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Deciding to study the NRI course 
is one of the wisest decisions of your 
life. Why? Because this course has 
been planned and written from be-
ginning to end especially for men 
who must do their studying at home, 
usually after their regular day's 
work. Each of NRI 's bite size lessons 
has been programmed into small 
sections. Most of these sections can 
be mastered with little over an 
hour's diligent study. 

The amount of education you now 
have is of less importance than an 
unswerving ambition to succeed. The 
first lesson starts right at the be-
ginning assuming that you know 
nothing about electronics, and pre-
pares you for the more advanced 
second lesson. If you will make a 
firm resolution now to work on your 
course regularly, you can be assured 
of success. The rewards that can be 
yours by satisfactorily completing 
your course are within your grasp. 
You've taken the first step by en-
rolling, now the next step is to set 
up a study schedule, and then stick 
to that study schedule at all costs. 

Since in the second book, and in 
each of the following books that you 
will study, you will be building on 
what you have learned in previous 
books, it is important for you to 
understand each new idea as it is 
presented before going on to the next 
subject. Do not make the mistake of 
skipping over a section that you do 
not at first understand. Usually if 
any section of a lesson at first seems 
difficult, you will be able to under-
stand it completely by rereading it 
several times. If after you have 
carefully studied a section of a les-
son, you find there are still some 
points puzzling you, take advantage 
of the NRI Consultation Service to 
ask for extra help. Try to be as 
specific as possible about exactly 
what is not clear to you -- we will 
be glad to assist you; we are here 
to help you. 

The surest way to succeed is to 
be determined to succeed. Make a 
sincere promise to yourself right 
now, that you are going to complete 
your NRI course and succeed in 
electronics. 
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OPPORTUNITIES 

Let us look at a few of the oppor-
tunities that are available to the 
qualified technician. As an NRI 
graduate you will be in a position to 
choose your opportunity, instead of 
waiting for it to come to you. 

In radio, for instance, there are 
hundreds of different job opportuni-
ties in entertainment broadcasting 
alone. You might think that television 
has eliminated the opportunities in 
this field of radio. The actual facts 
are that almost every week new radio 
stations are licensed by the FCC and 
that the annual radio receiver pro-
duction in this country is close to 
10,000,000 receivers. 

Television has not eliminated op-
portunities in the radio field; instead 
it has created new opportunities of 
its own. The demand for broadcast 
technicians and television service-
men has never been fully satisfied 
since television first swept across 
the country. Now color television is 
here, and it is creating still greater 
demands for trained men. You can be 
one of them. 
Another fact that people fail to 

realize is that there are many op-
portunities outside the entertain-
ment broadcasting field. There are 
thousands of fascinating well-paid 
jobs for men in communications sys-
tems on land, on sea, and in the air. 
Fire and police departments, tele-
phone companies, power companies, 
gas companies, railroads, and air-
lines are only a few of the many 
organizations using radio communi-
cations equipment. The use of radio 
in industrial communications is in 
fact increasing so fast that finding 
frequency assignments for all the 
new stations is becoming a serious 
problem. 

Electronic equipment is also be-
coming more and more important in 
industry. Electronics in industry 
represents a tremendous new field, 
the surface of which has just been 
scratched. Electronic equipment is 
used to count finished components 
coming off assembly lines, it is used 
to inspect manufactured parts, it is 
used to control precision machines, 
automatically making possible the 
high-speed production of items that 
could formerly be made only manu-
ally by highly skilled operators. 
Electronics is used in oil refiner-
ies, in the manufacturing and qual-
ity-control of new cars, in the new 
plastics industry and in many other 
fields, too numerous to mention. As 
a matter of fact, there is hardly an 
industrial process in which elec-
tronics cannot be put to use advan-
tageously. Here is a field of un-
limited opportunities; a field that is 
just developing. 
From the preceding list of oppor-

tunities you might think that this is 
an industry already fully developed. 
Actually we have barely scratched 
the surface. You are going to see 
breath-taking new developments 
which far outshadow even the mira-
cle of color television. Because your 
NRI training is built upon a sound 

foundation, you will be prepared for 
the undreamed-of jobs that will soon 
be created by new developments. You 
will not only learn about equipment 
in use today, but you will also learn 
the fundamental ideas in back of the 
operation of tomorrow's equipment. 
Once you understand this basic theo-
ry, you will be able to understand 
new developments as they come 
along. You will understand how they 
work, because you will know the 
fundamentals. New electronic equip-
ment will not use new circuits, it 
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will use the basic circuits you will 
be studying, but in new ways. 

HOW TO STUDY 

Naturally, you want to complete 
your course and become an expert 
technician as quickly as possible. 
To help you do this, here are a few 
suggestions on how to study. 
A Study Schedule. 
The first suggestion is that you 

plan a study schedule. Decide how 
many hours you'll study each week. 
Then decide on which days you will 
be able to work on your course. Fi-
nally, decide the time during the day 
or evening that will be best for study-
ing. 
How Often to Study. 

Space your study periods close to-
gether. The ideal arrangement is to 
devote some time to your course 
each day. If you can't spare one or 
two hours, study for 45 minutes,half 
an hour, or whatever you can spare. 

Regular study is the key to learn-
ing effectively. You can learn and 
remember much more from study-
ing 30 minutes daily than from longer 
sessions spaced several days apart. 
Studying daily, or every other day, 
keeps the instruction fresh in your 
mind. If three or four days pass be-

tween study periods, you may forget 
most of what you learned from your 
last session. It's hard to pick up 
where you left off, and you often 
have to do a lot of "back-tracking" 
to refresh your memory. 
Take a Break. 

Unless you're accustomed to 
studying regularly, you may find that 
you tire easily. This isn't unusual. 
It will take time for you to get the 
"study habit". 

In the beginning, make your study 
periods short and break them up with 

periods of rest. After you've com-
pleted several lessons, you will be 
able to study longer without getting 
tired. 
Be Fair to Yourself. 
Most of us have asked for that 

second slice of apple pie only to 
discover we are too full to handle 
it. An over-ambitious study schedule 
can be like that second slice of pie. 
Be sure your study schedule is rea-
sonable, one that you will have no 
trouble following. This schedule 
need not deprive you of time for other 
activities. A well planned schedule 
will see to it that each activity 
gets its fair share of your attention. 

If possible, have a regular place 
to study, and get used to going to 
the same place each time you study. 
Naturally, this place should be rela-
tively free of distracting noises. If 
the noise around you can't be con-
trolled, consider going to a Public 
Library. Libraries are quiet and 
have an ideal study atmosphere. 
When you sit down to study, be 

sure to have everything you need. 
Then you won't have to stop in the 
middle of a lesson to get a pencil, 
paper etc. Keep these materials 
near your place of study at all times 
so that once you sit down, you can 
go right to work. 
Here are some suggestions to help 

you study your lesson texts system-
atically. These suggestions are the 
result of years of experience with 
well over 600,000 students and will 
enable you to learn effectively. 
Survey the Lesson. 
Begin each new lesson with a 

survey. First, read the Study Sched-
ule to get a general idea of the sub-
jects and their order of presentation. 
Next, thumb through the lesson and 
look at the different main headings. 
The main headings are the same as 

3 



each step in the Study Schedule. 
Now carry the survey further. 

Look at the smaller headings under 
each main heading to get a more de-
tailed idea of what the lesson covers. 
In fact, you should glance at the first 
two or three sentences under each 
heading. 

The survey acquaints you with the 
lesson. When you begin a thorough 
study, you will know what to expect. 

Read and Recite. 
After the survey, you are ready 

to study the lesson. Remember, the 
text is full of facts and explanations. 
To absorb them, you should read 
every sentence carefully, turning 
over in your mind what it says and 
means. 

Stop periodically and try to recall 
what you've read. Actually recite to 
yourself the main headings and the 
important ideas under each. Then 
check back to see whether you've 
covered everything. If you've left 
something out, restudy those points 
and again try to repeat them to 
yourself. 
Answering the Test Questions. 
On the last page of each lesson 

are ten questions covering subjects 
in the lesson text. 

You'll probably find many of the 
questions easy to answer. Some will 
require a good deal of thought. A 
few may seem difficult but will help 
you develop the ability to work out 
problems you'll encounter in the 
field. 

If you come to a question you can't 
answer, find that part of the lesson 
where the subject is covered. Re-
read that portion carefully, fixing 
the answer to the question firmly in 
mind. Then write out the answer in 
your own words. 

You will find it helpful to review 

periodically. A good system is to 
review completed lessons at about 
the same rate you study new lessons. 
For example, when you finish six 

lessons, go over the first two again. 
When you finish your next new les-
son, review the third and fourth les-
sons. After your review catches up to 
your new lessons, start the review 
over again. Naturally, when you re-
view, you will not have to be as thor-
ough as when you study the lesson. 
However, just skimming through the 
lesson you are reviewing will help 
recall the important points in that 
lesson. 
Your lessons contain a series of 

self-test questions which are related 
to the major topics of eachtext.You 
should try to answer each question, 
in writing, as you come to it in your 
studies. Before continuing, check 
your answer against the "Answers 
to Self-Test Questions" on pages 38 
and 39. If you have answered the 
questions correctly, go on to the next 
section. If any of your answers are 
incorrect, review the topic just 
covered. 
The se Self-Test Questions are for 

your own use so you can see how well 
you understand the material. Do NOT 
Send the Answers to the .Ug_.f-'e  
Questions to NRI for Gradins. This 
will only slow down your instructor. 
Now you are ready to go -- ready 

to start your study of electronics. 
At first we will study a few basic 
ideas and then we will use these 
ideas in building up some simple 
circuits. Make sure you fully under-
stand the ideas and circuits as they 
are presented. Even the most com-
plex electronic equipment is made 
up of nothing more than a large 
number of the simple circuits that 
you will study in your early lessons. 
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Electricity 
Electricity and magnetism play an 

important part in the operation of all 
electronic equipment. But what is 
electricity? What is magnetism? If 
you learn the answers to these two 
questions once and for all now, you 
will havethe foundation for everything 
else you will study and work with in 

your electronics career. Let us take 
up electricity first. 

WHAT ELECTRICITY IS 

We will start our discussion of 
what electricity is by describing a 
few simple experiments that were 
performed by scientists many years 
ago. These experiments helped lead 
to the understanding of electricity 

that we have today. You do not have 
to perform these experiments. We 
are describing them only to help you 
understand electricity. 

If two small glass balls are sus-
pended by threads as shown in Fig. 
1, the weight of the glass balls will 
cause them to hang straight down as 
shown. Now if we take a piece of silk 

THREAD 

SMALL GLASS BALLS 

STAND 

Fig. I. Two small glass balls suspended 
by threads will hang vertically because 

of the weight of the balls. 

cloth and rub the balls with the cloth 
and then suspend them, instead of 
hanging straight down as they did 
before, the balls will tend to swing 
out as shown in Fig. 2 as though 
some force were pushing them apart. 

Fig. 2. I'm) glass balls that have been 
rubbed with a silk cloth move apart. 

Actually, there must be some force 
pushing them apart; rubbing the balls 
with the silk cloth has produced the 
force. 

The same experiment can be per-
formed using two small hard-rubber 
balls. Again, before the balls have 
been rubbed with the silk cloth they 
will hang vertically, but once they 
have been rubbed with the silk cloth 
they will push apart. Again rubbing 
the small balls with the silk cloth 
has produced a force which pushes 
the balls apart. 

There are two important points 
illustrated by these experiments. 
First, rubbing the balls with the silk 
cloth produced a force that pushed 
the balls apart. We call this force a 
"charge". The act of producing this 
force is called "charging". We say 
that the balls are "charged." 
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Second, let us consider what hap-
pened when we rubbed the glass balls 
with the silk cloth. When we rubbed 
the two balls, we charged them. Since 
both balls were charged in the same 
way, it is logical to assume that we 
have placed the same kind of a charge 
on the two balls. But the two balls 
pushed each other apart. We had 
similar results when we charged 
the two rubber balls. They also re-
pelled each other. From these ex-
periments we can conclude that if 
two objects are charged with the 
same kind of a charge, they will 
repel each other. This is a basic 
electrical law, and it is usually 
stated: 

like charges repel. 

Now, if the same experiment is 
performed using one small glass 
ball and one small rubber ball, we 
would observe an entirely different 
effect. When the balls are rubbed 
with the silk and then suspended, 
instead of moving apart, the two balls 
would move toward each other as 
shown in Fig. 3. If they are placed 
close enough together, they will 
move toward each other until they 
touch. Once the two balls touch each 
other, they will begin to move apart 
to hang straight down. They will 
probably swing past the straight-
down point and then swing back to-
gether and touch again. This cycle 
may be repeated several times until 
eventually the balls will hang 
straight down as they would if they 
had not been charged in the first 
place. Now let us see what con-
clusions we can draw from this ex-
periment. 
We have seen that rubbing the.two 

balls with the silk cloth charged them 
as before. This we know is true be-

cause a force was produced on the 
two balls, otherwise they would 
simply hang straight down. We also 
know that the forces produced on the 
two balls were such that the balls 
did not repel each other, at least at 
first, because the two balls moved 
together and touched. Since we have 
seen from the previous experiments 
that like charges repel, these 
charges must have been unlike. In 
other words, there must be a dif-
ferent kind of charge on the glass 
ball from the one on the rubber. 
These simple experiments lead 

us to a fundamental important rule, 

"like charges repel; 
unlike charges attract." 

Remember this rule, it is important. 
You will use it throughout your en-
tire career in electronics. You will 
soon use this simple rule to help 
explain the operation of many elec-
tronic devices. 
Now let us proceed with our study 

of electricity to see if we can ex-
plain more fully what happened in 
the experiments we have just de-
scribed. To do this we must study 
the electron theory. 

Fig. :3. The charged glass and rubber balls 
t• ill move together and touch each other. 
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THE ELECTRON THEORY 

Everything on this earth is made 
up of tiny particles. You can see for 
yourself that the earth is not one 
solid piece of material, it is made 
up of tiny particles of sand and stone 
and rock. Even the smallest grain 
of sand is itself made up of millions 
of still smaller particles, so small 
that they cannot be seen even with 
the most powerful microscope. 

The smallest particle of a sub-
stance that retains the original 
properties of the substance is called 
an "atom." All atoms of a given sub-
stance are alike. In other words, the 
smallest particle of a piece of copper 
that still is and resembles copper is 
called an atom. These atoms are so 
small that a piece of copper the size 
of the head of a pin would contain 
millions of atoms. 
But the atom is not the smallest 

particle, the atom itself is made up 
of still smaller particles. Scientists 
have identified a number of different 

particles from which the atom is 
made. However, we are interested 
in only two of these particles, thé 
-nucleus* and the electron. We are 
more interested in the electron than 
we are in the nucleus. 

The nucleus is the center of the 
atom. Travelling around the nucleus 
in elliptical paths (a somewhat cir-
cular path that has been squashed, 
like an egg or football) will be one or 
more electrons. The number of elec-
trons will be different for atoms of 
different elements. 
The nucleus of an atom has a posi-

tive charge. The simplest atom is 
the hydrogen atom and the nucleus 

of this atom has one positive charge. 
Travelling around this nucleus in an 
elliptical path is one electron which 
has a negative charge. The negative 
charge on the electron exactly bal-
ances the positive charge on the 
nucleus so that electrically the atom 
is neutral. The most complex atom 
found in nature is the uranium atom. 
The nucleus of the uranium atom has 
92 positive charges and travelling 
around the nucleus of this atom are 
92 electrons which will exactly bal-
ance the 92 charges on the nucleus, 
so that the net electrical charge on 
the atom is zero. 
Between the simplest atom, which 

is the hydrogen atom, and the most 
complex atom are 90 other mate-
rials. They range from the helium 
atom which has two positive charges 
on the nucleus and two electrons 
travelling around it up to the pro-
tactinium atom which has 91 
charges on the nucleus and 91 elec-
trons travelling around it. 

In their natural state the electrons 
travelling around the nucleus of an 
atom exactly balance the positive 
charges on the nucleus. However, 
under some circumstances an atom 
might loose one of its electrons. 
When this happens, the electron, 
which carries a negative electrical 
charge, moves off into space or over 
to a nearby atom. Meanwhile, the 
atom which has lost the electron 
now does not have enough electrons 
to completely balance the positive 
charge on the nucleus. As a result, 
the atom has a positive charge. 

Under some circumstances the 
opposite might happen, and an atom 
might pick up an extra electron. 

T. be strictly correct we should not call the nucleus a particle, because it is made 
up of smaller particles. However, for our purposes we can consider the nucleus as one 
particle. 

7 



Fig. I. the maximum number of electrons 
there can be in each of the first four rings 

of any atom. 

When this happens the atom has more 
electrons than it needs to completely 
neutralize the charge on the nucleus. 
As a result, the atom will have a 
negative charge. 
The electrons around the nucleus 

of an atom travel around it in rings. 
There is a maximum number of elec-
trons that can be in each ring. In 
Fig. 4 we have shown the maximum 
number of electrons that can be in 
each of the first four rings surround-
ing the nucleus of an atom. As the 
atoms go from hydrogen, the smi-

plest atom, to uranium, the most 
complex atom, the electrons fill the 
inner rings first. For example, the 
hydrogen atom shown in Fig. 5A has 
one electron traveling around the 
nucleus. The helium atom shown in 
Fig. 5B has the first ring filled with 
two electrons travelling around the 
nucleus. The lithium atom has three 
electrons as in Fig. 5C, two elec-
trons fill the first ring and the third 
electron appears in the second ring. 
Subsequent elements will have elec-
trons in the second ring until a maxi-
mum of eight electrons is reached in 
this ring. The next element will have 
two electrons in the first ring, eight 
in the second and the eleventh elec-
tron in the third ring. 
When the outer ring of electrons 

in an-- atom is filled, the atom is very 
stable electrically and chemically. 
It is almost impossible to get an 
electron to move out of the atom or 
to force another electron into the 
atom. On the other hand, if the outer 
ring MS all the electrons it can hold 
*except one, it is very easy to force 
an electron into that outer ring to fill 
the ring. By contrast, if the outer 
al* has only one electron in it, that 
'electron is not held very closely to 
the atom and therefore it can easily 
move out of its position into space 

I ig. 5. The hplrogen atom is shin at A. the helium atom at 11. and the litnium atom at C. 
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,or to another atom. 
The copper atom is an excellent 

example of an atom with one elec-
tron in its outer ring. The positive 
charge on the nucleus of the copper 
atom is 29 as shown in Fig. 6. The 
first three rings of the atom are 
filled, they hold all the electrons 
they can. However, the 29th electron 
required to neutralize the charge on 
the nucleus is in the fourth ring by 
Itself. This electron is not held very 
closely to the nucleus. As a result, 
it can move easily from one atom to 
another. This is the reason why cop-
per wire is so widely used in elec-
tronic equipment and in electric 
power distribution. 

If we apply some external force to 
a copper atom, we can easily knock 
the outermost electron loose and it 
might move to an outer ring of a 
nearby atom. This atom will then 
have two electrons in the fourth 
ring. It then has one more electron 
than it needs to neutralize the charge 
on the nucleus. The tendency is for 
this atom to get rid of this extra 
charge as quickly as possible. Either 
the new electron that moved into the 
fourth ring will be forced out of this 
ring, or the original electron in the 
fourth ring will move out. In any 
case, whichever of the two electrons 
leaves this fourth ring will move 
over to a nearby atom, and it in turn 
will upset the balance of this atom 
and either move on itself, or force 
the electron in the outer ring of this 
atom out. 
Now if you will remember when we 

rubbed the two glass balls and the two 
rubber balls with a silk cloth and 
placed like charges on them they 
repelled each other. Electrons have 
a negative electrical charge. All 
electrons have exactly the same 
charge. Since the charges on elec-

Fig. 6. The nucleus of the copper atom 
has a positive charge of 29. Around the 
nucleus there are normally 29 electrons 

arranged as shown above. 

trons are like charges they tend to 
repel each other. 

In a piece of copper there will be 
millions of atoms. Each of these 
atoms will have a nucleus that has 
a positive charge of 29 on it and 
around it 29 electrons that neutralize 
this positive charge. The electrons 
are held in the atom by the positive 
charge on the neeus which attracts 
them. At the same time the elec-
trons are repelling other electrons 
in the atom and electrons in nearby 
atoms. There is more or less a con-
dition where there is a balance be-
tween the nucleus holding or attract-
ing its electrons and at the same 
time the electrons repelling or push-
ing away other electrons. 

If we take a piece of copper wire 
and connect something to it that will 
try to pull electrons from one end of 
the wire and push them into the other 
end we will set up an instantaneous 
chain reaction along that wire. The 
instant an electron starts to move 
out of the fourth ring of one of the 
copper atoms the negative charge on 
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Fig. 7. The hollow tube shown at .‘ is full of ping pong balls. when an extra ball is 
pushed into end a at II. the effect is to push all the balls at once and a ball starts to 

to fall out at end b. 

that electron will push an electron 
out of the fourth ring of a nearby 
atom. At the same instant, it in turn 
will start pushing an electron out of 
the fourth ring of an atom adjacent 
to it. This will happen all the way 
along the wire so that at the instant 
an electron starts moving at one end 
of the copper another electron will 
start moving at the other end. The 
motion of the electrons will be the 
same all through the length of the 
wire. 
You might get a better idea of what 

is happening if you took a hollow tube 
such as shown in Fig. 7A and filled 
it with ping pong balls so that the 
balls are all touching each other. 
The minute you start to force an 
extra ball into the one end, a, all the 
balls in the tube start to move and 
a ball starts to fall out of the end 
b as shown in Fig. 7B. The move-
ment is instantaneous through the 
entire length of the tube. 

