus, 
if the secondary has 5 times as many turns as the primary, the second¬ 
ary current will be one-fifth the primary current; if the secondary has 
one-fourth as many turns as the primary, the secondary current will 
be 4 times the primary current. 

Question What prevents high currents front flowing in the primary of an unloaded 
3.25 transformer? 

Answer The inductance of the winding. The primary of an unloaded trans¬ 
former has a high inductive reactance, and so it draws little current 
from the line. When a load is placed on the secondary, the primary 
current increases. This is because mutual induction caused by second¬ 
ary current flow acts to reduce the effective primary inductance, 
allowing more primary current to flow. 

Question How is power lost in an iron-core transformer? In an air-core trans-
3.26 former? 

Answer Losses in an iron-core transformer can be divided into (1) copper 
losses and (2) iron losses. The copper loss is that caused by the ohmic 
resistance of the winding. The usual power formula, P = PR, ap¬ 
plies. If the resistance of the primary winding is 4 ohms and the 
primary current is 3 amp, then the copper loss in the primary is P = 
32 X 4 = 36 watts. The copper loss in the secondary is figured the 
same way. The total copper loss is equal to the sum of the primary 
and the secondary copper losses. 

Iron losses are made up of (1) hysteresis and (2) eddy-current losses. 
The alternating current used with a transformer requires a regular 
reversal of the tiny magnets within the molecular structure of the iron 
in accordance with the continually reversing polarity of the alternating 
current. The molecular “friction” against which the molecular mag¬ 
nets must reverse generate heat, which is a power loss. The power loss 
caused by this molecular movement is called hysteresis loss. 

Alternating current flowing in the windings of a transformer induces 
electric currents, called eddv currents, in the iron core. These currents 

17 
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Question 

3.27 

Answer 

heat the core, and they therefore represent a loss of energy. Trans¬ 
former iron cores are always made up of thin laminations, insulated 
from each other, in order to break up the eddy-current paths and thus 
reduce eddy-current losses. All transformer losses, both copper and 
iron, appear as heat. 

Air-core transformers are generally used only at radio frequencies. 
Iron losses are avoided, but the use of an air core and the higher oper¬ 
ating frequencies involved introduce new losses. Copper losses in¬ 
crease because of skin effect at radio frequencies. With no iron core, 
the lines of force are not confined to a specific path but are spread 
out in all directions, inducing currents in shielding cans and other 
nearby metal parts. All these induced currents represent power losses. 

Explain the operation of a break-contact relay: of a make-contact relay. 

A break-contact relay is one in which the contacts are closed when the 
relay coil is not energized. It is also called a “normally closed” relay; 
see Fig. 3.27(a). When swtich K\ is closed, current flows through the 
coil, magnetizing the iron core within the winding. The magnetized 
core pulls down the iron armature B. breaking the contact between 
points A and B. When Kt is opened, the iron core is demagnetized, 
allowing armature B to spring back up to again make electrical con¬ 
tact with A. 

A make-contact relay is one in which the contacts are open when the 
relay coil is not energized. It is also called a “normally open” relay; 
see Fig. 3.27(b). When switch is closed, iron armature B is pulled 
down so that it makes electrical contact with point A. When switch 
K2 is opened, iron contact B springs up so that electrical contact 
between A and B is broken. 

Fig. 3.27 Make and break-contact relays. 
(a) Break-contact, or normally closed, relay. 
(b) Make-contact, or normally open, relay. 



Question What are the value and tolerance of a resistor which is color-coded I left-
3.23 to-right) red, black, orange, gold? 

Answer Resistors are identified by the use of four colored bands according 
to the code in the accompanying table. The first band is the one near¬ 
est an end of the resistor. The first two bands give the first two figures 
of the resistance value, and the third band gives a number by which 
the first two figures must be multiplied to give the resistance. The 
fourth band indicates the tolerance of the resistor. If the tolerance 
is 20 per cent, the fourth band will not be visible, since the code for 
20 per cent is no color at all. 

The resistor in the question has a resistance of 20 x 103 ohms, or 
20,000 ohms, at a tolerance of 5 per cent. 