The same situation exists when 

FORCE 

you start an electron moving at end 
a of the wire shown in Fig. 8. Al-
though the electrons are not touch-
ing each other there is a force be-
tween them as shown, so that this 
force causes electrons all down the 
wire to start to move at the same 
instant. If you were to apply a greater 
force so that two electrons started 
moving at end, a, of the wire as shown 
in Fig. 9A, this force would cause 
two electrons to start moving all the 
way down the wire as shown. Simi-
larly if you increase the force still 
further and start three electrons 
moving at end, a, as shown in Fig. 
9B, then you have this chain re-
action of three moving the entire 
length of the wire. The motion _ce 
electrons will be the same through-
out the length of the wire. 
The movement of electrons along 

the wire is called current flow. This 
is what an electric current is. We 
will go into this in detail in the next 
section of this lesson. However, be-

A 3 

Fig. 8. When force is applied at end A of wire and an electron is pushed towards B. 
there is an instantaneous reaction all along the length of wire pushing a line of elec-

trons towards 13. 

10 



fore going to the next section let us 
explain the action of the charged 
rubber and glass balls. When the 
glass ball is rubbed with the silk 
cloth, the friction of rubbing the ball 
removes some of the electrons from 
the ball. Once the electrons have 
been removed, there are not enough 
electrons left to completely neutral-
ize the charges on the nuclei of the 
atoms. Therefore the glass balls will 
have a positive charge on them. 

When we rub the rubber balls, the 

a 
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the extra electrons on the rubber 
ball will leave the rubber ball and 
move over to the glass ball and 
partly make up for the shortage of 
electrons on the glass ball. When 
this happens, the balls may swing 
apart, but the charges will not be 
completely neutralized, so the balls 
will swing back together again and 
a few more electrons will move from 
the rubber ball over to the glass ball. 
This swinging back and forth will 
continue until enough electrons have 

FORCE 

FORCE --e 

Fig. 9. Number of electrons set in motion along a wire depends on the force 
appl ied. 

rubber balls take electrons from the 
silk cloth so they will have more 
electrons than are needed to com-
pletely neutralize the positive 
charges on the nuclei of the atoms. 
Therefore the rubber balls will have 
a negative charge on them. 

Since the two similarly charged 
glass balls repelled each other and 
likewise the two charged rubber 
balls repelled each other, we as-
sumed that like charges repelled. 
Indeed, two positive charges will 
repel each other, and two negative 
oharges will repel each other. 
When we charge one glass ball 

and one rubber ball and suspend 
them near each other, they will be 
attracted because they have unlike 
charges; one is charged positive and 
the other is charged negative and 
unlike charges attract. When they 
move together and touch, some of 

moved from the rubber ball to the 
glass ball to reduce the force of at-
traction between the two balls until 
it is no longer strong enough to cause 
the balls to swing together. 

SUMMARY 

We have covered a great deal of 
material in this section, and chances 
are you will not be able to remember 
all of it. We do not expect you to re-
member all of the details, but you 
should remember the important 
points such as: 

1. Like electric charges repel, and 
unlike electric charges attract. 

2. All material is made up of ex-
tremely small particles called 
atoms. 

3. All the atoms of a given substance 
are identical. 
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4. Atoms are made up of a nucleus 
in the center, which has a posi-
tive charge, and a number of elec-
trons, which have negative 
charges. Normally the atom will 
have enough electrons to exactly 
neutralize the charge on the nu-
cleus. 

5. The electrons arrange them-
selves in rings around the nu-
cleus of the atom. There is a 
maximum number of electrons 
that can be in each ring. 

6. In some atoms, such as the cop-
per atom, an electron can be 
easily displaced. 

SELF-TEST QUESTIONS 

Before going on with the next sec-
tion of this lesson be sure to answer 
the following self-test questions. 
Write out the answer to each ques-

tion carefully. After you have an-
swered all of the questions, check 
your answers with those on pages38 
and 39. We do not expect you to give 
the same answer, but be sure that you 
understand the point brought out by 
the question before going on to the 
next section. Remember, do NOT 
send your answers to the Self-Test 
Questions to NRI for grading. 

(a) 

(b) 
(c) 

State the law of charges. 
What is an atom? 
Which two parts of the atom are 
we interested in? 

(d) Which part of the atom has a 
positive charge ?Which part has 
a negative charge? 

(e) If the copper atom which nor-
mally has 29 electrons loses 
one of its electrons, what kind 
of a charge does the atom have? 
Why do electrons in adjacent 
atoms repel each other? 
) 

If you can answer the preceding 
self-test questions you can be sure 
that you understand the important 
points covered in the preceding sec-
tion of this lesson. However, before 
going on, here is a real tough ques-
tion for you to think about. Don't 
spend more than five or ten minutes 
thinking about it, but try to answer 
it because this will stick in your mind 
and help you to remember some of 
these important points later. 

(g) One atom has ten electrons and 
another atom has eleven elec-
trons. Which of the two atoms 
would you expect would most 
readily give up an electron? 

500W en 

le ek 
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Current Flow 

In the preceding section you have 
seen how an electron being knocked 
out of its atom forces additional 
electrons out of their atoms and sets 
them in motion. We have also pointed 
out that if we apply some force to 
push the electrons at one end of a 
wire and another force to pull the 
electrons from the other end we can 

start an instantaneous motion of 
electrons along the wire with the 
electrons moving from one end to-
wards the other. 
A device that is capable of doing 

this is a flashlight cell. A flashlight 
cell, by means of the chemical action 
that occurs inside it, will push elec-
trons from one terminal and pull 
them into the other. If we connect a 
wire between the two terminals of 
a flashlight cell, electrons will im-
mediately be set in motion through 
the wire and through the cell as 
shown in Fig. 10. Electrons will be 
moving from the one terminal of the 
flashlight cell through the wire and 
back to the other terminal of the 
cell, and through the cell back to-
wards the terminal from which they 

FLASHLIGHT 

CELL 

Fig. 10. 1 %%ire eonneeted bet%“.en the tv,,o 
terminals of a flashlight cell pros ides an 
electric circuit through %%hick electrons 

can floss. 

started. This is called an electric 
circuit. 

Electrons will continue to follow 
this circular path until the path or 
circuit is broken by disconnecting 
the wire from one terminal of the 
cell or until the chemical action of 
the cell is exhausted. 

Notice that there must be a com-
plete path for the electrons to travel. 
An electron leaving one terminal of 
the cell must be able to travel 
through a complete circuit, through 
the wire, through the cell and back 
to the terminal from which it left. 
If you simply connect a wire to one 
terminal of the cell, nothing will 
happen. 
A flashlight cell has two termi-

nals. One terminal is a small round 
terminal in the center of one end of 
the cell. This is the positive of the 
cell. The other end of the cell is the 
negative terminal of the cell. Now, 
can you tell from whichterminal the 
electrons are going to leave the 
flashlight cell? Remember the ex-
periment with the glass balls. When 
we charged the glass balls we placed 
a like charge on the two balls and 
they pushed each other apart. Now 
an electron has a negative or minus 
charge. Which terminal is going to 
push electrons away, and which ter-
minal will attract them ?The answer 
to these two questions is just what 
you might expect from the law of 
charges. We said that like charges 
repel, and therefore the negative 
terminal of the battery will push the 
electrons out of the battery. The 
positive terminal of the cell will 
attract the electrons, because it has 
the opposite charge on it. 
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Fig. II. The schematic diagram of a simple 
circuit. 

In Fig. 11 we have repeated the 
circuit shown in Fig. 10; however, 
this time we have used the symbol 
that is used in electronics to identify 
a single cell such as a flashlight 
cell. Notice that we have used one 
short line and one longer line to 
represent the cell. The short line 
identifies the negative terminal of 
the flashlight cell and the long line 
the positive terminal. We have also 
marked the terminals with - and + 
signs so that there will not be any 
confusion. Remember the symbol 
used for the cell, you will see it many 
times in your electronics career. 

Symbols like these are used on all 
electronic diagrams to indicate the 
various parts. There is a different 
symbol for each part. Using a simple 
symbol instead of trying to show the 
actual part makes the diagram much 
easier to understand. These dia-
grams using symbols are called 
"schematic" diagrams and the indi-
vidual symbols, schematic symbols. 
We will teach you each symbol as 
you come to it so you will not have 
to learn a lot of them at once. 

In the circuits shown in Fig. 10 
and 11, the electrons leaving the 
negative terminal of the battery 
simply flow through the wire back 
to the positive terminal - they are 
not doing anything useful. Usually 

we will have some other device con-
nected in the circuit so that the elec-
trons flowing in the circuit will do 
something useful. For example, in 
a flashlight we have the flashlight 
bulb connected between the two ter-
minals of the flashlight cell. The 
flashlight bulb is simply made of a 
piece of wire, usually some very 
hard wire such as a tungsten wire 
which is placed inside of the glass 
envelope from which all the air has 
been evacuated. When we connect the 
flashlight cell in the circuit such as 
shown in Fig. 12, the electrons will 
be set in motion instantaneously 
throughout the entire circuit as be-
fore. However, the movement of 
electrons through the tungsten wire 
produces a great deal of heat in the 
wire; in fact the wire gets so hot 
that it reaches "white" heat and 
gives off light. Here we have put 
the movement of electrons to work, 
and have used it to produce light. 
Circuits such as shown in Figs. 10 
and 11 where the electrons simply 
travel from one terminal of the bat-
tery to the other are usually avoided:: 
Sometimes they occur accidentally 
due to a parts failure and they are 
then referred to as short circuits. 
You will learn more about this ia 
later lessons. 

Fig. 12. A simple circuit showing a bulb 
connected across a flashlight cell. 
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THE AMPERE 

The movement of electrons 
through an electric circuit is called 
an electric current. The strength 
of the current depends on the num-
ber of electrons in motion at any 
point in the circuit. As we pointed 
out previously, the number of elec-
trons in motion will be the same at 
all points in the circuit. In the cir-
cuits shown in Figs. 11 and 12 the 
number of electrons leaving the 
negative terminal of the battery at 
a given time will be exactly equal to 
the number of electrons flowing 
through the flashlight bulb at the 
same time and also equal to the num-
ber of electrons reaching the posi-
tive terminal of the battery. 
The number of electrons set in 

motion depends upon the force ap-
plied to the circuit, and also on the 
material used in the circuit. Some 
materials give up one or two elec-
trons more readily than others, and 
as a result it is easier for the elec-
trons to move through circuits made 
of these materials than in circuits 
made up of other materials that will 
n' give up their electrons so easily. 

We must have some way of know-
ing how much current there is flow-
ing in a circuit. A movement of one 
or two electrons past a point in a cir-
cuit in a period of one second repre-
sents an extremely small current, 
so small in fact that it would be of 
no useful value. Before a current 
can be useful, there must be a tre-
mendous number of electrons 
moving past each point in the circuit. 
It would be impractical to try to 
count the number of electrons, so 
instead, a unit of current called the 
"ampere" has been devised. The am-
pere represents a useful number of 
electrons flowing past a given point 

in the circuit per second. The actual 
number of electrons that will pass 
the point is unimportant. However, 
a standard ampere has been set up, 
and all current measurements are 
made in relationship to this standard 
ampere. If the number of electrons 
flowing in the circuit is twice the 
number represented by one ampere, 
then the current flowing in the cir-
cuit is two amperes. If it is ten times 
the standard ampere, the current 
flowing is ten amperes. The word 
ampere is used so often in elec-
tronics that we abbreviate it "amp". 
To make it plural, we simply add an 
"s", for example 10 amperes is 
written 10 amps. 

THE VOLT 

When we were discussing the am-
pere, we said that the amount of cur-
rent that will flow in a circuit de-
pends upon the force applied to the 
circuit. We should have some means 
of measuring this force. The force 
is called the "electromotive force", 
or "voltage", and it is measured in 
volts. Often you will see electro-
motive force abbreviated "emf". 
You do not have to be concerned 

about exactly how much force there 
is in one volt; the important thing 
is to know that the number of volts 
indicates the amount of force applied 
to the circuit, and the higher the 
voltage, the more force is being ap-
plied to the circuit. In other words, 
two volts represents twice as much 
force as one volt. Ten volts repre-
sents ten times as much force as 
one volt. 
By way of interest you might like 

to know that the voltage of a con-
ventional flashlight cell is approxi-
mately one and a half or 1.5 volts. 
The storage batteries used in mod-
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ern automobiles are made up of six 
cells connected so that the voltage 
of the six cells adds. Each cell has 
a voltage of about 2 volts so that 
the total battery voltage is 12 volts. 
Older automobiles may have 3 cell 
storage batteries - the voltage of 
these cells is 6 volts. Electric light 
bulbs and most appliances in homes 
are designed to operate on a voltage 
of about 120 volts. 

THE OHM 

The amount of current that will 
flow in a circuit depends on one other 
thing besides the force applied to the 
circuit. This is how readily the ma-
terial will give up electrons and let 
them move in the circuit. Some ma-
terials will give up electrons quite 
readily and let them move through 
the circuit with little or no oppo-
sition. However, other materials 
will not give up electrons so readily, 
and may offer considerable opposi-
tion to the flow of current. This op-
position to current flow is called 
"resistance". The resistance of a 
material depends upon how readily 
it will allow electrons to move 
through it. Resistance is measured 
in "ohms". Again, you need not know 
the exact definition of a standard 
ohm, the important thing to know is 
that resistance is the opposition to 
current flow in a circuit and that it 
is measured in ohms. 

OHM'S LAW f:e" 

We have said that the current that 
flows in a circuit depends upon the 
force or voltage applied to the cir-
cuit and on the opposition or resist-
ance in the circuit. This means that 
the current depends both on the volt-
age and on the resistance. 

If in an electrical circuit a volt-
age of 1 volt is applied to a circuit 

having a resistance of 1 ohm, a cur-
rent of 1 ampere will flow in the 
circuit. If we double the voltage so 
that the voltage is 2 volts and the 
resistance is still 1 ohm, the cur-
rent that will flow in the circuit will 
be 2 amps. On the other hand, if the 
voltage is 1 volt, and we double the 
resistance to 2 ohms, the current 
that will flow in the circuit will be 
only 1/2 amp. 

This relationship between cur-
rent, voltage and resistance is known 
as "Ohm's Law". We will use Ohm's 
Law many times in future lessons. 
For the present, all you need to re-
member is that the current depends 
upon the voltage and the resistance. 
If you double the voltage and keep 
the resistance constant, the current 
will double. If you cut the voltage in 
half and keep the resistance constant 
the current will be cut in half. On 
the other hand, if you keep the volt-
age constant but double the resist-
ance the current will be cut in half 
but if you keep the voltage constant 
and cut the resistance in half the 
current will double. Increasing the 
voltage increases the current, re-
ducing the voltage reduces the cur-
rent. Increasing the resistance re-
duces the current and reducing the 
resistance increases the current. 

SUMMARY 

Here are the important points you 
should remember from this section 
of the lesson: 
1. If a flashlight cell is connected 

to a wire made up of a material 
from which some of the electrons 
can be displaced, electrons will 
move from the negative terminal 
of the cell through the wire to the 
positive terminal, and through the 
cell back to the negative terminal 
making a complete circuit. The 
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cell provides the force that sets 
the electrons in motion. 

2. A movement of electrons through 
the circuit is called a "current". 
In a simple circuit such as shown 
in Figs. 10 and 11, the movement 
of electrons is the same at all 
points in the circuit. Also, re-

• member that once the wire is 
connected to the two-battery ter-
minals and the electron move-
ment starts, it starts the same 
instant in all parts of the circuit. 

3. The unit used to measure the 
strength of an electric current is 
the ampere. 

4. The unit of force that sets the 
electrons in motion is the volt. 

5. The unit of resistance is the ohm. 
6. The relationship between cur-

rent, voltage and resistance is 
known as Ohm's Law. 

SELF-TEST QUESTIONS 

(h) Which terminal of a flashlight 

cell has a surplus of electrons? 
Which terminal has a shortage 
of electrons? 

(1) When an electric circuit is 
completed do the electrons 
start in motion at the negative 
terminal of the battery first? 
At the positive terminal of the 
battery? Or do they start in mo-
tion instantaneously through-
out the entire circuit? 
What is the unit in which we 
measure electric currents? 
What is the unit used to meas-
ure the electromotive force ap-
plied in an electric circuit? 
What unit is used to measure 
the opposition to current flow in 
an electric circuit? 
According to Ohm's Law, what -i 
effect on the electric current e 
flowing in the circuit will in- r 
creasing the voltage have? 1-

(n) If we reduce the resistance in v 
an electric circuit, will the cur-
rent in the circuit increase or _ 
will it decrease? 

) 

(k) 

(1) 

111) 
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Magnetism 

Magnetism is as important in 
electronics as electricity. Without 
magnetism there would be no elec-
tronics industry at all, for magnet-
ism and electricity work together 
to make our modern electronic de-
vices possible. 

PERMANENT MAGNETS 

A magnet will pick up or attract 
small pieces of steel or iron. Min-
erals that have this property are 
found buried in the ground in some 
parts of the world. These minerals 
are called natural magnets. A piece 
of iron or steel can be made into a 
magnet by stroking it in one direc-
tion with a magnet. When we make a 
magnet in this way, we say that the 
metal is "magnetized". These mag-
nets are called "permanent" mag-
nets, because they will retain their 
magnetism almost indefinitely. 

Originally, permanent magnets 
were made of iron or steel, but mod-
ern permanent magnets are usually 
made of an alloy called "Alnico". 
Alnico is a mixture of aluminum, 
nickel and cobalt. Very strong light-
weight magnets, which retain their 
magnetism much better than mag-
nets made of iron or steel, can be 
made from Alnico. 
When a magnetized steel needle 

is suspended at its balance point by 
a light thread, as shown in Fig. 13, 
the needle will always line up in a 
direction corresponding closely to 
north and south. This phenomenon 
led to the first practical use for 
magnets, in compasses used by early 
sea voyagers and travellers. Com-

passes are made simply of a mag-
netized piece of steel that is mounted 
on a delicately pivotted bearing that 
will turn as easily as the needle sus-
pended by the thread. 

POLES or A MAGNET 

The ends of a permanent magnet 
are called "poles". This name was 
given to the ends of a magnet be-
cause the ends point toward the poles 
of the earth when the magnet is free 
to pivot on an axis. The pole that 
points toward the north pole of the 
earth was originally called the 
"north-seeking" pole. However, for 
simplicity the name has been short-
ened to the "north pole". The mag-
netic pole that points to the south 
pole of the earth is called the "south 
pole". 

If two magnets are brought near 
each other, the north pole of one 

MAGNETIZED 
NEEDLE 

Fig. 13. If a magnetized needle is sus-
pended at its balance point by a thin 
thread, the needle will lin e up in a north 
and south direction like a compass. be-
cause it lines up with the magnetic field 

of the earth. 
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magnet will repel the north pole of 
the other. Similarly, the south pole 
of one magnet will repel the south 
pole of another magnet. However, 
the north pole of one magnet will 
attract the south pole of the other 
magnet. The reason why a compass 
always points in a north-south di-
rection is that the earth itself is 
a magnet, and one pole of this large 
magnet is near the north geographic 
pole, and the other pole is near the 
south geographic pole. The north 
pole of the earth attracts one of the 
poles of the magnet and repels the 

other. The south pole of the earth 
attracts the pole that is repelled by 
the north pole, and repels the pole 
that is attracted by the north pole. 
Therefore, the magnet will point in 
a direction so that one pole points 
toward the north magnetic pole and 
the other pole points toward the south 
magnetic pole. 

Notice the similarity between the 
attraction and repulsion of magnetic 
poles and the attraction and repul-
sion of electric charges. You al-
ready know that "like charges repel 
and unlike charges attract". In mag-
nets, "like poles repel and unlike 
poles attract". This is a fundamental 
law of magnetism; you should re-
member it. 

MAGNETIC LINES 

OF FORCE 

There are lines of force surround-
ing a magnet. You can trace out the 
lines of force around a magnet by 
using a small compass. If you bring 
the compass near the north pole of 
the magnet, the south pole of the 
compass will be attracted to the 
north pole of the magnet. The com-
pass needle will line up with the 
magnetic lines of force. If you move 
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Fig. It small compass ran be used to 
trace magnetic lines of force near a per-

manent magnet. 

the compass as shown in Fig. 14, 
you will be able to trace out the lines 
of force. The lines of force are shown 
coming from the north pole of the 
magnet and going to the south pole. 
We do not know for sure whether or 
not this is true, but there is con-
siderable evidence that the lines of 
force actually do go from the north 
pole to the south pole and therefore 
we will base our explanations on this 
assumption. 

Another experiment that can be 
performed to show the lines of force 
around a magnet is to place a thin 
sheet of cardboard over a magnet and 
then sprinkle iron filings evenly over 
the sheet of cardboard. Tap the card-
board gently, and the iron filings will 
arrange themselves indefinite lines, 
producing the pattern shown at the 
top in Fig. 15. 

If two magnets are arranged so 
that their north poles are placed 
close together and then iron filings 
are sprinkled on a cardboard placed 
over the magnet, the iron filings will 
arrange themselves as shown in the 
center of Fig. 15. Notice that you can 
see the lines of force from the north 
poles of the two magnets actually re-
pelling each other. 
You would get a third pattern by 

19 



Fig. 15. IF iron filings are placed on a 
sheet of cardboard over permanent mag-
nets, they %ill trace out lines of force as 

shw.n here. 

placing the north pole of one magnet 
toward the south pole of another and 
sprinkling iron filings on a card-
board. The pattern you would get in 
this case would be like the one shown 
at the bottom in Fig. 15. Here you 
can see the attraction between the 
north pole and the south pole of the 
two magnets. 
The lines of force coming from a 

magnet are called "magnetic lines of 
force". They are similar to the lines 
Oriorce surrounding electrically 
charged objects. The lines of force 
around an electrically charged ob-
ject are called "electric lines of 
force". 

ELECTRO MAGNETS 

This is called "electro magnetism". 
The circular lines of force around 
the wire can actually be traced out 
with a compass. There will be many 
of these magnetic rings surrounding 
the entire length of the wire. The 
magnetic lines of force close to the 
wire will be much stronger and more 
easily detected than those at some 
distance from the wire as shown in 
Fig. 16. However, even with a weak 
current flowing through a wire, mag-
netic lines of force can be detected 
some distance from the wire, with 
sensitive equipment. 
Even though the magnetic lines of 

force around a current-carrying 
wire can be detected, the magnetic 
field will be weak unless the current 
flowing through the wire is very 
strong. However, by winding the wire 
in the form of a coil, a strong mag-
net can be made. When the wire is 
bent into a loop, the circular mag-
netic rings pass through the center 
of the coil in the same direction and 
reinforce each other as shown in 
Fig. 17. 

An electric current flowing Fig. 16. Ilhen electrons flo‘% through a 
through a wire produces a magnetic ‘ire, magnetic lines of force surround the 
field in the space around the wire. ire. This is a cross-sect ion a I %ie% . 
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TINY 
MAGNETIC 
RING 

COMPASS 

COIL OF WIRE 
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DIRECTION OF 
ELECTRON FLOW 
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MAGNETIC 
FIELD 

Fig. 'lie more turns of %%ire %%e have 
in a coil, the stronger the magnetic field 
%%ill be %%hen electrons flo%% through the 

coil. 

This type of magnet is called an 
"electromagnet". The magnetic ef-
fect exists only as long as the cur-
rent is flowing through the wire. 
Once the current is stopped by open-
in-g-the circuit, the magnetic effect 
will disappear. Many parts used in 
electronic equipment depend upon 
the basic principles of electromag-
netism to operate. 
The electromagnet shown in Fig. 

17 can be made much stronger by 
inserting an iron bar or a bar of 
some magnetic material inside the 
coil. The iron bar is called a "core". 
The actual increase in the strength 
of the magnet will depend upon the 
type of core material used. 
You probably wonder why insert-

ing a core inside the coil makes the 
magnet stronger. The answer to this 
question is that the iron core is made 
up of millions of tiny particles of 
Iron. Each of these particles is it-
self a magnet having a north pole 
and a south pole. Ordinarily, these 
tiny magnets are not arranged in 
any definite pattern. One might point 

in one direction and another in a 
second direction, and a third in still 
another direction as shown in Fig. 
18A. As a result of the random ar-
rangement of these small magnets, 
the magnetic field of one magnet is 
cancelled by the magnetic field of 
another. However, when the iron 
core is placed in the magnetic field 
inside the current-carrying coil, the 
magnetic field produced by the coil 
causes the particles to line up and 
all point in the same direction as 
shown in Fig. 18B. When this hap-
pens, the entire bar becomes one 
strong magnet. However, most of the 
tiny particles are kept lined up only 
by the magnetic field produced by the 
current flowing in the coil. Once this 
field is removed by opening the cir-
cuit so that the current can no longer 
flow through the coil, most of the 
tiny particles will return to their 
random arrangement so that they 
will no longer be pointing in one di-
rection, and most of the magnetic 
field will disappear. 

o 

ELECTRON FLOW 

o 

Fig. 18. In an unmagnetized bar of iron at 
%, the tiny magnets in the iron do not line 
up: if the bar of iron is magnetized, they 

%%ill line up as at il. 
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INDUCED CURRENTS 

We have seen that there is a mag-
netic field around a current-carry-
ing wire, and that if a current flows 
through a coil, an electromagnet will 
be produced. Now, is the opposite 
true ? If a coil is placed inside a mag-
netic field will a current flow through 
the coil? Let us look in the experi-
ment illustrated in Fig. 19. Here we 
have a coil wound on a hollow form. 
The ends of the coil are connected 
to a small flashlight bulb. We have 
used a combination of a pictorial 
drawing for the coil and a schematic 
symbol for the bulb. 

If a magnet is moved quickly in-
side the hollow form, the bulb will 
light while the magnet is being moved 
into the coil. Once the magnet is 
completely inside the coil and no 
longer moving, the bulb will no 
longer light. When the magnet is 
moved quickly out of the coil, the 
bulb will light again. If the magnet 
is moved quickly in and out of the 
coil, the bulb will light and remain 
lighted as long as the magnet is in 

MAGNET 

COIL 
FLASHLIGHT 
BULB 

Fig. 19. If a magnet is moved in and out 
of a coil connected to a flashlight bulb, 
the magnetic lines of force rutting the 
turns of wire on the coil will induee a volt-
age in the coil, and the voltage will cause 
a current flow through the flashlight bulb. 

motion. As long as the magnet is 
moving inside the coil, a current will 
flow in the coil and through the flash-
light bulb. 

This current flows because a volt-
age is induced in the coil. The mag-
netic lines of force moving through 
the turns of wire on the coil are 
said to cut the turns of wire on the 
coil. A small voltage is induced in 
each turn on the coil as long as the 
number of magnetic lines of force 
cutting the turn is changing. The 
voltages induced in the various turns 
of wire on the coil add together. This 
total voltage produces a current flow 
through the coil and through the 
flashlight bulb. We call the voltage 
produced an "induced" voltage and 
the current an "induced" current. 
A second demonstration of an in-

duced voltage is shown in Fig. 20. 
Two coils are wound on the same 
form and placed near each other. 
It is customary on schematic dia-
grams to use letters to designate 
the various parts. L is usually used 
for coils. We have marked the coils 
Li and L2 to make them easy to re-
fer to. One coil, which we have 
marked Li, is connected to a flash-
light cell through a switch, and the 
other coil marked L2 is connected 
to a flashlight bulb. Inserted through 
the form on which the coils are wound 
is an iron core to increase the 
strength of the magnetic field. We 
have shown the schematic symbol 
for the switch, and labelled it SW. 
This makes three schematic sym-
bols you should know now, the flash-
light cell, the light bulb and the 
switch. 
When the switch is closed and cur-

rent starts to flow in Li, there will 
be a voltage induced in 12 and a glow 
will be seen in the flashlight bulb. 
However, this glow will last for only 
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Fig. 20. ghen the circuit to LI is opened 
or closed, a voltage will be induced in 1.2. 

an instant after the switch is closed. 
When the switch is open and the cur-
rent flow in Li is interrupted, the 
bulb again will glow, indicating that 
this too induced a voltage in the sec-
ond winding. 
The explanation of this action is 

the same as for the voltage induced 
by the magnet moving in and out of 
the coil in Fig. 19. When the circuit 
is completed by closing the switch, 
current starts to flow in the coil. But 
the magnetic field that accompanies 
the current flow does not build up in-
stantly; it takes just a short time for 
this field to build_Lip. When the field 
is building up, the magnetic lines 
cutting the turns of L2 are changing 
just as they cut the coil when the 
magnet was moved into the coil in 
Fig. 19. While the magnetic field in 
Li is building up, the number of mag-
netic lines of force is increasing. 
This change in the number of mag-
netic lines of force cutting L2 in-
duces a voltage in 12 which causes 
a current to flow through it and the 
flashlight bulb. When the circuit is 
open, the magnetic field must dis-
appear. The number of magnetic 
lines of force again must change and 
while this is happening, the change 
in the number of magnetic lines of 

force cutting 12 again induces a volt-
age in 12 which causes the current 
to flow. 

It is important for you to realize 
that whenever a magnetic field 
around a coil changes, there will be 
a voltage induced in the coil. Re-
member this, it is important; you 
will be dealing with induced voltages 
as long as you are in the field of 
electronics. 

SUMMARY 

There is a great deal of similarity 
between magnetism and electricity. 
Indeed, the basic law of magnetic 
forces - "like forces repel, and un-
like forces attract", is the same as 
the basic law of electricity, "like 
charges repel and unlike charges 
attract". As you go on through your 
course you will see that electricity 
and magnetism work together to 
make the electronic devices that we 
use today possible. 
You are not expected to remember 

all the details described in this sec-
tion on magnetism. The information 
is presented so you will have a com-
plete picture and be able to under-
stand magnetism completely. The 
important points that you must re-
member from this section are as 
follows: 

1. A magnet has a north pole and a 
south pole. 

2. Magnetic lines of force travel 
from the north pole of the magnet 
around through space tothe south 
pole of the magnet. 

3. Like magnetic poles repel; unlike 
magnetic poles attract. 

4. There is a magnetic field around 
a current-carrying wire. 

5. An electromagnet can be made by 
passing a current through a coil. 
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6. Inserting an iron core into an 
electromagnet will result in a 
stronger magnetic field. 

7. If the magnetic lines of force 
cutting a turn of a coil change, 
there will be a voltage induced 
in that turn of the coil. 

8. If the magnetic lines of force cut- (s) 
ting all the turns of a coil change 
there will be a voltage induced in 
each turn of the coil and these 
voltages will add together. If the 
coil is connected into a complete 
circuit, current will flow in the 
circuit. 

SELF-TEST QUESTIONS 

(o) State the basic law of magne-
tism. 

(p) If a pole of a magnet attracts 
the south pole of a compass, is 
the pole a north or south pole? 

(q) In which direction do the mag-

netic lines of force coming from 
the poles of a magnet travel? 

(r) Where are the magnetic lines of 
force around a current-carry-
ing wire strongest - close to the 
wire or at some distance from 
the wire? 
What effect will placing an iron 
core inside of an electromagnet 
have on the strength of the mag-
netic field? 

(t) If the ends of a coil are con-
nected to a flashlight bulb, and 
a very strong permanent mag-
net is placed inside of the coil, 
will the flashlight bulb light? 
How long will the flashlight bulb 
remain lit? 

(u) In the circuit shown in Fig. 20, 
when the switch is first closed, 
the flashlight bulb will glow. 
Why doesn't the flashlight bulb 
continue to glow as long as the 
switch is closed? 
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Electronic Components 

The parts used in electronics 
equipment are often simply called 
parts , but they are sometimes called 
components. The two words mean the 
same thing; we'll use both words so 
you will get familiar with them. 

In the rest of this lesson, you will 
study a few of the parts found in 
electronic equipment. We are simply 
going to introduce these parts; you 
will study them in detail in later 
lessons. 
You have already seen the sche-

matic symbol for a single-cell bat-
tery such as the flashlight cell, for 
a light bulb and for a switch. You 
will learn the symbols used for sev-
eral other parts. It is important that 
you learn these symbols as you go 
along. The symbols are used to draw 
schematic diagrams. Schematic dia-
grams tell you how the various parts 
are connected together. You must 
learn how to read this type of dia-
gram. Manufacturers supply sche-
matic diagrams of electronic equip-
ment, they do not supply picture dia-
grams. As a matter of fact, picture 
or pictorial diagrams would be far 
more complicated and far more dif-
ficult to read than schematic dia-
grams. Once you learn how to read 
schematic diagrams you will find 
that they tell you far more about how 
a circuit is connected than a pic-
torial diagram could possibly do. 

It is quite a job to learn all the 
schematic symbols at once, but if 
you take them one at a time, as you 
come to them in your lessons, and 
also learn how to read the simple 
schematic diagrams that will be 
shown in the early lessons, you will 
soon find that you know the symbols 

and that schematic diagrams are 
really quite easy to follow. If you 
learn how to read the simple sche-
matic diagrams in the beginning, 
when you get along further in your 
course you will find that the large 
complex diagrams, that you will have 
to deal with later, are very easy to 
follow. 

CONDUCTORS AND 

INSULATORS 

When we connect parts together 
in an electronic circuit there will 
be certain paths through which we 
want electrons to flow, and other 
places where we want to avoid a cur-
rent flow. We use conductors to pro-
vide the paths for current flow and 
insulators where we want to prevent 
current flow. 
There are a number of materials 

from which one or two electrons in 
the outer ring of electrons can be 
displaced. Copper, silver, alumi-
num, iron and most metals are ex-
amples of this type of material. Since 
electrons can be displaced from 
these materials it is easy to set them 
in motion in a wire made of this type 
of material, and cause a current to 
flow through the wire. These mate-
rials are called conductors. They 
are so called because they will con-
duct or transmit an electric current; 
in other words a current flow can be 
set up in them. The lines used to con-
nect parts together on schematic 
diagrams represent the wire con-
ductors used to provide paths for 
current flow. 
There is no such thing as a per-

fect conductor. All conductors offer 
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some resistance, or opposition, to 
an electric current. Silver is the best 
known conductor, but it is used only 
in special applications because it is 
too expensive. Copper, which is al-
most as good a conductor as silver, 
is used in most wire because it is 
less expensive than silver. Copper 
wire is used almost exclusively in 
connecting electronic components 
together. It is also used in coils. 
However, in some special applica-
tions where it is essential to keep 
the resistance as low as possible 
you will find that silver wire or 
silver plated copper wire is used. 
You will learn about these special 
applications later. 
There are other materials which 

will not readily give up any elec-
trons. A material having its outer 
ring full of electrons has no place 
to permit any additional electrons 
to move into the atom nor will it 
willingly permit any electrons to 
move from any of its rings. This 
type of material is called an insu-
lator. It normally will not pass or 
conduct an electric current. 
There is no such thing as a per-

fect insulator. Even in materials 
having all the electron rings filled, 
an electron will occasionally escape, 
particularly if enough force is ap-
plied to the material. However, the 
number of electrons that will escape 
is usually so small, that for all 
practical purposes we can say that 
these materials will not conduct cur-
rent. When an extremely high force 
is applied to this material, electrons 
may be forced out and the material 

will break down, and no longer will 
be usable as an insulator. 
Most copper wire that you will use 

in electronic equipment to connect 
the various parts together will be 
covered with a rubber coating or a 

plastic coating. The coating is an 
insulator. Its purpose is to keep the 
current flowing through the wire to 
the part it is supposed to reach and 
prevent its travelling through an-
other circuit. If we did not use an 
insulator over the wire, and two 
wires happened to accidentally 
touch, we might have a short circuit 
where current would simply flow out 
one wire and back to the battery and 
perform no useful service. With an 
insulating material around the 
wires, the insulator will prevent this 
from happening. 

BATTERIES 

You already know that a flashlight 
cell is a device that can force elec-
trons through a circuit. You know 
that the cell has two terminals, a 
positive terminal and a negative ter-
minal. You know that when the flash-
light cell is connected into a circuit, 
electrons will leave the negative ter-
minal of the cell, flow through the 
circuit and back to the positive ter-
minal of the cell. You also know that 
the voltage of a flashlight cell is 
about 1.5 volts. 
Sometimes we need more voltage 

than can be obtained from a single 
flashlight cell. For example, you 
have surely seen a flashlight in which 
two cells are used. In such a flash-
light the cells are arranged as shown 
In Fig. 21A. The positive terminal 
of one cell connects to the center 
terminal on a flashlight bulb. The 
positive terminal of the second cell 
is connected to the negative terminal 
of the first cell. The negative ter-
minal of the second cell connects to 
a switch and through the switch to 
the threaded part of the bulb. When 
the switch is closed current flows 
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Fig. 21. Two flashlight cells used in series 
to power a 3-volt flashlight bulb are shown 
at A. The schematic diagram of this circuit 

is shown at II. 

from the negative terminal of cell 
2 through the switch and then through 
the bulb to the positive terminal of 
cell 1, through cell 1 to the negative 
terminal of cell 1 and across to the 
positive terminal of cell 2 and then 
through cell 2. Schematically the 
circuit is shown in Fig. 21B. 

In a circuit of this type we say 
that the two cells are connected in 
series. Each cell provides a voltage 
of 1.5 volts so that the total voltage 
applied to the flashlight bulb is 1.5 
+ 1.5 or 3 volts. 
You can obtain devices in which 

two cells similar to a flashlight cell 
are put in a single container to pro-
vide a total output voltage of 3 volts. 
When two cells are put together like 
this we call it a battery. In other 
words, a battery is simply a device 
in which there are several cells. 
Often we call a flashlight cell a flash-
light battery; technically this is not 
quite correct, but it has come into 
such wide usage that everybody 
knows what is meant and as a result 
the expression is used. 

In some applications in elec-
tronics you might need a voltage of 

4.5 volts. To get this voltage all you 
need to do is connect three 1.5 volt 
flashlight cells in series and the 
voltages will add to give you a volt-
age of 4.5 volts. 
Many of the small portable tran-

sistor radios in use today use a small 
9-volt battery. Batteries of this type 
are simply made up of six small cells 
similar to the flashlight cell. Six 
times 1.5 gives you a voltage of 9 
volts. 

In the early days of radio 22.5 
volts and 45-volt batteries were 
widely used. A 22.5 volt battery had 
fifteen 1.5 volt cells connected in 
series to give a voltage of 22.5 volts 
and a 45-volt battery simply had 
thirty 1.5-volt cells connected in 
series to give a voltage of 45 volts. 
A 3-volt battery is generally indi-

cated schematically by the symbol 
for two cells arranged such as shown 
in Figs. 21B and 22A. A 4.5-volt 
battery usually used three cell sym-
bols as shown in Fig.22B.However, 
if we wanted to show a 22.5 or 45-volt 
battery it would be too tedious to 
draw the symbol for the required 
number of cells so the symbol usu-
ally shows 5 or 6 cells connected in 
series such as shown in Fig.22C and 
then the voltage is written either 
above or below the cell as indicated 
in the figure. 
When cells are connected so that 

1111 111111 1111111111 

45V 

0 0 0 
Fig. 22. Schematic symbol for two cells 
in series is shown at A. Symbol for three 
cells in series is shown at B. C is symbol 

for .15V battery. 
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the negative terminal of one is con-
nected to the positive terminal of 
another to produce a battery, the 
total battery voltage is equal to the 
voltage of the individual cells times 
the number of cells. However, some-
times a number of cells are con-
nected so that the positive termi-
nals of all the cells are connected 
together and the negative terminals 
of the cells are connected together. 
When cells are connected inthis way, 
we also refer to the device as the 
battery. However, a battery of this 
type has an output voltage equal to 
the voltage of only one cell. We say 
that the cells are connected in 
parallel. 
You might wonder why we would 

want to connect cells in parallel. 
The answer is that in some applica-
tions we may need more current 
than can be supplied by a single cell. 
In this case by connecting a number 
of cells in parallel, each cell can 
supply part of the required current 
and the total number of cells is con-
nected together to form a battery 
that is capable of supplying the cur-
rent required. 

This might immediately bring up 
a question - why not simply make a 
bigger cell that is capable of sup-
plying the current needed. This can 
be done, but often manufacturers 
are making certain size cells in ve ry 
large quantities and therefore they 
can make them at a low cost. To make 
a single cell that could supplytwo or 
three times the current capacity of 
a single cell might cost as much as 
ten or fifteen times what it would 
cost to make the smaller cell that 
they were making in very large quan-
tities. Therefore it is more eco-
nomical to take three or four of these 

smaller cells and connect them in 
parallel for applications where high 

currents are required than it would 
be simply to make one special cell 
that could supply the currents and 
have to make them only in limited 
quantities. 
When a number of cells are con-

nected in parallel and the output volt-
age is only 1.5 volts we usually use 
the same schematic symbol as we 
use for a flashlight battery. This 
symbol indicates the voltage, it does 
not indicate that the cell is capable 
of a higher current than a flashlight 
cell. If we waat to make it clear that 
we have several cells connected in 
parallel, we can use the symbol 
shown in Fig. 23.This symbol shows 
four cells connected in parallel. 
Other Types of Batteries. 

The flashlight cell is only one type 
of cell. There are many other types 
of cells. For example, there is the 
lead cell which is used in storage 
batteries found in automobiles. Six 
lead cells are arranged in series in 
the average automobile battery found 
in late model cars. In older cars 
three cells were connected in series. 
The lead cell has a voltage of about 
2 volts so that modern cars have a 
12-volt battery in it whereas older 
cars have 6-volt batteries. 

Fig. 21. Four cells connected in parallel. 
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Other types of cells used today 
are the mercury cell and the manga-
nese cell. You will study these cells 
and batteries made up of these cells 
in later lessons. 

COILS AND 

TRANSFORMERS 

You have already been briefly in-
troduced to coils and you know that 
if the number of magnetic lines of 
force cutting a coil changes, a volt-
age will be induced in the coil. In 
electronics you will run into all kinds 
of coils. In the tuners of television 
receivers designed to receive the 
ultra high frequency channels, you 
will find coils that have only one or 
two turns. In other applications you 
will find coils having many turns. 
The schematic symbol used to rep-
resent a coil is shown in Fig. 24A. 
This should not be too hard to re-
member because the symbol itself 
looks something like a coil. 
We mentioned previously that 

sometimes an iron core is placed 
inside the coil, and that placing the 
iron core inside of the coil will 
greatly increase the magnetic field 
produced by the coil. Often in elec-
tronics there will be iron cores 
used inside of a coil. When a coil 
has an iron core, a schematic sym-
bol like that shown in Fig. 24B is 
usually used. The lines placed be-
side the coil symbol indicate that 
the coil has an iron core. 

Probably no device has done more 
for the electronics industry than the 
transformer. The transformer has 
made it possible for power com-
panies to supply homes and industry 
with electric power economically. 
Without economical power there 
could be no electronics industry. 
There is hardly a piece of electronic 

® 
Fig. 2.4. Schematic symbols for coils. The 
lines above the coil at B indicate an iron 

core. 

equipment made that does not use 
one or more transformers. 