First Second Third Fourth 
Color band band band band 

None ... ... ... 20% 
Silver ... ... x 10‘2 10% 
Gold ... ... x 10"' 5% 
Black ... 0 x 1 
Brown 1 1 x 10 
Red 2 2 x 102
Orange 3 3 x 103
Yellow 4 4 x 104
Green 5 5 x 10s

Blue 6 6 x 106
Violet 7 7 x 107
Gray 8 8 x 10* 
White 9 9 x 109

Question What would be the value, tolerance, and voltage rating of an EI A capaci-
3.29 tor whose first-row colors are (from left to right) white, red, green and 

whose second-row colors are green, silver, red? 

Answer The significance of each of the color dots is shown in Fig. 3.29. The 
white upper-left dot indicates that the capacitor is color-coded in ac¬ 
cordance with the EIA (Electronic Industries Association) system. If 
this dot is some color other than white, the capacitor is not color-
coded in accordance with the EIA system. Since the second and third 
dots in the top row are red and green the two significant figures of the 
capacitance value are 25. The bottom right dot (the multiplier) is red, 
which shows that the significant figures are to be multiplied by 100. 
25 x 100 = 2500 pf the capacitance of this capacitor. 
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20 EIA identifier (white) 

1st significant figure 

2 nd significant figure 

multiplier 

capacitance tolerance 

characteristic 

Note: the multiplier is the factor 
by which the two significant 
figures are multiplied to yield 
the nominal capacitance 

Capacitance 
First and second Capacitance 

Character- significant tolerance, 
Color istic figures Multiplier percent 

Black 0 1 ±20 
Brown B 1 10 ±1 
Red C 2 100 ±2 
Orange D 3 1,000 
Yellow E 4 10,000 
Green F 5 ±5 
Blue 6 
Purple 7 
Gray 8 
White 9 
Gold 0.1 ±1/2 
Silver 0.01 ±10 

Fig. 3.29 EIA color code for mica capacitor. Capacitance values are in picofarads. 

The silver center dot of the bottom row shows that the capacitance 
tolerance is 10 per cent. The capacitor characteristic (bottom-left 
dot) indicates how capacitance is affected by temperature changes. 
The characteristic is indicated by letters B to F in accordance with 
the chart of Fig. 3.29. The farther along in the alphabet the charac¬ 
teristic letter is, the less the capacitance changes with temperature. In 
this example the characteristic dot is green, which indicates F charac¬ 
teristic. Hence, temperature changes affect the capacitance of this 
capacitor very little. 



21 In the E1A six-dot color-coding system voltage rating is indicated by 
stamping the full voltage, followed by the letters V or WV, in a suit¬ 
able location on the body of the capacitor. If no voltage is stamped 
on the E1A six-dot capacitor, the capacitor rating is 500 volts. 

Some EIA capacitors have an additional two or three dots on the 
reverse side in addition to the six on the front. When that is the case, 
voltage is indicated by the left dot on the reverse side. Brown indi¬ 
cates a d-c working voltage of 100 volts; orange. 300 volts; green, 500 
volts; and gold, 1000 volts. The second dot on the back indicates the 
operating-temperature range. If red, the capacitor can be used at 
temperatures up to 85°C; if yellow, up to 125°C. The third dot on the 
back, if there is one, will be white, and it merely indicates that the 
capacitor is EIA color-coded, which has already been indicated by the 
upper-left white dot on the front of the capacitor. 

Question List four precautions which should be taken in soldering electrical con-
3.30 nections to assure a permanent junction. 

Answer 1. The surfaces to be soldered must be clean and bright. 

2. The connections should be made mechanically secure before sol¬ 
dering. The solder should not provide the only mechanical strength; 
it should merely reinforce a connection that is already mechanically 
strong. 

3. The surfaces to be joined must be heated until they are hot enough 
to melt the solder. A soldering gun or iron should be used to heat 
the surfaces, and the surfaces themselves should then melt the solder. 
If the surfaces are not hot enough, the result is a “cold” solder joint, 
which is electrically unreliable and lacks mechanical strength. 

4. For electronic circuits only rosin should be used as the soldering 
flux. Acid-core solders, widely used by electricians, should never be 
used in electronic circuits. 



22 LESSON 3731-1 

YOUR PROGRESS REVIEW, PART I 

EXAMINATION 

Circle the number of the correct answer for each question that follows. When you are 
Finished, transfer the answers to the answer sheet by putting X's in the proper squares. 
When the graded answer sheet is returned to you, correct in this book any questions you 
may have missed. By doing so, you will have a record of the correct answers to all questions 
for review purposes. 