In spite of the importance of the 
transformer, it is basically a simple 
device. A transformer in its sim-
plest form is nothing more than two 
coils mounted close together. The 
two coils we discussed in Fig. 20 
actually can be called a transformer. 
Two typical transformers and the 
schematic symbols for them are 
shown in Fig. 25. The transformer 
shown in Fig. 25A consists of two 
coils wound on a cardboard frame. 
This type of coil is called an air-
core transformer. The one shown in 
Fig. 25B is made of two coils wound 
on iron core. This type is called an 
iron-core transformer. 

Air-core transformers such as 
shown in Fig. 25A are used in radio 
frequency applications. By radio 
frequency we mean radio signals. 
Iron-core transformers such as 
shown in Fig. 25B are used in power 

AIR CORE IRON CORE 
TRANSFORMER TRANSFORMER 

Fig. 23. Sehematie symbols for transform-
ers. The transformer at is an air-core 
transformer, the one at 11, an iron-core 

transformer. 
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applications. You will find out what 
the difference is between radio fre-
quency signals and power frequen-
cies in your next lesson. 
We do not expect you to know all 

there is to know about coils and 
transformers at this time, the only 
thing we want you to remember is 
the schematic symbols used for coils 
and the schematic symbols used for 
transformers. You will go into great 
detail on these important parts in a 
later lesson. 

CAPACITORS 

An important electronic part is the 
capacitor. Basically a capacitor is 
simply two metal plates that are 
placed close together. The plates do 
not touch, they may be separated 
simply by an air space or some other 
material may be placed between the 
two plates of the capacitor. 

If a battery is connected to the two 
plates of the capacitor, the negative 
charge on the negative terminal of 
the battery will try to force addi-
tional electrons into the one plate of 

the capacitor. These electrons will 
repel electrons from the other plate 
of the capacitor and they in turn will 
flow towards the positive plate of the 
battery. As a result, we will buildup 
a charge on the two plates of the ca-
pacitor as shown in Fig. 26A. No-
tice that one plate of the capacitor 
has a negative charge and the other 
plate has a positive charge. The 
schematic symbols used for a ca-
pacitor are shown in Fig. 26B. You 
will find both types of symbols used. 
As you might expect the two lines 
represent the two plates of the ca-
pacitor. Be sure that you remember 
the schematic symbols. Capacitors 
are among the most important parts 
used in electronics. There are many 
different sizes and different types; 
capacitors are so important that we 
will devote an entire lesson to them 
and to their uses later. 

RESISTORS 

Earlier in this lesson we men-
tioned that conductors were used to 
carry the electric current from one 

Fig. 26. The circuit at show.s how a capacitor can he charged. The schematic symbols 
are slico•n at B. 
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part of a circuit to another. We 
pointed out that the materials used 
in conductors were selected because 
they had electrons readily available 
and offered little or no opposition 
to the flow of electric current 
through them. In some applications 
we want to offer opposition to the 
flow of electric current. In these 
cases we use a device called a re-
sistor. A resistor may be made of 
a carbon-type composition or it can 
be made of a wire that does not have 
as good conduction capabilities as 
copper has. In electronics you will 
run into resistors having a resist-
ance of only a few ohms up to resis-
tors that may have a resistance of 
well over 1,000,000 ohms. 

220 

Fig. 27. The sehematir symbol tor a re-
sistor. 

The schematic symbol for a resis-
tor is shown in Fig. 27. The actual 
resistance of the resistor is usually 
written beside the schematic symbol 
as in Fig. 27. Here we have a resis-
tor that has a resistance of 220 ohms 
and we have indicated this value 
above the resistor. 

In any piece of electronic equip-
ment you will probably find more 
resistors, capacitors and coils than 
any other parts. As a result, their 
schematic symbols will appear most 
frequently on schematic diagrams. 
Be sure you remember the sym-

bols used for each of these three im-
portant parts. Resistors are so im-
portant and so widely used that you 
will go into detailed study of them in 
a later lesson and you will be deal-
ing with them throughout your entire 
electronics career. 

VACUUM TUBES 

Vacuum tubes are so widely used 
today that almost everyone has seen 
one. Since tubes are so widely used, 
it is important for you to learn some-
thing about their operation as soon 
as possible. 
The Diode Tube. 

The simplest vacuum tube is the 
diode tube. In the diode tube a fila-
ment that can be heated to a red 
heat by passing a current through 
it is placed inside of a glass en-
velope. Around the filament is a 
metal cylinder called the plate. 
Leads are brought out of the glass 
envelope for the two filament leads 
and for the plate lead. All the air 
is evacuated from the inside of the 
glass envelope before the envelope 
is sealed. The schematic symbol for 
a diode tube is shown in Fig. 28. 
We mentioned earlier that in an 

atom, the electrons were rotating 
about the nucleus of the atom. In a 
diode tube the electrons are rotating 
about the nucleus of the atom in the 
material used for the filament. When 
a battery is connected between the 
filament terminals as shown in Fig. 
29A, the filament is heated to a red 
heat. This causes the motion of the 
electrons to speed up and many of 

PLATE 

ENVELOPE FILAMENT 

Fig. 28. The schematic symbol of a t%so-
element (diode) tube. 
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Fig. 29. The filament of a diode is heated as shown at N. When a diode is connected as 
shown at IL a small current will flow in the direction indicated by the arrows. When a 

battery is added as in C. a much stronger current will flow. 

the electrons to break loose from 
the atom and fly off into space around 
the filament of the tube. If we con-
nect the lead from the plate of the 
tube back to the filament as shown 
in Fig. 29B, some of the electrons 
that fly off the filament will travel 
through the space from the filament 
of the tube over to the plate and then 
flow from the plate through the ex-
ternal circuit back to the filament 
of the tube. 

Since electrons have a negative 
charge they are attracted by a posi-
tive charge. Therefore if we connect 
a battery between the plate and the 
filament as shown in Fig. 29C, the 
electrons that fly off the filament 
of the tube will be attracted by the 
positive potential on the plate of the 
tube. As a result, many more of the 
electrons will travel from the fila-
ment over to the plate of the tube to 
the positive terminal of the battery. 
Electrons will travel through the 

battery to the negative terminal and 
from the negative terminal back to 
the filament of the tube. 

Of course, as with any complete 
circuit, the current flow around the 
circuit is instantaneous. The instant 
the battery is connected to the tube 
current starts flowing around the 
circuit, and the amount of current 
flowing through the circuit is the 
same at all points in the circuit at 
all times. 

Even though the diode tube is the 
simplest and the first tube invented, 
it is still in use today. The high-
voltage rectifier used in television 
receivers today is nothing other than 
an improved version of this simple 
diode tube. Be sure that you remem-
ber the schematic symbol for the 
diode tube that is shown in Fig. 28-
this is an important symbol and you 
must remember it. 
The Triode Tube. 

While the diode tube is important, 
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and its discovery was a great mile-
stone in the early days of elec-
tronics, it was not until the three-
element tube called the triode tube 
was invented that the electronics 
industry as we know it 'today really 
got started. The schematic symbol 
of a triode tube is shown in Fig. 30. 
Notice that the symbol is the same 
as the symbol for the diode tube ex-
cept that a third element has been 
added between the filament and the 
plate. This third element is called 
a grid. 

GRID 

Fig. 30. the schematic symbol for a triode. 

In a triode tube the filament is 
placed in the center of the tube. 
Around the filament, and close to 
it is a wire mesh; this is the grid 
of the tube. Placed some distance 
from the grid and around it is a round 
cylinder and this is the plate. 
Because the grid is placed so close 

to the filament, a small voltage ap-
plied to the grid will have a large 
effect on the number of electrons 
that can flow from the filament to 
the plate of the tube. If the tube is 
connected into a circuit as shown in 
Fig. 31, you can see what will happen. 

A 

Fig. 31. A triode tube showing how three 
batteries are used to provide the neCrti-

sary operating voltages. 

The battery marked A is used to 
heat the filament of the tube. In early 
days of radio this battery was called 
the A battery. A small battery having 
a voltage of 3 or more volts is con-
nected between the filament of the 
tube and the grid. This battery is 
labelled C on the diagram, and is 
called a C battery. Notice that the 
positive terminal of this battery is 
connected to the filament, and the 
negative terminal is connected to 
the grid. A battery having a some-
what higher voltage is connected be-
tween the plate of the tube and the 
filament. The positive terminal of 
this battery is connected to the plate 
and the negative terminal is con-
nected to the filament. This battery 
is called a B battery. 

Now let us see what happens in the 
tube. The filament of the tube is 
heated by the current from the A bat-
tery. This causes the filament to 
give off electrons and the electrons 
fly off into the space between the 
filament and the grid. However, 
many of the electrons are repelled 
by the negative charge on the grid 
of the tube due to the voltage of the 
C battery, and travel back to the 
filament. Some of the electrons 
manage to get through the grid and 
they are attracted by the positive 
potential a pplied to the plate of the 
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tube by the B battery, and will travel 
over to the plate. The amount of cur-
rent flowing from the filament to the 
plate of the tube can be controlled by 
the grid voltage. If we increase the 
negative voltage applied to the grid, 
the amount of current flowing 
through the tube will decrease, and 
if we reduce the negative voltage ap-
plied to the grid of the tube, the 
amount of current flowing from the 
filament of the tube to the plate will 
increase. 

It is this ability of the grid to con-
trol the flow of current from the fila-
ment of the tube to the plate that 
makes the vacuum tube so useful in 
electronics. You will study vacuum 
tubes in detail in later lessons. For 
the present, you should remember 
how electrons flow from the fila-
ment of the tube to the plate of the 
tube and how the grid can control 
the flow of electrons through the 
tube. You should also remember the 
schematic symbols used to repre-
sent a diode (a two-element tube) and 
a triode (a three-element tube). 
The schematic symbol of a triode 

tube with a cathode instead of a fila-
ment is shown in Fig. 32 the triode 
tubes we have shown previously, the 
filament was heated by a battery and 
the filament gave off the electrons 

CATHODE 

that were used in the tube. More 
modern tubes have a cathode that is 
designed to give off the electrons. 
The cathode is a hollow round tube 
and it is coated with a special mate-
rial that readily gives off electrons 
when it is heated. Inside of the cath-
ode is a heater. The heater is heated 
by an external voltage applied to it 
and the heat from the heater radiates 
to the cathode and heats the cathode 
to a temperature where it will give 
off electrons. 

PLATE 

CATHODE 

GRID 

ENVELOPE 

HEATER 

Fig. 33. Cut-away view of a typical vacuum 
tube showing its elements. 

The cathode-type tube has re-
placed the filament-type tube in 
modern electronic equipment. The 
tubes used in modern radio and tele-
vision receivers are all cathode-
type tubes. A cut-away view of a 
modern tube is shown in Fig. 33. 
Filament-type tubes were used in 
portable receivers, but these have 
been replaced today by transistors. 

TRANSISTORS 

Fig. 32. Schematic symbol of a triode tube Transistors are made out of mate-
with a cathode and a heater, rials called semiconductors. Re-
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member that a conductor is a mate-
rial that will conduct or pass the 
flow of electric current. An insula-
tor is a material that will not nor-
mally pass an electric current. A 
semiconductor is a material that 
falls midway between the two. It is 
neither a good conductor nor a good 
insulator. 
Two materials, germanium and 

silicon are widely used in making 
transistors. Almost all the early 
transistors were germanium tran-
sistors, but now silicon transistors 
are about as numerous as germani-
um transistors. In the early days 
of semiconductors, manufacturing 
techniques had not been developed 
for the manufacture of silicon tran-
sistors. The few silicon transistors 
that were available were much more 
expensive than germanium transis-
tors. However, today both types are 
widely available and there is very 
little difference between the price 
of the two. 
A typical transistor is made up of 

three pieces of germanium or silicon 
as shown in Fig. 34. These three 
pieces are arranged as shown. Each 
piece of the germanium or silicon 
has been mixed with small quan-
tities of another chemical. The 
pieces marked 1 and 3 have been 
mixed with the same chemical and 
the piece marked 2 has been mixed 

o 
Fig. :35. Schematic symbols for two differ-
ent types of three-element transistors. 'I'he 
emitter is marked e. the base b. and the 

collector c. 

with small quantities of another 
chemical. 

Since the transistor is made up of 
three pieces of material, it is often 
called a triode, just as the vacuum 
tube with the cathode, a grid and a 
plate is called a triode. The elements 
in a transistor are called the emit-
ter, the base and the collector. The 
schematic symbols for transistors 
are shown in Fig. 35. The lead with 
the arrow on it and marked with the 
letter e, is the emitter, the long 
straight line marked b is the base 
and the other lead marked c is the 
collector. The two different types 
of symbols are for two different 
types of transistors. Their operation 
is somewhat different, but they can 
be used to accomplish the same 
thing. 
The transistor is a comparatively 

new device compared to the vacuum 
tube. However, tremendous pro-

2 

Fig. :IL .% triode transistor made of three pieces of germanium. The germanium in the 
pieces marked I and :I has been mixed with a small amount of one chemical: the ger-

manium in the section sarked 2 has been mixed with another. 

3 
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gress has been made with the tran-
sistor in a relatively short space of 
time. Already, portable radio re-
ceivers using vacuum tubes have 
disappeared. All modern portable 
radio receivers use transistors. 
Also automobile radio receivers are 
now completely transistorized - they 
all use transistors. The only auto-
mobile radio you will find using 
vacuum tubes will be the automobile 
receiver designed for a car that is 
a number of years old. 

Since transistors are making such 
important strides, it is extremely 3. 
important that you learn all you can 
about them. For the present, simply 
remember the symbols used for 
them, and remember the names of 
the different elements in a transis-
tor. Later, you will have several 4. 
lessons devoted exclusively to tran-
sistors and you'll study transistor 
circuits in many of your more ad-
vanced lessons. 

SUMMARY 

2. 

In the preceding section you were 
introduced to many of the parts that 
you will study in detail in later les-
sons and will work with in your ex-
perimental kits. As we pointed out, 
it is important that you learn the 5. 
schematic symbols for these parts 
as you go along, and also follow the 
simple circuits as you come to them. 
If you will do this as you go through 
your course you will find that sche-
matic diagrams are easy to read, 6. 
and you will soon be able to read 
fairly complicated diagrams with-
out too much trouble. 
There are a number of important 

points in this lesson that you should 
remember: 7. 

1. Conductors are used to carry 

currents from one part to another 
and insulators are used to keep 
the current from flowing where 
it is not wanted. 
Batteries are made of groups of 
cells. If the cells in a battery are 
connected in series, that is the 
positive terminal of one connec-
ted to the negative terminal of the 
other, the voltages of the cells 
add so that the total battery volt-
age will be equal to the voltage 
of the cell times the number of 
cells in the battery. 
When cells are connected so that 
the positive terminals of the cells 
are connected together and the 
negative terminals are connected 
together we say that the cells are 
connected in parallel. 
Coils and transformers are 
widely used in electronics. A coil 
is simply made of a number of 
turns of wire. A transformer con-
sists of two or more coils placed 
close together so that the mag-
netic lines of force produced when 
a current flows through one coil 
will cut the turns of the other 
coils. Remember the symbols 
used for air core coils and trans-
formers and for iron core coils 
and transformers. 
A capacitor is a device that can 
store an electric charge. It is 
made of two metal plates placed 
close together. Review the sym-
bol used to represent a capaci-
tor. 
Resistors oppose the flow of cur-
rent through them. Resistors 
having a resistance of only a few 
ohms up to resistances of over 
1,000,000 ohms will be found in 
electronic equipment. 
Two important types of vacuum 
tubes are the diode tube and the 
triode tube. A diode tube has two 
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elements, a triode tube has three 
elements. 

8. Transistors are made of mate-
rials called semiconductors. 
Germanium and silicon are used 
in the manufacture of transistors. 
A transistor has three elements 
called an emitter, a base and a 
collector. 

SELF-TEST QUESTIONS 

(v) Name three materials that are 
good conductors. 

(w) What metal is mostwidely used 
as an electrical conductor? 

(x) If four 1-1/2 volt flashlight 

(Y) 

(z) 

(an) 

(ab) 

(ac) 

(ad) 

(ae) 

cells are connected in series 
to form a battery, what will the 
battery voltage be? 
Draw the schematic symbol of a 
90 volt battery. 
Draw the schematic symbol for 
an air core coil. 
Draw the schematic symbol for 
an iron core transformer. 
What is the name of the device 
that can store an electric 
charge? 
Draw the schematic symbol of a 
capacitor. 
Name the three elements of a 
triode vacuum tube. 
Name the three elements of a 
transistor. 
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Answers to Self-Test Questions 

(a) Like charges repel, unlike 
charges attract. 
An atom is the smallest parti-
cle of an element that retains 
the original characteristics of 
the element. The atom will have 

a nucleus at its center and a 
number of electrons revolving 
around the nucleus. 

(c) The nucleus and the electrons. 
(d) The nucleus has a positive 

charge - the electrons have a 
negative charge. 

(e) The copper atom will have a 
positive charge. If the atom 
loses one of its electrons, there 
will not be enough electrons to 
completely neutralize the posi-
tive charge on the nucleus and 
therefore the atom will have a 
positive charge. 

(f) Electrons in adjacent atoms re-
pel each other because all elec-
trons have a negative charge 
and like charges repel. 
If you draw a diagram of the two 
atoms, you will soon see the an-
swer to this question. The one 
atom that has the ten electrons 
will have two electrons in the 
first ring and eight electrons 
in the second ring. This is illus-
trated in Fig. 4 which shows the 
maximum number of electrons 
that can be in each ring. The 
atom that has eleven electrons 
will have two electrons in the 
first ring, eight electrons in the 
second ring, and the eleventh 
electron in the third ring. This 
atom will be quite unstable be-
cause the single electron in the 
third ring will not be held very 

(b) 

(g) 

closely to the nucleus. Indeed, 
this is the structure of the sodi-
um atom. Sodium is a metal 
which in its pure state is so 
unstable that it must be kept 
submerged in oil. The atom with 

the ten electrons has the first 
two rings filled. You will re-
member that we said that atoms 
with the outer ring filled are 
very stable. This atom is indeed 
stable, it is the neon atom. Neon 
is called an inert gas by 
chemists. This means it is 
chemically inactive and will not 
combine with other elements. 

(h) The negative terminal of a 
flashlight cell has a surplus of 
electrons. The positive termi-
nal has a shortage. As a result, 
when a flashlight cell is con-
nected into a circuit, the elec-
trons leave the negative termi-
nal, flow through the circuit and 
travel back to the positive ter-
minal of the cell. 
When an electric circuit is 
completed, electrons start in 
motion instantaneously through-
out the entire circuit. In a 
simple circuit such as shown 
in Figures 11 and 12, the num-
ber of electrons in motion is 
the same in all parts of the 
circuit. 

We measure electric currents 
in amperes. We usually abbre-
viate amperes, amps. 

(k) The unit used to measure elec-
tromotive force is the volt. 

(1) The unit used to measure the 
opposition to current flow in an 
electric circuit is the ohm. 

(i) 

(J) 
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Increasing the voltage in an 
electric circuit will increase 
the current flowing. 

(n) If we reduce the resistance in 
an electric circuit, the current 
flowing in the circuit will in-. 
crease. 

(o) The basic law of magnetism is, 
"like poles repel; unlike poles 
attract". 
The basic law of magnetism will 
give you the answer to this 
question. Since the pole of the 
magnet attracts the south pole 
of the compass, the pole must 
be an unlike pole, therefore it 
is a north pole. 
The magnetic lines of force 
leave the north pole of the mag-
net and travel through space 
to the south pole of the magnet. 

(r) The magnetic lines of force 
around a current-carrying wire 
are strongest close to the wire. 
The further you get away from 
the wire, the weaker the mag-
netic lines of force will be. 
Placing an iron core inside of 
an electromagnet will increase 
the strength of the magnetic 
field. 

(t) The flashlight bulb will light 
while the magnet is being placed 
inside of the coil. Once the mag-
net is inside of the coil and no 
longer moving, the flashlight 

(m) 

(p) 

(q) 

(s) 

(u) 

(Y) 

(z) 

(as) 
(ab) 
(ac) 
(ad) 

(ae) 

bulb will no longer light. 
In the circuit shown in Fig. 20, 
when the switch is first closed, 
the magnetic field in Li builds 
up slowly. This causes the num-
ber of magnetic lines of force 
to increase and the changing 
number of magnetic lines of 
force cutting L2 induces a volt-
age in L2. Once the magnetic 
field around Li is built up to 
its full strength, the number of 
magnetic lines of force cutting 
L2 will no longer change and 
there will be no voltage induced 
in L2, therefore the flashlight 
bulb will no longer light. 
Copper, silver, aluminum, iron 
and most metals are good con-
ductors. 
Copper. 
When the flashlight cells are 
connected in series the voltage 
will be equal to the cell voltage 
times the number of cells. 
1-1/2 times 4 = 6 volts. 
See Fig. 22C, use the same 
symbol but write 90 y instead 
of 45 v. 
See Fig. 24A. 
See Fig. 25B. 
A capacitor. 
See Fig. 26B. 
Plate, grid and filament or 
cathode. 
Emitter, base and collector. 
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Answering The Questions 

On the last page of this lesson you 
will find ten questions. These ques-
tions are designed to help you learn 
the important points in this lesson. 
We do not want you to try to memo-
rize the lesson or answer the ques-
tions from memory. 
When you are ready to answer the 

questions, read over the first ques-
tion carefully, make sure you under-
stand the question and then mentally 
see if you can answer the question. 
Next, go to the section of the lesson 
where the answer is given, and read 
over that section of the lesson again. 
Make sure that you completely 
understand the answer to the ques-
tion. Then, close the book and write 
out the answer. Do not copy the an-

swer from the book, but rather try 
to write the answer in your own 
words. If you find that you have dif-
ficulty and cannot answer the ques-
tion, it is an indication that you need 
to study some more. 
Many of the questions can be an-

swered by a single word or by one 
or two words. Make your answers as 
brief and as direct as possible. Make 
sure that your answer actually an-
swers the question asked. In some 
questions you will be asked to draw 
a schematic diagram or part of a 
diagram. Be sure you check these 
diagrams over carefully before you 
send in your answers for grading, 
because it is easy to make a mis-
take in drawing schematics. 
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Lesson Questions 
Be sure to number your Answer Sheet B101. 
Place your Student Number on every Answer Sheet. 

Most students want to know their grades as soon as possible, so they 
mail their answers immediately. Others, knowing they will finish the 
next lesson within a few days, send in two sets of answers at a time. 
Either practice is acceptable. However, don't hold your answers too long; 
you may lose them. Don't hold answers to more than two sets of lessons 
at any time, or you may run out of lessons before new ones can reach you. 

1. Two small balls of unknown material that are suspended near each 
other by threads are charged by being rubbed with a silk cloth. The 
balls then repel each other. Which one of the following statements will 
then be incorrect? 

(1) The balls both have a negative charge on them. 
(2) The balls both have a positive charge on them. 
(3) One ball has a positive charge, the other a negative charge. 

2. Which does a negatively charged body have, a shortage or a surplus 
of electrons? 

3. Draw a schematic diagram of a wire connected between the two ter-
minals of a flashlight cell. Mark the polarity of the battery terminals 
and show by means of arrows the direction in which current will flow. 

4. If we double the voltage applied to a circuit, what will happen to the 
current? 

5. If you find that when you bring 2 magnetic poles together they attract 
each other, which one of the following statements is true? 
(1) The two poles must both be north poles. 
(2) The two poles must be south poles. 
(3) One pole must be a north pole and the other a south pole. 

6. If a permanent magnet is held motionless inside a coil, will a voltage 
be induced in the coil? 

7. How many flashlight cells would you have to connect in series to get 
7.5 volts? 

8. Will current flow from the fila-
ment to the plate in the circuit 
shown at right? Explain your 
answer. (Notice that the negative 
terminal of battery B is con-
nected to the plate of the diode.) 

— 

A 

9. Draw the schematic symbol of a modern triode tube and label the 
parts. 

10. Draw the schematic symbol for a transistor and label each element 
with its full name. 



HOW TO BUILD CONFIDENCE 
Self-confidence--an active faith in your own power 

to accomplish whatever you try to do--is a personal 
asset which can do big things for you. 

One thing which builds self-confidence is a success-
ful experience. Each lesson completed with a passing 
grade is a successful experience which will build up 
confidence in you. 

Little successes are contagious. Once you get a taste 
of success, you'll find yourself doing something suc-
cessful every day. And before you realize it, your little 
successes will have built up to that big success you've 
been dreaming of. So--get the habit of success as fast 
as possible. Resolve to study every day, even if only 
for a few minutes. 

Another confidence builder is a deep, firm faith in 
yourself--in your ability to get ahead.If you do believe 
in yourself and you are willing to back up this faith 
with good hard studying, you can safely leave the final 
result to itself. With complete confidence, you can 
look forward to an early success in electronics. 

Act as if you could not possibly fail, and you will 
succeed: 
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HOW ELECTRICITY IS 
PRODUCED FOR ELECTRONICS 

Electronics is a term you will be 
meeting constantly from now on. Let us 
take time to see what we mean by the 
word "electronics." Originally the term 
electronics was applied only to devices 
using electronic tubes. However, in recent 
years the meaning has been broadened to 
include the whole field of electron behav-
ior. Thus we can consider every appli-
cation of electricity as part of the general 
field of electronics. 
You have already seen many uses of 

electronic principles. You see them every 
day, for example, in your radio and 
television receivers. 
The field of electronics is a growing 

field. The chances are that at this very 
minute while you are reading this lesson, 
engineers are working on new projects 
that will result in some new use of 
electronics. They may be working on 

some method of using electronics to 
improve on some process we are already 
using, or they may be working on some-
thing that is entirely new, something we 

have been unable to do before. You can 
be sure that we are going to see many 
new developments in electronics in the 
years to come. 

In this lesson you are going to study 
some of the uses of electronics. We will 
cover only a few of the details, but you 
will learn enough to be able to under-
stand these uses of electronics. In addi-
tion to learning something about these 
processes, you will learn more about the 
behavior of the electron. 

The first use of electronics that you 
will study is in the power industry. 
Although this is often not considered part 
of the electronics industry, it is extremely 
important to electronics, because without 
economical power there would be very 
little use of electronics at all. This brief 
look at the power industry will help you 
in your study of other pieces of elec-
tronic equipment. 
You will also learn more about elec-

tronics in radio. You will study several 
new components, and also you will learn 
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how sound is sent through space by 
means of radio waves. This section on 
radio is important because the circuits 
you will study here are similar to ones 
you will find in radio, in television, and in 
other industrial applications. 
You will also see how electronic prin-

ciples are used in one branch of industry. 
Many industrial processes require large 
amounts of direct current. 

It is much more convenient to gener-

ate and transmit alternating current than 
direct current. You will see how alter-
nating current can be changed into direct 

current by means of electron tubes. 
Finally, you will learn about pulse-type 

signals that are widely used in computers 
and television. You will learn the basic 
fundamentals of logic circuits that pro-
cess these pulse signals in computers. 

In studying the following sections of 
this lesson, it is important for you to 
understand the basic circuits and ideas 
presented. However, it is not necessary 
for you to remember all of the details of 

the various processes. As you complete a 
section of the lesson, answer the self-test 
questions at the end of the section. If you 
can answer these questions and remember 

the answers to them, then you should 
have no difficulty answering the ques-

tions at the end of the lesson. Between 
the self-test questions and the lesson 
questions, we will cover all of the impor-
tant points in the lesson. Other details of 

the lesson will become more familiar to 
you as you go further in your course; 
these details will be covered again, and in 

many cases explained much more thor-

oughly than in this lesson. 
If there are any basic circuits and ideas 

that you do not understand be sure to go 
over these points several times. If you 
need help be sure to take advantage of 
the NR1 consultation service and write in 
requesting assistance. A thorough under-
standing of the basic fundamentals is 

absolutely essential; the more advanced 
lessons you will study later will be based 
on the fundamentals you will be learning 

in this and other basic lessons. 

We have already mentioned that with-

out economical electric power, there 
would be no electronics industry. In 

addition to economical power, we must 
have large amounts of power available. 

The information on how electric power 
is generated is important to the radio-TV 
serviceman, the computer technician, the 
communications technician, and the 

industrial electronics technician. All may 
have occasion to service power-generating 
equipment. Even the radio-TV serviceman 

with only a small business may want to 
fix mobile equipment. There is more and 
more demand for people who can do 
repair work of this type, and in order to 
do such repairs one must be familiar with 
power-generating equipment. 

There are two main sources of power 
in electronic equipment. One is batteries 
which you have already studied briefly. 
You will now look into batteries in more 
detail, and then go on to the study of 
generators to see how they operate and 
how the voltage generated is pictured. 
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Batteries 

Batteries can be divided into two 
types: those containing primary cells and 

• those containing secondary cells. Primary 
cells are cells that cannot be recharged. A 

• flashlight cell is an example of this type. 
A secondary cell is a cell that can be 
recharged. The storage batteries used in 
automobiles are made up of secondary 
cells as are the rechargeable batteries used 
to operate portable television receivers 
designed for battery operation. 
We mentioned previously that a bat-

tery is made up of two or more cells. But 
the word battery is also used to describe 

single cells, such as flashlight cells. Con-
sequently, the word battery has come to 
mean anything from one cell up. 
A basic knowledge of batteries is 

important to the electronics technician 
today because many of the devices he will 
encounter operate from batteries. For 
example, there are millions of portable 
radio receivers in use; almost all of these 
operate from batteries made up of cells 
like the flashlight cell. Portable television 
receivers which can be operated from 
either the power line or from a battery 
pack are becoming increasingly popular. 
These television receivers operate from 
small storage batteries that are similar to 
the storage batteries used in automobiles. 
Other types of batteries, such as the 
manganese battery and the mercury bat-
tery, are becoming increasingly important. 
In some ways these cells are similar to the 
flashlight cell, but they have a longer life. 
The chances are that they would replace 
the flashlight cell entirely except for the 
fact that they are more expensive. 

A simple electric cell can be made by 
inserting two pieces of metal in an acid 
solution. The voltage produced by the 
cell will depend upon the metals used. 
For example, if one metal is zinc and the 
other copper, the cell voltage will be 
about 1.1 volts. If the copper electrode is 
replaced by a silver electrode, a voltage of 
about 1.5 volts will be produced. On the 
other hand, if magnesium is used as one 
electrode and gold as the other, a voltage 
of about 3.7 volts will be produced. Such 
a battery, while it has a relatively high 
voltage, isn't practical because of the cost 
of the gold and magnesium. 

The cells we were speaking of con-

tained acid in a liquid form. This type of 
cell has the disadvantage that the acid is 
easily spilled. A much more practical cell 
is the "dry cell", such as the flashlight 
cell, which we will now study in detail. 

DRY CELLS 

Dry cells are not really dry. The 
chemical mixture in the battery is actu-
ally quite moist, and when it becomes dry 
the battery is no longer usable. The name 
dry cell was given to these batteries 
because the chemical mixture was in the 
form of a paste rather than a liquid. The 
dry cell uses a carbon rod as the positive 
electrode and the zinc case as the negative 
electrode. The voltage of a cell of this 
type is 1-1 /2 volts. 

This cell is actually similar to the 
simple basic cells we mentioned earlier 
which contain two metals in an acid 
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solution. In this case, one metal is zinc 

and the other is carbon. We do not often 
think of carbon as a metal, but actually it 

is midway between the metals and non-
metals, and in some cases acts like a metal 
and in other cases acts like a nonmetal. 
When used in a dry cell it acts like a 
metal. 

The acid is in the form of a paste made 
up of ammonium chloride, powdered 
carbon and manganese dioxide. The 
ammonium chloride is the acid, the other 
two chemicals are added to improve the 
performance of the cell. 
The construction of one type of dry 

cell that can supply current for a much 
longer time than a flashlight cell is shown 
in Fig. 1. This cell is similar to a flashlight 
cell except it is larger and has screw-type 
terminals to which the leads are con-
nected. The metal case and carbon rod 
are often provided with screw terminals 
as shown here. Sometimes a plug type of 

NEGATIVE 
TERMINAL POSITIVE TERMINAL 
GOES TO GOES TO CARBON 
ZINC CASE /ROD IN CENTER OF 

„we DRY CELL 

WAX SEAL 

CARBON ROD 

CHEMICAL MATERIALS 
(MANGANESE DIOXIDE, 
POWDERED CARBON, ANO 
SAL AMMONIAC) 

—ZINC CASE 

APER JACKET 

Fig. 1. Construction of a dry cell. 

Fig. 2. A square 1%-volt battery. 

connector is provided instead. A cell of 
this type can provide a much higher 
current than a flashlight cell, because it 
has much larger electrodes. However, the 
output voltage of the cell is the same as 
that of the flashlight cell (1-1/2 volts). In 
the early days of radio, four cells of this 
type, connected in series, were used to 
provide 6 volts to operate the filaments 
of the tubes in many radios. 

In addition to the round cell shown in 
Fig. 1, 1-1/2-volt cells are often made 
square. A square cell can often be fitted 
into a somewhat smaller place than a 
round cell, and therefore is particularly 
useful in portable equipment. A square 
cell is shown in Fig. 2. It would be more 

correct to call a square cell a battery 
because it is generally made up of four 
small round cells instead of one large cell. 
The negative terminals of all four cells are 
connected together and brought out to 
one common terminal which is the neg-
ative terminal of the battery. Similarly, 
the positive terminals of all four cells are 
connected together and brought to one 
common positive terminal. 

As you learned earlier, this type of 
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connection is called a parallel connection 
and though there are four cells used, the 
output voltage from the battery is only 
1-1/2 volts, the same as it would be if 
only one large cell were used. As we 
pointed out earlier, the advantage of this 
type of construction is that the four cells 
in parallel can supply more current than a 
single cell could alone. This is because the 
current the cell can supply clends pri-
iifly the area of tositive and 
niive electrodes — the carbon rod and 
¡iiise.eir area is greater when 
four cells are used in parallel than it 
would be if one cell of the same physical 
size were used. In addition, we pointed 
out that it is often more economical to 
use the four cells because the manu-
facturer may be making them in large 
quantities for other uses. This will bring 
the cost down so that it is more econom-
ical to use four of the smaller cells than it 
would be to use one large cell. 
You already know that dry cells can be 

connected in series to provide more than 
the 1-1/2 volts available from the single 
cell. An example of this type of battery is 
shown in Fig. 3. This battery is designed 

2.497 , 11X 

Fig. 3. A 45-volt battery made of dry cells 
connected in series. 

Fig. 4. how the dry cells in Fig. 3 are connected 
in series. 

to provide a voltage of 45 volts and is_ 
called a "B" battery.  This type of battery 
was widely used in the early days of radio 
to provide the voltage between the plate 
and filament of the tubes in radio receiv-
ers. Later, smaller versions of the battery 
were used in portable receivers. Today, 
the battery itself is not as important as 
the lesson we can learn from it about the 
voltages between different points. The 
following section of this lesson is ex-
tremely important, read it several times 
to be sure you understand it completely. 
The battery shown in Fig. 3 is made up 

of thirty 1-1/2 volt cells connected in 
series as shown in Fig. 4. Notice that 
there are three terminals brought out of 
this battery. It is easy to see that the 
voltage between the two outside termi-
nals should be 45 volts. There are thirty 
1-1/2-volt cells, and 30 X 1-1/2 is 45. 
Now trace out the circuit between the 
negative terminal and the terminal 
marked +22-1/2 and you will see how we 
get this voltage. You will find that there 
are fifteen cells connected between these 
two terminals, and 15 X 1-1/2 is 22-1/2. 
Thus, if you need only 22-1/2 volts you 
would connect between the — terminal 
and the terminal marked +22-1/2. 
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Now look at the other half of the 
battery. What is the voltage between the 
terminals marked +22-1/2 and 45? By 
inspecting Fig. 4 you can see that there 
are fifteen cells connected between these 
two terminals. 15 X 1-.1/2 is 22-1/2, and 
therefore there should be 22-1/2 volts 
between these two terminals. But which 
terminal is positive and which is negative? 
By looking at Fig. 4 again, you can find 
the answer to this question. Notice that 
the terminal marked +45 is connected to 
the positive terminal of one of the cells. 
The terminal marked +22-1/2 is con-
nected to the negative terminal of the last 
cell in the group of fifteen cells con-
nected between these two terminals. 
Therefore, this is the negative terminal 
and the +45 terminal is the positive 

terminal. 
It may seem somewhat confusing at 

first that the terminal marked +22-1/2 
can be both positive and negative. Let us 
see how this can be so. Starting with the 
negative terminal and looking toward the 

other two, you first see a group of fifteen 
cells and then a terminal. This terminal is 
positive compared to the negative termi-
nal. We say it is positive with respect to 
the negative terminal. Then there is 
another group of fifteen cells and another 
terminal. This last terminal is even more 
positive with respect to the negative 
terminal. Now, if we started at the 
positive terminal and looked back 
through the battery we would see a group 
of fifteen cells and a terminal. This 
terminal is negative with respect to the 

positive terminal. We would then see an 
additional group of fifteen cells and 
another terminal, which is even more 
negative with respect to the positive 
terminal. We could, if we wished to do so, 

Fie 5. The terminals of the 45-volt battery 
which are shown in Fig. 4 can be marked 

as shown. 

mark the battery as in Fig. 5. Notice that 
this is the same battery as the one in Fig. 
4; we have simply marked the terminals 
differently. The voltage between the two 
outside terminals is still 45 volts, and the 
voltage between either outside terminal 
and the center terminal is 22-1/2 volts. In 
Fig. 4, we have considered the voltage at 
the negative terminal as zero and marked 

the other two positive with respect to it. 
In Fig. 5, we have considered the positive 
terminal as zero volts and marked the 

other two negative with respect to it. We 
could go one step further and mark the 
center terminal zero and the one outside 
terminal —22-1/2 volts and the other 
+22-1/2 volts with respect to the center 
terminal. 
You might wonder why there are all 

these different ways of marking battery 
terminals. The reason is that in electronic 
equipment one terminal of a battery is 
usually connected to a common or 
ground terminal in the equipment. Some-
times this terminal is the positive terminal 
of the battery, sometimes it is the nega-
tive terminal. It all depends on what the 
battery is to be used for. Usually the 
terminal voltages are marked with respect 
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to the terminal that will be grounded in 
normal operation. 

It is important to understand what is 
meant by a ground terminal or con-

nection. In the early days of radio almost 
all radios were connected by a wire to a 
water pipe or to a pipe driven into the 
ground to improve reception. This was 
called a "ground" lead. One terminal of 
the "A" battery, the negative terminal of 

the "B" battery and the positive terminal 
of the "C" battery were all connected to 

the metal chassis on which the receiver 
was built, and the metal chassis was 
connected to the ground lead. Now the 
chassis in electronic equipment is called a 
chassis ground even though it may not be 
connected to an external ground con-
nection at all. The negative side or termi-
nal of the B supply is called B— ground or 
the common ground. In some equipment 
B— is connected to the chassis, but in 

other equipment it is not. When B— is 
connected to the chassis, we refer to both 
B— and the chassis as ground. When B— 

is not connected to the chassis, we refer 
to the chassis as a chassis ground and to 
B— as a floating ground. You will see 
these three expressions used frequently. 
Remember that one terminal can be 

both positive and negative at the same 
time. In other words, one terminal might 
be positive when it is compared to 

another terminal, but negative when com-
pared to a third. You will run into this 
situation over and over again. 

Although a B battery is able to supply 
a much higher voltage than a single cell, 
the amount of current that can be taken 
from it is somewhat limited. If a B 
battery is used to supply a high current, it 
will soon be exhausted. 

When you need a higher current than 

Fig. 6. Two batteries having the same voltage 
can be connected in parallel if a high current 

is required. 

can be supplied by a single cell or battery, 
you can obtain it by connecting two or 
more batteries in parallel. When you 

connect two batteries in parallel, you 
connect the two negative terminals to-
gether and the two positive terminals 
together as shown in Fig. 6. This is the 
same type of connection that is used in 
the battery shown in Fig. 2, where the 
1-1/2-volt battery was made from four 
cells connected in parallel. Of course, you 
can only do this if the batteries have the 
same voltage. When two similar batteries 
that are connected in parallel are con-
nected to a circuit, each battery will 
supply approximately one-half of the 

current used in the circuit. This is more 
economical than taking the full current 
from one until it is exhausted and then 

taking the full current from another, 
because the batteries connected in paral-
lel will usually last more than twice as 
long as a single battery. 

There are two big disadvantages of the 
dry cell. It has a fairly short shelf life and 

a rather large cell is required to supply a 
moderate current. The shelf life of a cell 
is the length of time it can be kept after it 
is made before it deteriorates to such an 

extent that its life is affected appreciably. 
When we say a dry cell has a short life we 

7 



mean that it cannot be kept too long 
before it is put into service, otherwise it 

will not last long. 

MERCURY CELLS 

A cell that overcomes the two main 
disadvantages of the dry cell is the mer-
cury cell. The voltage supplied by one of 
these cells is about 1.35 volts or about 
1.4 volts depending upon the materials 
used in the cell. 

There are two different types of mer-
cury cells in use. One is a flat cell that 
looks something like a button, and the 
other is a cylindrical cell that more 
closely resembles a standard flashlight 
cell. The advantage of the button-type 
cell is that several of them can be stacked 
inside of one container to form a battery. 
A typical battery made of three flat cells 
is shown in Fig. 7. The battery is slightly 
smaller than a standard flashlight cell, but 

produces a higher voltage, has a longer 
life and can supply more current than a 
flashlight cell. 

Fig. 7. The mercury battery shown is slightly 
smaller than a standard flashlight cell, but 
produces a higher voltage, and has a longer 

life than the flashlight cell. 

Mercury cells were originally developed 

for use by the Armed Forces, but are now 

found in many pieces of portable equip-
ment manufactured for civilian use. Their 
small size and long life make them ideal 
for use in transistorized equipment. Since 
transistors use only a small amount of 
current, transistorized equipment pow-
ered by mercury batteries can be oper-

ated for a long time before it is necessary 
to replace the batteries. When it is neces-

sary to replace a mercury battery, the old 
batteries must not be disposed of by 
burning; these batteries will explode if 
they are thrown into a fire and might 
cause considerable damage or injury to 

someone nearby. 
One other important point to remem-

ber about the mercury cell is that the 
small terminal on the top of the cell is the 
negative terminal._The case is the positive 
terminal. This is the opposite of the 
—standard flashlight cell where the button 
on the top of the cell is the positive 

terminal and the case is the negative 

terminal. 

MANGANESE BATTERIES 

The big disadvantage of the mercury 
battery is that it is quite expensive. This 
has limited its use somewhat in entertain-

ment type equipment, such as portable 
radios, etc. A battery that is not as 
expensive, but has many of the desirable 
characteristics of the mercury cell, such 
as long life, is the manganese cell. This 
cell is also often  called  the  alkaline-

manganese-zinc cell. 
Thi-Tnse -cell looks very much 

like a flashlight cell and is generally made 
in the same physical sizes as the small dry 

cells used for flashlights and portable 
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radios. The voltage of a cell of this type is 
1.5 volts so it can be readily substituted 
for a dry cell. A manganese cell can 
supply a certain value of current for 
much longer than the same size dry cell. 
Manganese cells are particularly useful in 
applications where the equipment is to be 
left on for a long time. Here their life will 
greatly exceed the life of a dry cell. 
However, in applications where equip-
ment is operated intermittently for short 
periods, the manganese cell will outlast 
the dry cell, but the increase in perfor-
mance may not be justified by the 
increased expense of the manganese cell. 