1. What is the resistance of a resistor color-coded, from left to right, 
yellow, white, black? 

à
40 ohms (3) 490 ohms (5) 4910 ohms 
49 ohms (4) 491 ohms 

2. What is the tolerance of the resistor in Question 1? 
(1) 1 percent QI 10 per cent (5) Notgiven 
(2) 5 per cent Ç^y20 per cent 

3. You could change the direction of the lines of force from an electro¬ 
magnet by r 
(1) reversing the iron core. 
(2) hitting the iron core with a hammer to demagnetize it and then re-
© magnetizing with opposite polarity. 

changing the direction of current through the coil. 
(4) increasing the coil current to the point where core saturation 

occurs. 

4. If a transformer has 100 turns on the primary and 400 turns on the 
secondary, how much current will the primary draw if the secondary 
load draws 8 amp? 
(1) 2 amp (3) 8 amp ^32 amp 
(2) 4 amp (4) 16 amp 

5. If the secondary winding of a transformer supplying 4 amp to a load 
were to become open, the primary current would 
(1) not change. 
(2) decrease. 
(3) increase some. 
(4) greatly increase, overheating the transformer. 

6. The iron core of transformers is made up of thin insulated lamina¬ 
tions in order to 



(1) reduce interference. 
(2) reduce power loss in the windings. 
(3) reduce hysteresis losses. 
(4) reduce eddy-current losses. 
46) reduce both hysteresis and eddy-current losses. 

7. Air-core transformers are generally used 
(1) with forced-air cooling in large transformers as in broadcast 

transmitters. 
(2) where eddy-current and hysteresis losses must be avoided. 
(3) at radio frequencies. 
(4) where weight must be kept down. 

8. Saturation in a magnetic material results from 
(1) nearly all the tiny magnets within the material becoming aligned. 
(2) increased agitation within the molecular structure breaking align¬ 

ment bonds as fast as new ones are formed. 
(3) impurities within the material. 
(4) reversal of the molecular alignment. 

9. Which of the following has nothing to do with the amplitude of the 
voltage induced into a wire moving through a magnetic field? 
(1) The size of the wire 
(2) The strength of the magnetic field 
(3) The speed with which the conductor is moving through the field 
(4) The length of the section of the conductor that is within the mag¬ 

netic field 

10. A mica capacitor has six color-code dots on its front and none on its 
back. The top-row colors are (left to right) white, yellow, orange and 
the bottom-row colors are red, green, gold. There are no other mark¬ 
ings on the capacitor. What is its voltage rating? 
(1) 100 volts (3) 500 volts (5) Not known 
(2) 300 volts (4) 1000 volts 

11. What is the capacitance of the capacitor in Question 10? 
(1) 2.5 pf (3) 25 pf (5) 94.3 pf 
(2) 4.3 pf (4) 43 pf (6) 943 pf 

12. What is the capacitance tolerance of the capacitor of Question 10? 
(1) 1/2 per cent (3) 5 per cent (5) 20 per cent 
(2) 1 percent (4) 10 per cent 

23 



24 13. To shield against the field from a permanent magnet, you should use 
(1) iron. 
(2) a can made of a good conductor, such as copper or aluminum. 
(3) an electric field. 
(4) a material with a high dielectric constant. 

14. Electronic components are sometimes enclosed in copper or alumi¬ 
num cans 
(1) to shield against electric fields only. 
(2) to shield against magnetic fields only. 
(3) to shield against both electric and magnetic fields. 
(4) to prevent interaction between electric and magnetic fields. 

15. Which of the following will increase the inductance of a coil? 
(1) Use a core material of higher permeability. 
(2) Wind the coil with spacing between the turns. 
(3) Wind the coil long and narrow. 
(4) Use a core material that has a high dielectric constant. 
(5) Use a core material that has a low dielectric constant. 

16. A unit for measuring electric energy is the 
(1) horsepower. (3) watthour. 
(2) watt. (4) volt-ampere. 

17. Which of the following would be a satisfactory insulator to use at low 
frequencies but not for uhf? 
(1) Teflon (3) wood 
(2) polystyrene (4) Micarta 

18. The all-around best dielectric material for a fixed capacitor is 
(1) air. (3) mica. 
(2) Teflon. (4) processed ceramic material. 