LEAD-ACID BATTERIES 

The storage battery used in auto-
mobiles is the best known example of a 
secondary cell. This type of cell has two 
groups of plates: one attached to the 
positive terminal and the other to the 

negative terminal. The plates are made of 
lead and fit together as shown in Fig. 8A. 
Between the plates are sheets of insu-

NEGATIVE 
TERMINAL 

POSITIVE 
PLATES 

NEGATIVE 

PLATES 

POSITIVE 
TERMINAL 

lating material called separators, made 
either of porous wood or perforated 
wood or fiber glass. The separators pre-
vent the plates from touching each other 
and destroying the cell. One of the sets of 
the plates is treated chemically to form 
an oxide of lead (a combination of lead 
and oxygen), and the two sets of plates 
with the separators between them are 
then placed in a container filled with a 
solution of sulphuric acid in water. The 
term "lead-acid battery" came about as a 
result of the use of lead plates in a 
solution of sulphuric acid. 
The voltage in this type of cell is 

approximately 2 volts. Storage batteries 
used in modern automobiles are usually 
made of six cells connected in series so 
that the output voltage from the battery 
is 12 volts. Older automobiles used bat-
teries in which three cells were connected 
in series to give an output voltage of 6 
volts. A three-cell battery is shown in Fig. 
8B. 
To charge this type of battery, the 

battery is connected to a battery charger 
which simply applies a voltage slightly 

Fig. 8. (A) shows the construction of a storage battery; (13) shows a three-cell battery. 
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Fig. 9. (A) shows the direction current will flow 
when a storage battery is being charged; (B) 
shows the direction current will flow when the 

battery is supplying current. 

higher than the battery voltage. The 
charger forces current through the bat-
tery as shown in Fig. 9A. This current 
causes a chemical change in the battery, 
and the electrical energy put in the 
battery is stored in it in the form of 
chemical energy. When the battery is 
connected to a circuit, the energy stored 
in the battery is released by the chemical 

action of the battery and current will 
flow in the circuit as shown in Fig. 9B. 

Notice the direction of current in Figs. 
9A and 9B. When the battery is being 
charged, the current is forced through the 
battery in the opposite direction to which 
it flows when the battery is supplying 
current. The storage battery can supply 
current for a much longer time than the 
average dry cell. When the storage battery 
is discharged and is no longer able to 
supply the current required by the cir-
cuit, the battery can be removed from the 
circuit and recharged by passing current 

through it in the opposite direction. Once 
the battery has been recharged, it can 
again be connected to the circuit and will 
supply current to the circuit. 

In an automobile, the battery is usually 
connected to a generator. As long as the 

car is running at a reasonable speed, the 
generator is both charging the battery and 
supplying the current needed to operate 
the car. However, when the car is oper-
ating at a slow speed or when it is 
stopped, the generator is not turning fast 
enough to provide the electricity needed 
by the car and the battery supplies this 
energy. In the next section of this lesson 

you will study generators and you will see 
how they produce an electric current. 

NICKEL-CADMIUM BATTERIES 

There are two main disadvantages of 
the lead-acid storage battery. One dis-
advantage is that it has a somewhat 
limited life and the other is that it gives 
off hydrogen and oxygen when it is 

charged, and therefore the cell must be 
vented to allow these gases to escape. The 
hydrogen and oxygen given off from the 
battery come from the water in the cell 
and this water must be replaced period-
ically. As a result, the cell requires con-
siderable maintenance. 
A cell that overcomes this disadvantage 

is the nickel-cadmium cell. While the cell 
does give off gases when it is being 
charged, methods have been developed to 
take care of these gases so that the cell 
may be sealed. As a result, you do not 
have to add water or acid to the cell; the 
cell requires no maintenance other than 
to charge it when it becomes discharged. 
The nickel-cadmium cell has an oper-

ating voltage of about 1.2 volts. While the 
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cell cannot supply quite as much current 
as the same size lead-acid cell can supply, 
the fact that it will last almost indef-
initely if it is cared for and that it can be 
sealed and requires no maintenance has 

/ made it ideally suited for use in operating 
portable electronic equipment. As more 
portable transistorized equipment is 

+. developed, it is likely that this type of 
cell will become more important to the 
electronics technician. 

In charging both the lead-acid and the 
nickel-cadmium storage batteries or cells, 
the technician should follow the manu-
facturer's recommendations and avoid 
charging either type of cell at a higher 
rate. This is likely to cause excessive heat 

which can cause the plates in the cell to 
warp and touch. Once this happens, the 
cell is shorted and it is no longer usable. 

SUMMARY 

In this section of the lesson we have 

covered three important primary cells and 
two important secondary cells. We do not 
expect you to remember how these cells 
are made, but you should remember the 
voltage of each cell and remember their 
important characteristics. There may be 
occasions when you will want to sub-
stitute one type of cell for the other to 
obtain improved performance. In order to 
do this you must know the voltage 
supplied by each type of cell so that you 
can be sure that you will have the proper 
operating voltage for the equipment. You 
must also know something about their 
characteristics so that you will be able to 
select a suitable replacement that will 
result in improved performance. 
The most important characteristic of 

the dry cell is its economy. Its dis-

advantages are its limited shelf life and its 
limited current capabilities. 

The mercury cell has a much longer 
shelf life than a dry cell, and a given size 
mercury cell is capable of supplying a 
much higher current than a dry cell. That 
is to say, it can supply the same current 
as a dry cell for a much longer time. 
Mercury cells have a voltage of about 

1.35 or 1.4 volts, depending upon the 
materials used in them. The disadvantage 
of the mercury cell is its cost. 

The manganese cell can provide a given 
current for a much longer time than a dry 
cell can. Its shelf life is better than a dry 
cell, but not as good as a mercury cell. 

The output voltage of a manganese cell is 
about 1.5 volts. 

The storage cell has the advantage that 
it can be recharged and used again. There 
are two important types of storage cells, 
the lead-acid cell and the nickel-cadmium 
cell. The lead-acid cell has a voltage of 
about 2 volts and the nickel-cadmium cell 
has a voltage of about 1.2 volts. 

The advantage of the nickel-cadmium 
cell over the lead-acid cell is that it can be 
sealed and does not require the periodic 
maintenance that the lead-acid cell 
requires. 

SELF-TEST QUESTIONS 

What is the output voltage of a dry 
cell? 

If fifteen dry cells are connected in 
series to form a battery, what would 
the output voltage be? 
If eight dry cells are connected in 
parallel to form a battery, what 
would the output voltage be? 

If six dry cells are connected in 
series to form a 9-volt battery and 



the negative terminal is marked with 
a minus sign and the positive termi-
nal marked +9V, how would you 
expect a center tap terminal con-
nected between the third and fourth 
cells to be marked? 

(This is a difficult question - look at Figs. 
4 and 5 before you make up your mind as 
to what the answer should be.) 

(e) What are the two main advantages of 
the mercury cell over the dry cell? 

(0 

(8) 

(h) 

(j) 
(i) 

What is the output voltage of a 
mercury cell? 
What is the output voltage of a 
manganese cell? 
Since the manganese cell is a better 
cell than the dry cell, why hasn't it 
completely replaced the dry cell? 
Name two types of secondary cells. 
Which type of secondary cell pro-
vides the longest life, and the most 
maintenance-free performance? 

1 
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Generators 

Although batteries are very useful, 
their ability to supply large amounts of 
power is limited. If a battery, even a 
lead-acid storage battery, is called upon 
to supply large amounts of current, it will 
soon be exhausted and must be removed 
from the circuit and recharged. Even if 
storage batteries could supply the large 
amounts of electricity consumed daily by 
the average large city, we would still have 
to have some way of recharging the 
batteries. Thus, we would have a need for 
a device other than a battery that is 
capable of supplying large amounts of 
electricity. 
You already know that if the magnetic 

field cutting through a coil is varied, a 
voltage will be induced in the coil. If the 
magnetic field is made to vary rapidly 
enough, the voltage will be induced con-
tinuously in the coil; this voltage can be 
connected to an outside circuit and cur-
rent will flow through the circuit. This is 
the principle that is used in electric power 
generators. 

Before studying generators, let us learn 
about two important kinds of current 
you will have to deal with: direct current 
and alternating current. 

DIRECT CURRENT AND 
ALTERNATING CURRENT 

The current supplied by a battery 
always flows from the negative terminal 
of the battery through the external cir-
cuit and back to the positive terminal of 
the battery. The current always flows in 

one direction. We call this kind of current 
direct current. We usually abbreviate this 
dc. 

The voltage supplied by a battery that 
causes a direct current to flow is referred 
to as a dc voltage. The expression dc 
voltage means that the voltage causes a 
direct current to flow. This means that 
the polarity does not change. In other 
words, on a battery, one terminal is 
always the negative terminal and the 
other terminal is always the positive 
terminal. We say that the terminals 
always have the same polarity — the 
polarity of the terminals does not change. 
A dc generator is a device that gener-

ates a direct current. In other words, the 
current coming from the generator always 
flows in the same direction. This means 
that the terminals of the generator must 
always have the same polarity; one termi-
nal will always be the negative terminal 
and the other terminal will always be the 
positive terminal. 

Besides direct current, there is another 
important type of current with which 
you must be familiar. This type of cur-
rent is called alternating current or simply 
ac. Alternating current differs from direct 
current in that its direction is continually 
changing. The current flows first in one 
direction and then in the opposite direc-
tion. This reversal of current occurs many 
times a second. The current supplied to 
your home is alternating current. The 
voltage that produces an alternating cur-
rent is called an ac voltage. In order to 
produce a flow of alternating current the 
polarity of the terminals of the device 
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causing the current flow must be con-
tinually reversing. In other words, when 

the current is flowing in one direction, 
one terminal must be negative and the 
other positive. When the current flows in 

the opposite direction, the polarity of the 
terminals must reverse so that the termi-
nal that was the negative terminal must 
become the positive terminal and the 
terminal that was the positive terminal 
must become the negative terminal. 

While alternating current cannot be 
used to operate such electronic devices-as 
tubes and transistors, it has many useful 
applications; indeed our modern indus-
tries depend upon large amounts of alter-
nating current being readily available. 
Now we will go ahead and learn how a 

simple generator operates and at the same 
time learn more about alternating current 
and ac voltage. 

A SIMPLE GENERATOR 

A simple generator capable of gener-
ating electric power can be built as shown 
in Fig. 10. This generator consists of a 
single-turn coil placed between the poles 
of a magnet. As the coil is rotated, it will 
cut through the magnetic lines of force 

MAGNET 

SLIP RINGS SHAFT POLE 

AC VOLTAGE 

BRUSHES 

Fig. 10. A simple ac generator. 

flowing from the north pole to the south 
pole of the magnet and a voltage will be 
induced in the coil. The amount of 
voltage will depend upon the number of 
magnetic lines being cut by the coil as it 
rotates. This in turn will depend upon the 
strength of the magnetic field and upon 
the speed at which the coil is rotated. 

First, let us consider the voltage that 
will be produced by a generator of this 
type. When the coil is in the position 
shown in Fig. 11A, the movement of the 
coil is parallel to the lines of force 
flowing from the north pole to the south 
pole of the magnet. They are moving 
along the lines of force and are not 
cutting through any of the lines of force. 
You will remember that in order to 
induce a voltage in a coil, the turns of the 
coil must be cut by magnetic lines of 
force. In Fig. 11A, the coil is moving 
along the lines of force and not cutting 
through them. There will be no voltage 
induced in the coil when the coil is in this 
position. 
When the coil moves counterclockwise 

to the position shown in Fig. 11B, it will 
still be moving almost parallel to the lines 
of force. However, it is moving at a small 
angle to these lines of force and therefore 
it will cut through some of them and 
there will be some voltage induced in the 
coil. When the coil moves down to the 
position shown in Fig. 11C, it will be 
cutting more lines of force because it is 
moving at a sharper angle to them and a 
somewhat higher voltage will be induced 
in the coil. Finally when it reaches the 
position shown in Fig. 11D, it will be 
moving directly perpendicular to the lines 
of force and will be cutting through them 
at maximum speed, and the voltage 
induced in the coil will reach its highest 
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Fig. 11. In the illustration, the coil is rotating counterclockwise. The voltage produced by this 
generator depends upon the movement of the coil in relation to the magnetic lines of force. 

value. As the coil moves down to Lne 
positions shown in Figs. 11E and 11F, it 
will be cutting fewer and fewer lines of 
force until it finally reaches the position 
shown in Fig. 11G. Once again the coil 
will be running parallel to the lines of 
force and no voltage will be induced in 
the coil. 

HOW VOLTAGES ARE 
PICTURED 

You will remember that when we 
discussed the batteries shown in Figs. 4 

and 5 we said that one terminal of the 
battery could be considered as zero volt-
age and the voltage at the other terminals 
marked in reference to this terminal. You 
can do the same thing with a generator. 
You can use one lead as the ground or 
common lead and measure the voltage at 
the other lead as either positive or nega-
tive with respect to the common lead. 

If we assume that one lead is a com-
mon or ground lead, we can conveniently 
represent the voltage at the other lead by 
a graph. A graph is merely a simple way 
of presenting information in the form of 
a picture. In Fig. I 2A, you will notice a 
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Fig. 12. Construction of a graph ot the voltage produced by the generator in Fig. 11. 

horizontal line which is marked zero 
running through the center of the graph. 
This is the zero voltage line which repre-
sents the voltage of the ground or 
common lead. The horizontal lines above 
this line represent positive voltages, and 
the lines below the zero line represent 
negative voltages. The vertical lines repre-
sent the positions .of the coil shown in 
Fig. 11. 

Let us assume that at the instant the 
coil is in the position shown in Fig. 11D, 
the voltage generated is 100 volts. If the 
voltage is 100 volts positive with respect 
to the common terminal, we would place 
a mark (X) on the graph at the point 
where the +100 volt line crosses the 
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vertical line running through D, as shown 
in Fig. 12B. Similarly the voltages that 
are present at the remaining points would 
be marked (in the graph. This would look 
like Fig. 12C. The only step left is to 
draw a smooth curve joining all these 
points as shown in Fig. 12D. This curve 
represents the voltage generated by the 
generator through one half turn. 
When the coil is rotated through the 

remaining half turn, the polarity of the 
voltage produced will be reversed. In 
other words, the voltage will now be 
negative with respect to the ground termi-

nal because the coil will now be cutting 

through the magnetic lines of force in the 
opposite direction. If we complete the 

Fig. 13. The appearance of the output voltage produced by the generator as it travels through 
one complete turn. 
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drawing to show what the voltage will 
look like during the other half turn, the 
picture would look like Fig. 13A. For 
convenience, if we leave the horizontal 
and vertical lines of the graph off, we can 
get a better look at the shape or appear-
ance of the output voltage as in Fig. 13B. 
This is called a waveform. 

This is how the ac voltage supplied by 
the power company may be represented. 
It is called a sine (pronounced sign) wave. 

The voltage represented by one com-
plete turn of the coil in the magnetic field 
is called a cycle. The power supplied by 
most power companies in this country is 
60-cycle power. When we say 60-cycle, 
we mean 60 cycles per second. In other 
words, the voltage goes through 60 cycles 
each second, like the one shown in Fig. 
13. This is called the "frequency" of the 
ac voltage. To make the generator pro-
duce this type of voltage, it would have 
to be turned at a speed of 60 revolutions 
per second, which is 3600 revolutions per 
minute. The part of the cycle above the 
line is called a half cycle, and it is referred 
to as the positive half cycle. The part of 
the cycle below the line is also called a 
half cycle, and it is referred to as the 
negative half cycle. 
You will also see the term Hertz, 

abbreviated Hz, used to designate the 
frequency of an ac signal. Hertz and 
cycles per second mean exactly the same 
thing and you will see these expressions 
used interchangeably. Hertz is the pre-
ferred term, but you will see cycles per 
second used almost as often. Just remem-
ber when you see the expression 60 Hz 
signal, we are referring to an alternating 
voltage or current that completes 60 
cycles per second. 

The voltage generated by this generator 

with only a single-turn coil would be 
extremely low, even with a very strong 
magnetic field. However, we can obtain a 
higher voltage simply by putting more 
turns of wire on the coil. Ten_fung_Las 
lush voltee would_11 
ten-turn coil as in a single-turn coil. If 
one-tenth of a volt is induced in a 
single-turn coil, one-tenth of a volt will be 
induced in each turn of the ten-turn coil. 
These voltages will be induced in series 
with each other so that the total voltage 
available at the output terminals of the 
coil will be 1 volt. By putting 100 turns 
on the coil, we could get 10 volts; by 
putting 1000 turns on the coil, we could 
get 100 volts. 

Thus, by putting the proper number of 
turns on the coils of a generator we can 
generate any required voltage. 

DC GENERATORS 

Instead of using a permanent magnet 
such as the one shown in Fig. 10, a 
practical generator would use an electro-
magnet to supply the magnetic field. The 
current required to operate this electro-
magnet can be obtained either from the 
generator itself or from another gener-
ator. However, it must be dc. The voltage 
generated by the generator we have dis-
cussed is ac. Now let us look into the 
generator further and see how we can 
obtain dc instead of ac. 

In an ac generator such as the one 
described, the ends of the coils are 
connected to slip-rings. By means of 
contacts riding on the slip-rings (which 
are called brushes), we could take the ac 
voltage off the generator. However, if, 
instead of using two slip-rings, we use a 
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F. 14. A simple de generator. 

commutator, as shown in Fig. 14, we can 
obtain dc. A commutator is similar to a 
slip-ring except that it is split in half and 
the two halves are insulated from each 

other. The brushes are placed so that 
when the coil is going through the first 
half revolution, one brush will be con-
nected to one section of the commutator 
and the other brush will be connected to 

Fig. 15. In (A), section 1 of the commutator 
is negative, and section 2 is positive. In (B), 
section 1 is positive, and section 2 is negative. 
This means that brush A is always connected 
to the negative section of the commutator and 
brush B to the positive section, and current 

flows in only one direction. 

the other section. When a coil starts to go 
through the second half revolution, the 
brushes will be connected to the opposite 
section; the one that was connected to 
the first section will then be connected to 
the second section, and the one that was 
connected to the second section will then 
be connected to the first section and 
current will always flow through the 
external circuit in the same direction, as 
shown in Fig. 15. As a result, at the 
output we will have a voltage like that 
shown in Fig. 16. 

Fig. 16. Output of a simple de generator. 

Here we have essentially the same wave 
shape as we had in Fig. 13, except that 
the half of the cycle that was previously 
negative and drawn below the line has 
now been reversed by the automatic 
reversing of the connections to the coil 

performed by the commutator and 
brushes. 

A voltage like that shown in Fig. 16 is 
called pulsating dc. It is dc inasmuch as 
the current that flows as a result of this 
voltage will always flow in one direction. 
However, since the voltage varies, the 

current varies; it will flow in pulses and 
actually drop to zero twice through each 
revolution of the coil. This can be used in 
some applications but it is not what we 
call pure dc, like the dc supplied by a 
battery. 

As in the case of the ac generator, the 
output voltage from a dc generator with 
only a single turn would be extremely 
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Fig. 17. The armature of a dc generator with 
6 series-connected coils. 

low — too low to be usable. However, by 
winding several turns on the coil, a higher 
voltage can be obtained. This will still 
provide a pulsating type of dc like that 
shown in Fig. 16. 
A better arrangement is shown in Fig. 

17. Here, there are a number of coils on 
an iron form called an "armature." The 
coils are in different positions around the 
armature. In the position shown, coil 
A-A' will not cut any lines of force and 
therefore there will be no voltage induced 
in it. The coil B-B', however, is cutting a 
few lines of force and some voltage will 
be induced in it. Coil C-C' is cutting still 
more lines of force and a somewhat 
higher voltage will be induced, and coil 
D-D' is cutting directly across the lines of 
force and the maximum voltage will be 
induced in it. These coils are all con-
nected in series and brought out to 
connections on the commutator. Two 
brushes are used on the generator, and 
the output voltage from this type of 
machine will be nearly constant. This is 
because there will always be one coil 
either in or close to each position shown 
in Fig. 17. The voltage produced by the 
generator will be the voltage of all the 
coils in series. While some of the coils are 
producing very little voltage, the coils 

near the position D-D' will produce con-

siderable voltage. The commutator used 
with this type of generator would have 
twelve sections instead of two, as is the 
case in the generator with only one coil. 
There will be some fluctuation in the 
voltage so that the output voltage will 
look like Fig. 18 as the generator goes 
through one revolution. Notice that with 
this type of generator, instead of two big 

half cycles, an almost constant value of 
dc is obtained. 

DC fri-Y-NrYYWYNY% 

Fig. 18. Only a small ripple will be noticeable 
in the output of a dc generator having 6 coils 

and 12 commutator sections. 

AC VALUES 

Now look back at the ac cycle shown 
in Fig. 13. Notice that at the start of the 
cycle the voltage is O. When the coil has 
rotated through one quarter of a turn, the 
voltage has built up to a maximum value; 
when the coil has gone through one-half a 
turn, the voltage is back to zero again. At 
three-quarters of a turn, the voltage has 
reached a maximum value with the oppo-
site polarity and finally at the end of the 
cycle, the voltage is back to zero. The end 
of this cycle is actually the start of the 
next cycle. The voltage reaches a maxi-
mum value twice in each cycle, and it 
drops to zero twice in each cycle. 