19. What is the voltage across R2 in Fig. E.l? 
(1) 0 volts (4) 40 volts 
(2) 25 volts (5) 50 volts 
(3) 30 volts (6) 60 volts 

(7) 75 volts 
(8) 100 volts 

20. What is the value of current It in Fig. E.l? 
(1) lamp (3) 3.33 amp (5) 5 amp 
(2) 1.03 amp (4) 4 amp (6) 10.3 amp 

21. What is the power used by the entire circuit of Fig. E.l? 
(1) 100 watts (3) 300 watts (5) 400 watts 
(2) 200 watts (4) 333.3 watts 

22. Which of the following is not a requirement for a good soldered joint? 
(1) The materials being joined must be heated until they are hot 

enough to melt the solder. 



(2) Surfaces being joined must be clean and bright. 
(3) A good mechanical connection must be made before soldering. 
(4) If in an electronics circuit, only pure rosin should be used as the 

flux. 
(5) The soldered joint should be allowed to set for at least 10 min 

before a current is passed through it. 

23. Materials which are good conductors have atoms 
(1) with many electrons in their outer orbits. 
(2) with free electrons in their nucleii. 
(3) that are negatively charged. 
(4) that are very light. 
(5) with few electrons in their outer orbits. 

24. You want a wire with twice the cross-sectional area of the No. 22 wire 
you now have. What size number wire should you order? 
(1) No. 11 (4) No. 21 (7) No. 25 
(2) No. 19 (5) No. 23 (8) No. 44 
(3) No. 20 (6) No. 24 

25. With reference to the resistance of a conductor, 
(1) it becomes less for most materials as the temperature increases. 
(2) if you double its diameter, its resistance becomes one-half its pre¬ 

vious value. 
(3) the more the current through it, the higher its resistance. 
(4) its resistance is higher at radio frequencies because of “skin 

effect.” 

26. A make-contact relay is one in which 
(1) the contact points come together with a sliding motion for posi¬ 

tive self-cleaning contact. 
(2) the contact points are normally open. 
(3) the contact points are normally closed. 
(4) the points make contact when the coil is deenergized. 

25 



26 Appendix 

THE MEANING AND USE OF VECTORS 
IN ELECTRONICS 

VECTORS. . . In order to express some quantities completely, it is neces¬ 
sary to express their directions as well as their magnitudes. This is done 
by means of straight lines, called vectors, drawn in the proper directions 
and having lengths proportional to the magnitudes of the quantities. An 
arrowhead is placed at one end of each of the lines to indicate the direc¬ 
tion of the quantity represented by the line. 

(b) 

Fig. A.1 Vectorial representation of two forces acting in the same direction. 

Figure A.1(a) shows two men pulling in the same direction on a box, one 
with a pull of 50 lb. and the other with a pull of 30 lb. Figure A.1(b) 
shows an electrical analogy: two voltages in series acting in the same di¬ 
rection, one of 50 volts and the other of 30 volts. The vectors of Fig. 
A. 1(c) represent equally well either the forces of Fig. A. I (a) or the voltages 
of Fig. A. 1(b). The length of each of the two vectors is proportional to 
the force or voltage, each block representing 10 lb or 10 volts, depending 
upon which figure the vectors represent. The two vectors are drawn in the 
same direction because the two forces in Fig. A. 1(a), or the two voltages 
of Fig. A. 1(b) are both acting in the same direction. 

In Fig. A. 1(d) vector A of (c) is drawn from the end of vector B. By mea¬ 
suring the total vector length, from O to A, the total force, called the 
resultant, is found. This distance is 8 squares, so that the total pull on the 
box of Fig. A.1(a) is 80 lb, or the circuit voltage of (b) is 80 volts. 
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Fig. A 2 Vectorial representation of two forces acting in opposite directions. 

In Fig. A.2(a) the same two men are pulling on the box with the same indi¬ 
vidual forces but in opposite directions. Similarly, Fig. A.2(b) shows the 
same batteries, but they are now so connected as to buck each other. 
Figure A.2(c) shows the conditions of (a) and (b) by means of vectors. 
The length of each vector is, as before, proportional to the force the vector 
represents. But in this case the vectors are drawn in opposite directions 
from the starting point O to indicate the opposite directions in which the 
forces are acting. 