Let us see how we measure ac. When 
we talk about a dc current and we say 
that the current flowing in the circuit is 1 
amp, we mean that a certain number of 
electrons are flowing past a given point in 
the circuit. This same number of elec-
trons continues to flow as long as the 
current in the circuit is 1 amp. However, 
what happens when we're dealing with 
ac? Since the voltage reaches a maximum 
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twice each cycle and falls to zero twice 
each cycle, the current must also have 
two maximums in each cycle and fall to 
zero twice each cycle. Therefore, the 
number of electrons flowing in the circuit 
is not constant; in fact it is continually 
changing as the ac voltage goes through 
its cycle. 
To overcome this difficulty, we mea-

sure ac in terms of equivalent dc. When 
we say that the ac current flowing in the 
circuit is 1 amp, we mean that the current 
is the equivalent of 1 amp of dc. In other 
words, if a dc current of 1 amp flows 
through a heating element such as found 
in an electric iron or toaster, a certain 
amount of heat will be produced. When 
the ac current flowing through the same 

heating element produces the same 
amount of heat, we say that the ac 
current is 1 amp. 
The same system is used to measure ac 

voltage. If a dc voltage of 100 volts is 
required to force the current of 1 ampere 
through a circuit made up of a resistance, 
the ac voltage that will force an ac 
current of 1 amp through the same 
resistance is said to be 100 volts. This is 
called the effective or rms voltage and it 
will cause an ac current to flow that will 
produce the same heating effect as the 
equivalent amount of direct current. 
From looking at an ac voltage cycle, it 

is quite obvious that the voltage must be 
greater than the effective value during 
part of the cycle and less than the 
effective value during the remainder of 
the cycle. The maximum value that the ac 
voltage reaches during a half cycle is 
called the peak voltage. The peak voltage 
is approximately 1.4 times the effective 
voltage. Each peak is 1.4 times the 
effective voltage, and the voltage between 
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Fig. 19. AC waveform showing effective (rms), 
peak and peak-to-peak voltages. 

the two peaks will be 2.8 times the 
effective voltage. This voltage is called the 
peak-to-peak voltage. Fig. 19 shows an ac 

voltage of 100 volts. The peak value is 
140 volts, and the peak-to-peak value 280 
volts. Study this figure to be sure you 
understand what the terms mean. 

It's important to remember when we 
are talking about ac voltages that unless 
we specifically refer to the peak or 
peak-to-peak voltages, we are talking 
about effective voltages; in other words, 
the ac voltages that will produce the same 
effect as the equivalent dc voltage. Also 
remember that the peak or greatest volt-
age reached during a half cycle will be 1.4 
times as great as the effective voltage, and 
that the peak-to-peak voltage will be 2.8 
times the effective voltage. You will run 
into the terms "peak voltage" and "peak-
to-peak voltage" as well as the expression 
"effective voltage" many times during 
your career in electronics. Knowing the 
peak value of an ac voltage is often very 
important. 
A good example of how high the peak 

voltage in a circuit may be is the voltage 
supplied in most homes in this country. 
The average power company supplies a 
voltage somewhere between 115 and 120 
volts, 60 Hertz ac for lighting and general 
domestic uses. This is the effective value 
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of the voltage. Let us assume that the 
voltage supplied to your home is exactly 
120 volts. What is the peak voltage 
reached during each half cycle? It will be 
1.4 X 120, which is 168 volts. In other 
words, twice during each cycle the actual 
voltage between the two power leads 
connected to each electric light and appli-
ance in your home reaches a value of 168 
volts. Twice during each cycle the voltage 
also drops to zero. 

The net effect of this ac voltage is the 
same as supplying a de voltage of 120 
volts to the electric lights. The peak-to-

peak voltage supplied to your home will 
be 2.8 X 120 volts or 336 volts! 

THE IMPORTANCE OF AC 

You may wonder why we have gone 
into so much detail in describing alter-
nating current. Alternating current is 
important not only because it is the type 
of power supplied by the power com-
panies, but also because ac signals are 
used throughout the whole electronics 
industry. The sound that comes from the 
loudspeaker in your radio or your tele-
vision receiver and the sound from your 
telephone are produced by ac signals 
having a frequency not too much higher 
than the power line frequency. The radio 
waves that travel through space are 
actually ac signals of a much higher 
frequency. Signals used in many indus-
trial applications are ac signals. 

SUMMARY 

We have covered a great deal of 
material in the preceding sections. There 
are several important things that you 
should remember. First, remember what 
an ac cycle looks like. Also remember 

that this ac voltage is called a sine wave. 
Remember that when we speak of ac 

voltage and current we are speaking of 
the voltage and current that will produce 
the same effect as the equivalent values of 
dc. Remember that the peak value of the 
ac cycle is 1.4 times the effective value, 
and the peak-to-peak value is 2.8 times 
the effective value. 

SELF-TEST QUESTIONS 

What are the two kinds of current 
that the electronic technician must 
know about? 
What do we call the voltage that 
produces a current that flows in 
only one direction? 
What is the name given to a voltage 
that causes current to flow first in 
one direction and then in the other 
direction many times in a second? 
What is the name given to the ac 
voltage wave supplied by the power 
company? 
What is a cycle? 
What do we mean by 60 cycles per 
second (60 Hertz)? 
What is the name given to the device 
on a dc generator that is used to 
reverse the connections of the coil 
to produce dc instead of ac? 
What type of current is produced by 
a simple dc generator such as the 
one shown in Fig. 14? 
What do we mean when we say that 
the ac current is 1 amp? 
If we say the ac voltage is 100 volts, 
do we mean the effective or the 
peak value of the ac voltage is 100 
volts? 

(u) If the rms voltage is 200 volts, what 
is the peak value of the voltage? 
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Electronics in Communications 
Radio waves are sine waves like the one 

shown in Fig. 13. They are similar to the 
60 Hertz ac power waves. The only 

difference is in the frequency of radio 
waves. The lowest frequency radio waves 
have a frequency of about 15,000 Hertz. 

We usually use kilohertz instead of Hertz 
when speaking of radio waves around this 
frequency. -- one kilohertz equals one 
thousand Hertz. Therefore, 15,000 Hertz 
is equal to 15 kilohertz (kHz). This is a 
very low frequency radio signal; there are 
only a few very high-powered stations 
operating on such low frequencies. They 
are used mostly by government services 
for world-wide communications. 
The standard radio broadcast stations 

operate on frequencies between 550 kHz 
(550,000 Hertz) and approximately 
1,700 kHz (1,700,000 Hertz). This group 
of frequencies is called a band; in this 
case, the broadcast band. The word band 
when it is used this way means nothing 
other than a group of frequencies. 

Needless to say, ac signals of such high 
frequencies cannot be generated by 
means of mechanical generators such as 
those used to produce 60-cycle power 
voltages and current. These ac signals 
must be generated by electronic devices 
such as vacuum tubes and transistors. 
We mentioned that the frequency of 

radio signals is often expressed in kilo-
hertz rather than in Hertz. A kilohertz is 
equal to 1,000 Hertz. However, many 
broadcast services operate on such high 
frequencies that even the kilohertz is not 
large enough to provide a convenient 
method of expressing their frequency; so 
in addition to the kilohertz we use the 

megahertz. The megahertz is 1,000,000 
Hertz and it is abbreviated MHz. There 
are 1,000 kilohertz in a megahertz. The 
standard broadcast band is 550 kHz to 
1700 kHz. This can also be expressed as 
.55 MHz and 1.7 MHz. TV stations 
operate up in the megahertz region. Chan-
nel 2, the lowest TV channel, occupies 
the band of frequencies from 54 MHz to 
60 MHz. Channel 13 occupies the band of 
frequencies from 210 MHz to 216 MHz. 
These channels are referred to as the vhf 
(very high frequency) TV channels. The 
FM broadcast band, which is located 
between channels 6 and 7, occupies the 
band of frequencies from 88 to 108 MHz. 
TV channels 14 through 83 are 

referred as the uhf (ultra high frequency) 
channels. Channel 14 occupies the band 
of frequencies from 470 MHz to 476 
MHz and Channel 83 occupies the band 
of frequencies from 884 MHz to 890 

MHz. 
Now let us look at some parts of a 

radio system. We will briefly describe a 
radio transmitter and a receiver. Let us 

look at the transmitter first. 

THE RADIO TRANSMITTER 

Radio transmitters are actually made 
up of a number of sections, each designed 
to do a specific job. Let's discuss some of 
the more important sections of a typical 
transmitter. 

The sound signal to be transmitted 
starts in the microphone. There are a 
number of different types of micro-
phones in use. We will look at one of the 
simpler types. Before we discuss the 
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microphone, let's learn a little about 
sound. 

Sound is a vibration set up in air or 
some other medium. The key you strike 

on a piano is connected to a hammer, 
which strikes a string that is tightly 
stretched on a frame. The string begins to 
vibrate and sets the air surrounding it into 
vibration. The frequency at which the 
string vibrates will determine the tone 
that you hear. Similarly, when we speak, 

the speech muscles in our throat set the 
air in our throat into vibration. This 
vibration is projected from our mouth 

and nose, and the vibration travels 
through the air. However, instead of 
producing a single frequency, our voices 

are actually quite complex and may 
produce vibrations of many frequencies, 
causing the different tones by which we 
can distinguish the voice of one person 
from that of another. 

Microphones. A simple microphone is 
shown in Fig. 20. This microphone con-
sists of a coil and a magnet and a flat 
metal disc which is called a diaphragm. 
Fastened to the diaphragm is a small light 
coil form on which a coil is wound. The 
coil is placed between the poles of a 
permanent magnet. When you speak in 
front of the microphone, your voice sets 
the air into vibration. The vibrating air 
will cause the diaphragm to vibrate. Since 

MAGNET 
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Fig. 20. A simple dynamic microphone. 

the diaphragm is connected to the coil, 
the coil will vibrate between the poles of 
the magnet. You already know what will 
happen when a coil is moved in a mag-
netic field; the turns of wire on the coil 
will cut through the magnetic lines of 
force, and voltage will be induced in the 
coil. If this coil is connected to an 
external circuit, there will be a current 
flow through the circuit. The frequency 
of the current will depend upon the 
frequency at which the diaphragm and 

coil vibrate. This in turn will depend 
upon the frequency at which the air is 
vibrating, which in turn depends upon the 
vibrations set up by the vocal muscles in 
the throat of the person speaking in front 
of the microphone. 

This electrical signal produced by the 

microphone is called an audio signal or 
audio voltage. The word audio is used to 
designate electrical signals in the fre-
quency range of sound. An audio voltage 
or signal is the electrical equivalent of 
sound. 
An Audio Amplifier. In a typical trans-

mitter the output of the microphone is 

fed to an audio amplifier. The audio 
voltage is fed to a vacuum tube or a 
transistor that will amplify the signal so 
that a much stronger signal will appear in 
the output circuit of the tube or tran-
sistor. The amplified signal will be just 
like the signal generated by the micro-

phone, but it will be stronger. A tube or 
transistor along with its associated parts is 
called a stage. A stage used to amplify an 
audio signal is called an audio stage. 

In a typical transmitter, the audio 
signal produced by the microphone will 
be amplified by a number of stages in 
order to build up the strength of the 
signal until it is hundreds of times 
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stronger than the original signal produced 
by the microphone. The signal is first fed 
to one stage where it is amplified and 
then on to a second stage where it is 
amplified still further and on to a fol-
lowing stage and so on until its strength 
has been built up to the desired level. The 
amplified signal, however, will have 
exactly the same frequency and charac-
teristics as the original signal produced by 
the microphone. 
The microphone and the audio ampli-

fiers in a transmitter are called the audio 
section. This is often abbreviated af 
(audio frequency) section. Another 
important section of the transmitter is 
the radio frequency section — this is 
abbreviated rf section. 
The RF Section. The rf section of a 

transmitter is made up of a number of 
separate stages. The first stage is the stage 
that actually generates the radio fre-
quency signal. This stage is called the 
oscillator stage. The oscillator stage is 
carefully designed to produce a signal of 
the desired frequency. The signal from 
the oscillator stage is then amplified by 
additional stages which are called rf 
power amplifier stages. These stages build 
up the strength of the radio frequency 
signals generated by the oscillator so that 
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the signals will be strong enough to travel 
through space from the transmitter to the 
receiver. 

In one of the radio frequency stages of 
the transmitter, the audio signal is super-
imposed on the radio frequency signal. 
This is called modulation. The audio 
signal is the modulation signal and the rf 
signal is the modulated signal. 

In a radio system of this type, the 
modulation signal varies the amplitude or 
strength of the rf signal. This type of 
modulation is called amplitude modu-
lation and is abbreviated AM. In some 
transmitters the modulated signal is then 
fed directly to the antenna, but in others 
it is amplified further and then fed to the 
antenna. 

The modulated rf signal from the 
transmitter is fed through a cable or wire, 
called a transmission line, to the antenna. 
The transmission line is something like 
the power lines that are used to bring the 
power from the power-generating station 
to your home. They simply carry the 
power from the transmitter to the 
antenna. 

The antenna at a radio station is simply 
a length of wire or a tower to which the 
transmission line is connected. When the 
radio frequency signal is fed to the 
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Fig. 21. A block diagram of a simple transmitter. 
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antenna, the rf signal sets up a current in 
the antenna which produces a magnetic 
field and an electric field surrounding the 
antenna. These fields travel out in space 
from the antenna and carry the signal 
from the transmitting antenna to the 
receiving antenna. 
A simplified diagram of a radio trans-

mitting system is shown in Fig. 21. This 
type of diagram is called a block diagram. 
It is a simpler way of representing the 
various stages or sections of a piece of 
electronic equipment than showing the 
complete schematic diagram. We will use 
this type of diagram frequently because it 
enables us to give an overall picture of the 
various stages of a piece of electronic 
equipment without going into all the 
details of the circuitry. You will find later 
that the circuits used in the various stages 
follow certain basic patterns. In other 
words, there is little difference in the 
circuits used in the individual stages; the 
difference is the manner in which the 
stages are used. 

Notice that the sound signal is gen-
erated by a microphone and fed to the 
audio amplifier stages. At this same time 
the rf signal is generated by an oscillator 
and amplified by rf power amplifier 
stages. In the third rf stage, the rf signal is 
modulated by the audio signal and the 
modulated signal is then amplified by the 
last stage in the transmitter. This stage is 
called the final amplifier or simply the 
final because it is the last rf amplifier 
stage in the transmitter. The signal from 
the final is then fed through a trans-
mission line to the transmitting antenna. 

This brief description of Fig. 21 is all 
you need to know about radio trans-
mitters at this time. However, you should 
understand in general terms what is done 

in a transmitter; it will be helpful to you, 
even though you may never work on a 
radio transmitter. Notice the symbols 
used in Fig. 21 for the microphone and 
the antenna. Remember these symbols; 
you will see them frequently in future 
lessons. 

THE RECEIVER 

The job that the receiver has to per-
form is exactly the opposite of the job 
the transmitter has to perform. The trans-
mitter must take the sound and convert it 
to an electrical signal, which is the audio 
signal, and then superimpose the audio 
signal on an rf carrier signal. The receiver 
must take the rf carrier and remove the 
audio signal from it and then convert the 
audio signal back into sound. 

In spite of the fact that the receiver 
must perform the opposite tasks from 
those performed by the transmitter, there 
are many similarities between a trans-
mitter and a receiver. A transmitter has rf 
amplifiers, so do many receivers. The 
transmitter has audio amplifiers, so do 
receivers. The transmitter has a stage in 
which modulation occurs — the receiver 
has a stage in which demodulation occurs. 
Demodulation is sometimes called detec-
tion; it is the recovery of the audio signal 
from the modulated signal. You will see 
later that there is a great deal of similarity 
between the operation of the stage in 
which modulation occurs and the stage in 
which demodulation occurs. The trans-
mitter has a microphone which converts 
the sound into an electrical signal; the 
receiver has a speaker which converts the 
electrical signal to a sound signal. Even 
though the microphone and speaker per-
form opposite tasks, there is a great deal 
of similarity between the two. 
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Now let's look at a simple receiver 
system. Modern receivers are somewhat 
more complicated than the one we will 
describe, but nevertheless millions of 
receivers like this one have been made. 

The Antenna. The radio receiving 
antenna is a much simpler device than the 
transmitting antenna. The signals trans-
mitted by modern broadcast transmitters 
are so strong that only simple receiving 
antennas are needed. A simple outside 
antenna may be made from a wire 25 to 
50 feet long mounted between two poles. 
Most modern radio receivers do not need 
any outside antenna at all. An indoor 
antenna made of a coil wound on a 
powdered iron core is called a loopstick. 
It is mounted in the rear of the receiver, 
inside of the receiver cabinet. This is all 
the antenna that is needed to provide 
satisfactory reception on local broadcast 
stations. A loopstick mounted in the rear 
of a receiver is shown in Fig. 22. 

The RF Amplifier. The signal picked 
up by the receiving antenna is quite weak 
even if the station being received is a 
fairly strong local station. Before the 
signal can be used it must be amplified. 

F. 22. Loopstick mounted in the rear of a 
receiver. 

This amplification is usually carried out 
in a stage called an rf amplifier. It is quite 
similar to the rf amplifier in a transmitter, 
except it is called an rf voltage amplifier 
(in a transmitter it is called an rf power 
amplifier). The rf amplifier in the receiver 
is designed to increase the strength of the 
signal voltage picked up by the antenna. 
The Demodulator. The amplified signal 

from the rf amplifier is fed to a stage 
called the demodulator or detector. This 
stage separates the audio signal from the 

rf signal. The rf signal is called the carrier; 
it carries the audio signal from the trans-
mitter to the receiver. However, it serves 
little or no useful purpose in the receiver. 
In the detector stage, the rf signal is 
separated from the audio signal. The rf 
signal is discarded so that the signal at the 
output of the detector is an audio signal. 
This audio signal is exactly like the audio 
signal that was originally produced by the 
microphone in the transmitter. 
The Audio Amplifier. The signal at the 

output of the detector is still a weak 
signal. Before it can be used to operate a 
loudspeaker, the strength of this signal 
must be increased. It is increased by 
feeding the signal to an audio amplifier, 
which is similar to the audio amplifier in 
a radio transmitter. The signal at the 
output of the audio amplifier is identical 
to the signal at the input, but much 
stronger. 

The Speaker. A speaker is not very 
different from a microphone. In fact, 
sometimes speakers are used as micro-
phones in intercommunications units 
such as between two offices. 
A sketch of a simple speaker is shown 

in Fig. 23. Notice that the speaker has a 
magnet like the microphone. Between the 
poles of the magnet is a coil, and the coil 
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Fig. 23. A simple pm dynamic speaker. 

is connected to a diaphragm. However, 
instead of having a flat diaphragm as in 
the microphone, the diaphragm is cone-
shaped and in a speaker it is called the 
cone. The cone is fastened to the coil. 

When the varying current from the 
audio amplifier is fed to the coil in the 
speaker, a varying magnetic field is pro-

duced. Depending on the polarity of the 
field produced by the current flowing in 
the coil, the field may either aid or 
oppose the magnetic field produced by 
the permanent magnet. Since the audio 
signal is being fed to the speaker, it is 
actually an ac signal. The polarity of the 
magnetic field produced by the coil will 
sometimes aid and sometimes oppose the 
permanent magnet field. This varying 
effect will cause the coil to vibrate in and 
out. Since the coil is fastened to the cone, 
the cone will vibrate in and out with the 
coil. The rate of vibration will depend 
upon the frequency of the audio signal. 

The vibrating cone will set the air in 

front and in back of the cone in motion. 
The air will vibrate at the same frequency 
as the cone vibrates. Since the cone is 

vibrating at the frequency of the original 
sound signal produced by the micro-
phone, the air around the speaker will be 
set into vibration at the same frequency. 
The effect of setting this air into vibra-
tion is exactly the same as setting the air 
into vibration with your vocal chords by 
speaking. The vibration will be heard as 
sound, and the sound will be at the same 
frequency and tone as the original sound 
that was first uttered in front of the 
microphone. 

The operation of modern speakers is 
similar to that of the speaker shown in 
Fig. 23. This type of speaker with a 
moving coil is called a dynamic speaker. 
Modern dynamic speakers have a perma-
nent magnet like the one we have shown, 
and this type is called a permanent 
magnet dynamic speaker and is usually 
abbreviated simply a pm speaker. 

Another type of dynamic speaker uses an 
electromagnet instead of a permanent 
magnet. This small coil placed between 
the poles of the magnet is called the voice 

coil. Usually the voice coil is wound on a 
small lightweight form. 

The magnets used in pm speakers are 
strong permanent magnets made of 
alnico. You will remember that alnico is 
an alloy of aluminum, nickel, and cobalt 
which can be used to make extremely 
strong permanent magnets. 

TELEVISION 

The transmission and reception of a 
television signal is not very different from 
that of a radio signal. However, in tele-
vision there are two signals to be taken 
care of, the sound signal and the picture 
signal. To transmit these two signals 
through the air, two rf carriers are 
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needed, a picture carrier and a sound 
carrier. The sound signal in television is 
called the audio signal as it is in radio and 
the picture signal is called the video 
signal. 
The sound signal is picked up by a 

microphone, fed to audio amplifiers and 
then used to modulate the sound carrier. 
However, in television, instead of varying 
the amplitude of the carrier, the fre-
quency of the carrier is varied. This is 
called frequency modulation and is abbre-
viated FM. Some radio stations also use 
this type of modulation. They are called 
FM stations. 
The picture is picked up by a camera 

that contains a set of lenses similar to the 
lenses used in a camera that takes photo-
graphs. The lenses project the picture on 
the face of a special tube called a camera 
pickup tube. This tube has a specially 
treated face plate on it and the light 
striking it produces a small voltage. The 
brighter the light, the more voltage pro-
duced. The pickup tube produces a video 
signal that varies in amplitude with the 
brightness of the different parts of the 
picture. The video signal is something like 
an audio signal; however, it is the elec-
trical equivalent of the picture. 