In Fig. A.2(d) vector A is drawn from the end of vector B in order to find 
the net force. Each vector is considered as drawn in the direction indi¬ 
cated by the arrow. Vector B is drawn by starting at point O and drawing 
to point B. Vector A is drawn by beginning where vector B ends (at point 
B) and drawing the proper distance in the direction that the force repre¬ 
sented by vector A is acting. The net distance OA, which is two blocks, 
shows that the net pull on the box of Fig. A.2(a) is 20 lb and that the cir¬ 
cuit voltage of (b) is 20 volts. 

In Fig. A.3(d) the two men are pulling on the box with the same forces as 
before, but this time they are pulling at an angle of 45° from each other. 
This is represented vectorally by Fig. A.3(c), where vector A is drawn at 
an angle of 45° to vector B. 

To find the resultant force of these two vectors, vector A is drawn from 
the end of B as in Fig. A.3(a). The resultant OA is the dotted line drawn 
from the beginning of vector B to the end of vector A. The resultant 
vector is 7.4 blocks (net force of 74 lb). The direction the box will move 
is indicated by the direction of the resultant vector OA in (b) and can be 
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Fig. A.3 General method of vectorial representation. 

found by measuring angle 0 with a protractor.* It is found to be 16.6°. 
Thus the box of Fig. A.3(d) will move to the right at an angle of 16.6° 
from the direction in which B is pulling. This is indicated by the dashed 
line in Fig. A.3(d). The force moving the box in this direction will be 
74 lb. 

Another way to find the resultant of the vectors of Fig. A.3(a) is by the 
parallelogram method of Fig. A.3(b). Here line AC is drawn parallel to 
OB and BC is drawn parallel to OA. OC is then the resultant vector. 
While this appears at first glance to be a substantially different method 
than that of (a), actually it is essentially the same. BC of (b) is the same 
length as OA and makes the same angle with the horizontal line OB as OA 
makes. Hence, if we drew vector A from the end of vector B, it would 
take the position now taken by line BC. Triangle OBC of (b) is therefore 
identical with triangle OBA of (a). The parallelogram method of (b) is 
merely a convenient method of transferring vector A to the end of vec¬ 
tor B. 

REPRESENTING A-C VOLTAGES. . . An electrical analogy of Fig. 
A.3(d) is not possible by using batteries or other direct-current sources. 
Direct-current voltages must either aid each other or completely oppose 
each other. With alternating voltages various degrees of aiding or oppos¬ 
ing are possible. When two a-c voltages aid each other to the greatest 
extent possible, they are in phase and can be represented by vectors point¬ 
ing in the same direction, as in Fig. A. 1(c). When the two voltages are 

* You should redraw this figure to a considerably larger scale in order to get a satisfactorily 
accurate graphical solution. 



180° out of phase from each other, they oppose each other to the greatest 
possible extent and can be represented by vectors pointing in opposite 
directions, as in Fig. A.2(c). If two series-connected a-c voltages are 180° 
out of phase from each other, one voltage being 50 volts and the other 
30 volts, the circuit voltage can be represented by the vectors of Fig. 
A.2(d) and is 20 volts. 

In between the extremes of exactly in phase and completely (that is, 180°) 
out of phase, two a-c voltages or currents may be out of phase by some 
amount less than 180° but greater than 0°. For example, two a-c voltages 
might be 45° out of phase from each other. This condition is represented 
by drawing two vectors at an angle of 45° to each other, as in Fig. A.3(a). 
If the two voltages are 50 and 30 volts and if they are in series, the circuit 
voltage is then represented by the resultant of Fig. A.3(b) and is equal to 
74 volts. The phase angle between the circuit voltage and the individual 
voltage of the 50-volt source is 16.6°. 

The phase relationship between currents can, of course, be shown by vec¬ 
tors in the same way as described for voltages, and the vectors can be 
added to obtain the total current. You can also use vectors to show the 
phase relationship between a voltage and a current by drawing one vector 
for the voltage, and another for the current. The angle between the two 
vectors will be the angle of lead or lag between voltage and current. 

29 
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