In a color television system, in addition 
to the signal that contains the brightness 
information, a color signal is developed, 
and this signal contains the color infor-
mation. In other words, the video signal 
contains the information that tells how 
bright different parts of the picture are, 
and the color signal tells what color they 
are. 

The video signal at the output of the 
pickup tube is fed to a stage called the 
video amplifier stage where the signal is 
amplified. In a transmitter, the video 

signal will be amplified by several video 
amplifiers. Similarly, in a color TV sys-
tem, the color signal is amplified by color 
amplifiers. The color signal is then used 
to modulate an oscillator which is called a 
subcarrier oscillator, and this signal is 
combined with the video signal. The 
video signal and the color subcarrier 
signal are then used to amplitude-mod-
ulate an rf carrier. Amplitude modulation 
is used; this is the same type of mod-
ulation that is used in the standard radio 
broadcasting band. 

Thus the TV transmitter, instead of 
transmitting only one rf signal, must 
actually transmit two rf signals, one to 
carry the sound signal and the other to 
carry the video signal along with the color 
signal if the broadcast is in color. The two 
signals from the transmitter are fed to a 
single antenna. 

At the receiving installation, the two 
signals are picked up by one antenna, 
amplified by rf amplifiers and then sep-
arated from the rf carriers by separate 
detectors, one for the video and the other 
for the sound. In the case of a color 
television receiver, the video signal and 
the color subcarrier are separated from 
the video carrier and the color signal is 
then separated from the color subcarrier 
by a color detector. 

The sound signal from the detector is 
amplified and fed to a speaker. The video 
signal is amplified and fed to the picture 
tube. In a black and white TV receiver 
the picture tube brightness is controlled 
by the video signal. In a color television 
receiver the brightness is controlled by 
the video signal which is mixed with the 
color signal to produce the original colors 
picked up by the camera. 

This is only a brief run through of a 
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television transmitter and receiver. There 
are many details that have been simpli-
fied, many more that have been omitted, 
but you need not be concerned about 
them at this time. Keep in mind that the 
operation of the video portion of a TV 
transmitter is not very different from that 
of the audio portion of the transmitter. 
There are many differences in details, but 
the basic principles are the same. 

SUMMARY 

This brief description of a broadcasting 

system gives you a birdseye picture of 
what happens in a radio transmitter and a 
radio receiver. We do not expect you to 
remember the details at this time, but 
having a general idea of what takes place 
will help you with later lessons. Remem-
ber that an rf stage amplifies a radio 
frequency signal and that an audio stage 
amplifies an audio signal. Remember 
what an rf signal is, what an audio signal 
is and what a video signal is. You should 
also remember that the stage that sep-
arates the audio signal from the rf carrier 
and the stage that separates the video 
signal from the rf carrier are both called 
detector stages. You should remember 
the basic principles of the operation of a 
microphone and a speaker and also the 

schematic symbols for a microphone and 
an antenna. 

(y) 

(w) 
(x) 

(Y) 
(z) 

(aa) 

(ab) 

(ac) 

(ad) 

(ae) 

(af) 

SELF-TEST QUESTIONS 

How many kilohertz are there in a 
megahertz? 
Write 1900 kHz in megahertz. 
What is the name given to the 
electrical signal produced by sound 

striking a microphone? 
What is an audio stage? 

What is the name given to the stage 
in a transmitter that actually gen-
erates the radio frequency signal? 
What is the name of the device 
used to feed an rf signal from the 
transmitter to the antenna? 
What is the name given to the stage 
that separates the audio signal from 
the rf carrier? 
What is the name of the small coil 
placed between the poles of the 
magnet in a speaker? 

What are the names of the two 
signals that must be transmitted in 
a black and white television sys-
tem? 
What type of modulation is used in 
the sound section of a TV trans-
mitter? 
What type of modulation is used in 
the video section of a TV trans-
mitter? 
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Electronics in Industry 
We have already mentioned that there 

are many uses for electronics in industry 
and that the number of applications is 
growing daily. Electronics is used in oil 
refineries to control the various steps in 
the refinement of crude oil. It is used in 
the livestock feed industry to control the 
mixing of grains and the preparation of 
feed for farm animals. It is used in the 
factories to control the operation of 
precision machines, to inspect the fin-
ished product coming off the assembly 
lines and to count the output of high-
speed automatic machines. It is used by 
railroads to automatically guide loaded 
and/or empty cars in switching operations 
and to control the speed of the car so 
that it hits the cars already standing on 
the track at just the right speed to couple 
to the car without damaging the cars or 
their contents. We have all been thrilled 
in the past few years by the amazing feats 
performed by space ships sent to the 
moon to take television pictures of the 
moon, by the launching and orbiting of 
the ships and recovery of the astronauts. 
All these phenomenal feats have been 
possible due to many electronic devices at 
the control stations and aboard the space 
ships. In spite of all the advances we have 
made, the chances are that in the next ten 
years we will see even greater advances 
and even more opportunities in the field 
of electronics. 

CHANGING AC TO DC 

One of the important uses of elec-
tronics in industry is converting ac to dc. 
This can be accomplished by large elec-
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tronic tubes designed for this type of 
service and by solid-state devices. 

It is much more convenient to generate 
and transmit ac than it is dc. The reason 
for this is that ac can be transmitted at 
very high voltages. The higher the voltage 
is for a given amount of power to be 
transmitted, the lower the losses in the 
transmission lines will be. AC voltages can 
be conveniently increased or decreased by 
means of a transformer, whereas dc volt-
ages cannot be changed from one value to 
another conveniently. 

The Transformer. You have already 
briefly studied a simple transformer. A 
transformer consists of two coils wound 
on a common core. In the preceding 
lesson you learned that if a battery was 
connected to one winding and a switch 
inserted into the circuit and the switch 
opened and closed rapidly, the changing 
magnetic field set up in the one winding 
would induce a voltage in the second 
winding. 
We call the winding to which the 

battery is connected the primary winding 
and we call the other winding the sec-
ondary winding. These names are ea-sy to 
remember; remember that primary is 
first, and secondary is second. 

If instead of a battery and switch, we 
connected ac voltage to the primary 
winding on the transformer, the ac volt-
age will cause an alternating current to 
flow in the primary winding. When the 
alternating current flows in one direction 
it will build up a magnetic field and the 
changing lines of force, as the field is 
built up, will cut the turns of the sec-
ondary winding and induce a voltage in 



these turns. As the ac current collapses 
and then begins to flow in the opposite 
direction, the magnetic field being pro-
duced will be continually changing. As 
the field builds up in the opposite direc-
tion, a voltage of the opposite polarity 
will be induced in the secondary winding. 

The voltage that will be induced in the 
secondary winding will depend upon how 
many turns there are on the secondary 
winding. If the secondary winding has the 
same number of turns as the primary 
winding, the voltage induced in the sec-
ondary will be equal to the voltage 
applied to the primary. If the secondary 
winding has twice as many turns as the 
primary winding, the voltage induced in 
the secondary will be twice the voltage 
induced in the primary. A transformer of 
this type is called a step-up transformer 
because it steps the voltage up to a higher 
value. On the other hand, if the sec-
ondary winding has only half as many 
turns as the primary, the voltage induced 
in the secondary will be only half the 
voltage applied to the primary. This type 
of voltage is called a step-down trans-
former because it steps down the voltage. 

Thus by means of a step-up trans-
former an ac voltage generated by a 
generator can be stepped up to a very 
high value. It can then be transmitted to a 
distant point by means of high-voltage 
transmission lines and at that point 
stepped down by means of a step-down 
transformer. This is why it is more 
convenient to transmit alternating current 
than direct current. 

Alternating current is changed to direct 
current by means of rectifiers. A rectifier 
is a device that will let current flow 
through it in one direction, but will not 
let it flow through it in the opposite 

direction. You will learn about tube 
rectifiers now and about other types 
later. 

Half-Wave Rectifiers. A half-wave recti-
fier is a device that will allow current to 
flow during only one half of each cycle. 
Remember that the ac cycle we looked at 
before in Fig. 13 had a positive half and a 
negative half. A half-wave rectifier can be 
connected to allow current to flow either 
during the positive half or during the 
negative half of the cycle, but it will not 
let current flow during both halves of the 
cycle. 
A schematic diagram of a half-wave 

rectifier circuit is shown in Fig. 24. You 
are already familiar with the schematic 
symbols used on this diagram. T1 and 12 

are iron-core transformers, and V1 is a 
tube with a filament and a plate. Notice 
that the tube is drawn upside down. You 
will find them drawn in any position on 
schematic diagrams, but the pointed 
symbol is always the filament and the 
straight line is the plate. On the schematic 
diagrams the dots where several con-
necting lines meet indicate a connection. 
The crossovers without a dot indicate 
that there is no connection. 
Now let us study Fig. 24. The ac power 

from the power line is fed to the primary 
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winding of the transformers marked T1 
and T2. T1 is a step-down transformer. 
The winding on this transformer provides 
the voltage necessary to heat the filament 
of the diode tube. This transformer is 
often called a filament transformer 
because it supplies the power required to 
heat the tube and serves no other useful 
purpose in the circuit. 

Transformer T2 may be either a step-
up or step-down transformer depending 
upon the dc voltage required by the load. 
If the dc voltage needed is higher than the 
power line voltage, a step-up transformer 
is used, whereas if it is lower, a step-down 
transformer is used. The block marked 
"load" on the diagram represents what-
ever is going to use the dc power pro-
duced. This might be a number of storage 
batteries we are charging, or it could be a 
bath which is being used to refine copper 
or aluminum in a refinery. You will see 
the word load used frequently in this 
way. 
Now let us see how the half-wave 

rectifier works. Refer to Fig. 25 as you 
read the explanation. We have simplified 
the figure by leaving out the filament 
transformer T1 and the primary winding 

o 
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Fig. 25. How a half-wave rectifier works. 

of T2. The filament transformer T1 heats 
the tube filament, but does not enter into 
the operation of the rectifier in any other 
way. 

Looking at Fig. 25A we see the first 
half cycle which is the positive half cycle. 
At the left of the drawing we see the ac 
voltage across the secondary of T2. In the 
center we see the polarity of the voltage 
across the secondary of T2 and at the 
right we see the voltage that will appear 
across the load. The voltage will cause a 
current flow through the load. During 
this half cycle, the end of the secondary 
winding of T2 which is connected to the 
plate of the diode tube is positive and the 
other end is negative. When this happens, 
current will flow from the lower end of 
the transformer winding to terminal 1 of 
the load, through the load to terminal 2 
and to the filament of the tube. You 
know that the red-hot filament will emit 
or give off electrons. These electrons will 
be attracted to the plate of the tube by 
the positive voltage on the plate. There-
fore, the electrons will flow from the 
filament to the plate of the tube to the 
positive end of the transformer. Since this 
is a complete circuit, current can flow. 

However, when the polarity of the 
voltage across the secondary of T2 

reverses, we will have the negative half 
cycle shown in Fig. 25B. The polarity of 
the secondary of T2 is shown. Notice that 
the end of the secondary winding con-
nected to the plate of the tube will be 
negative and the other end will be posi-
tive. Now let us see how current will have 
to flow during this part of the cycle. 

You will remember that current flows 
from the negative terminal of the voltage 
source through the external circuit and 
back to the positive terminal of the 
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source. This means the electrons will have 
to flow from the negative end of the 
secondary winding of the transformer to 
the plate of the tube. They could do this, 
but then they would have to flow from 
the plate of the tube to the filament. 
However, there is no way the plate can 
give off electrons. Furthermore, electrons 
will not flow from the filament of the 
tube to the plate because they will be 
repelled by the negative voltage on the 
plate. The plate will be negative because 
the side of the transformer it is connected 
to is negative during this half cycle. Since 
electrons cannot get across the tube there 
is no complete circuit and, therefore, 
there will be no current in the circuit. 

The current in a half-wave rectifier of 
this type will look like the drawing in Fig. 
25. Notice that during the first half of the 
cycle when the plate is positive there will 
be current through the circuit. During the 
next half cycle when the plate is negative 
there is no current. This chain of events 
will continue so that during the third half 
cycle when the plate becomes positive 
again, current will flow and then during 
the fourth half cycle again there will be 
no current. The current will flow in 
pulses, with one pulse for each cycle. 
Again, this type of dc is called a pulsating 
dc and the rectifier is called a half-wave 
rectifier because it rectifies only one half 
of each cycle. 

In a practical circuit the need for two 
transformers can be avoided by putting 
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two secondary windings on one trans-
former. One winding as a step-down 
winding provides the voltage needed to 
operate the filament of the rectifier tube. 
The other winding may be either a 
step-up or a step-down winding depend-
ing upon the dc voltage required by the 
load. 

SILICON RECTIFIERS 

In many applications silicon rectifiers 
have replaced diode tubes. The advantage 
of a silicon rectifier is that it does not 
have a filament and hence does not use 
any power to heat the filament such as a 
tube does. In addition, silicon rectifiers 
are quite small and can pass rather large 
currents for their size. They have an 
additional advantage in that there is very 
little voltage lost across the rectifier, 
whereas in a tube there will be some 
voltage lost across the tube. A silicon 
rectifier is made of two different types of 
silicon placed together to form a junc-
tion. This junction will permit current to 
cross it in one direction, but will not 
permit it to cross in the other. In the 
forward direction there is practically no 
resistance in the junction and therefore 
the current flows freely in that direction. 
In the reverse direction, the junction 
offers such a very high resistance that 
practically no current crosses it. 
A schematic diagram of a half-wave 

rectifier using a silicon rectifier is shown 
in Fig. 26. The arrows indicate the 

RECTIFIER 

LOAD 

Fig. 26. A half-wave rectifier using a silicon rectifier. 
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direction in which current will flow 
during the half cycle the rectifier passes 
current. 

Notice that the arrows indicating the 
direction of current flow point in the 
opposite direction to the arrow used as 
part of the symbol in the silicon rectifier. 
The reason for this is that the symbol 
dates back to the early days of electricity 
when engineers and scientists thought 
that current flowed from the positive 
terminal of a battery or generator 
through the load and back to the negative 
terminal. Hence the symbol was drawn 
with the arrow indicating this direction of 
current. Now we know that current flows 
in the opposite direction, but the symbol 
has been carried over to indicate a solid-
state rectifier such as a silicon rectifier 
and the arrow points in the wrong direc-
tion. Remember this symbol, it is used to 
represent all types of solid-state devices 
that will permit current flow in only one 
direction. It is used to represent detectors 
made out of germanium which can be 
used in radio and television receivers; it is 
used to represent selenium rectifiers 
which are another type of solid-state 
rectifier; and it is used to represent 
copper-oxide rectifiers which are used in 
meters. You will learn more about these 
devices later. They are often called diodes 
because there are two types of material 
used in them. 

SUMMARY 

At this time you need not remember 
all the details of how a rectifier operates. 
However, you should remember that a 

rectifier is a device that will permit 
current to flow through it in only one 
direction. By using a rectifier, alternating 
current can be changed to pulsating direct 
current. Remember that a half-wave recti-
fier rectifies only half of each cycle so 
that you'll get a pulse during one half 
cycle and no current during the next half 
cycle. 

SELF-TEST QUESTIONS 

(ag) What is the name given to a trans-
former where the secondary volt-
age is higher than the primary 
voltage? 

(ah) If a transformer has fewer turns on 
the secondary winding than it has 
on the primary winding, will the 
secondary voltage be equal to, 
greater than or less than the pri-
mary voltage? What is the name 
given to this kind of transformer? 

(ai) In a half-wave rectifier circuit, in 
which direction will current flow 
through a diode tube? 

(aj) What must the polarity of the 
voltage on the plate of a diode 
rectifier tube be in order for cur-
rent to flow in a half-wave rectifier 
circuit? 

(ak) Draw the schematic symbol for a 
silicon rectifier and by means of an 
arrow above it indicate in which 
direction the current will flow 
through the rectifier. 

(al) When two connecting lines cross 
and there is a dot placed on the 
junction, what does this indicate? 
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Electronics for Computers 

Almost all of the electronic circuits 
used in communications equipment, 
industrial applications and in computers 
operate from direct current. While this dc 
could be obtained from a set of batteries, 
most often it is obtained from a power 
supply that consists of a power trans-
former and rectifier similar to that dis-
cussed in the previous section. The trans-
former takes the ac line voltage and steps 
it up or down to the required voltage 
level. The rectifier then converts this ac 
into a pulsating dc. This pulsating dc is 
then fed through a filter circuit to 
smooth it into a clean pure dc signal very 
similar to that obtained from a battery. 
The resulting dc voltage is then used to 

power the various electronic circuits used 
in communications, industrial and com-
puter equipment. 

The sine wave is the basic electrical 
signal used in communications and indus-
trial electronic equipment. In communi-
cations equipment, oscillator circuits are 
used to generate a sine wave signal and 
produce a carrier signal that is radiated by 
the transmitter and detected by the 
receiver. In computer circuits, however, 
the sine wave is not the basic electrical 
signal. Computers use another class of 
signals known as pulse signals. Let's take 
a look at some of these interesting signals 
and see how they are produced and used 
in computers. 

PULSE SIGNALS 

A pulse signal is an electrical voltage or 
current that switches rapidly from one 
voltage level to another and back again. A 

+10V ---

o OFF ON OFF 

TIME  .... 

ON 

Fig. 27. A simple pulse signal. 

simple- pulse signal is shown in Fig. 27. 
Notice that this signal switches rapidly 
from a zero volt level to a 10 volt level 
and then back again to zero, repeating 
itself periodically. The resulting wave 
shape of this signal is approximately 
square and, therefore, this pulse signal is 
often referred to as a square wave or 
more generally as a rectangular wave. This 
signal is basically a pulsating dc signal 
similar to the output of the half-wave 
rectifier you studied in the previous 
section. The difference between this sig-
nal and the rectifier output is the wave 
shape. 
A pulse signal like this is relatively easy 

to generate. In fact, we could generate it 
very simply with the battery and switch 
circuit shown in Fig. 28. When the switch 
is open, or off, no voltage appears 
between points A and B. However, when 
we close the switch or turn on the circuit, 

the battery voltage appears between 
points A and B. If we turn the switch off 

c. A 

 oe 

Fig. 28. One means of generating a square wave. 
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and on at a rapid rate, it will produce a 
square wave similar to that shown in Fig. 
27. 

While pulse signals are sometimes pro-
duced with a circuit as simple as that 
shown in Fig. 28, they are usually pro-
duced by electronic circuits known as 
multivibrators. A multivibrator generates 
a very fast high frequency square wave 
whose frequency, amplitude and pulse 
width can be varied over wide ranges. 
Any pulse signal is usually specified by 

these three characteristics: frequency, 
amplitude and pulse width. Frequency is 
the rate at which the pulses occur. The 
amplitude of the pulse is the amount of 
voltage or current that it represents when 
it is "on". Pulse width designates the 
amount of time that the pulse is "on". 

There are a wide variety of different 
pulse signals that you may encounter in 
computers and in other electronic equip-
ment. The signal in Fig. 29A is a rectan-
gular wave that switches from 0 to +5 

o 
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Fig. 29. Some different types of rectangular 
pulses. (A) unequal on-off times; (B) negative 

going pulses; (C) an ac square wave. 

volts. This signal is similar to that shown 
in Fig. 27 with the exception that the 
amplitude of the voltage is less and the 
off and on times are unequal. It is quite 
common to have unequal off and on 
periods in a pulse signal. Here we show 
the on period being Jonger than the off 
period. However, just the opposite could 
be true in another waveform. 

Fig. 29B shows another rectangular 
waveform where the voltage switches 
from 0 volts to —5 volts. It is easy to 

generate either positive or negative volt-
age signals with pulse circuits. 

In Fig. 29C we show yet another type 
of pulse circuit that switches between 
two voltage levels, +6 volts and —6 volts. 
This type of pulse signal is really an ac 
signal since it produces an alternating 
current. When the pulse is positive, the 
voltage will cause electrons through a 
circuit to flow in one direction. When the 
voltage is negative, electrons will flow 
through the circuit in the opposite direc-
tion. 

The pulse waveforms we have shown 
here are typical of what you might 
encounter in computer equipment but 
other variations are possible. Pulse signals 
like these are also used in television, 
telemetry and communications equip-
ment. Just keep in mind the basic fact 
that a pulse signal usually switches rap-
idly between two voltage or current levels 
rather than varying smoothly and con-
tinuously like a sine wave does. 

LOGIC CIRCUITS 

There is a special class of electronic 
circuits known as logic circuits that are 
used to process or manipulate the pulse 
signals you have just studied. Such cir-
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Fig. 30. The three basic digital logic circuits. 

cuits are also referred to as digital cir-
cuits. The three basic logic circuits are the 
inverter, the AND gate, and the OR gate. 
The symbols representing these three 
basic digital circuits are shown in Fig. 30. 
Let's see how these circuits work. All of 
these circuits operate on pulse signals 
similar to those shown in Fig. 27 and 29. 
An inverter circuit does exactly what it 

says, it inverts a pulse signal so that the 
inputs and outputs are going in opposite 
directions. We say that the signals are 
complements of one another. For exam-
ple, if a pulse switching from +5 volts to 
0 volts is applied to the input of an 
inverter as shown in Fig. 31A, the result-
ing output will be a signal that switches 
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Fig. 31. (A) inverter operation; (B) AND gate 

operation; (C) OR gate operation. 

from 0 to +5 volts at the output. A 
positive-going pulse at the input to an 
inverter produces the negative-going pulse 
on the output. 
An AND gate is a logic circuit that 

produces an output pulse if two or more 
pulses are applied to its inputs simulta-
neously. See Fig. 31B. An AND gate can 
have two or more inputs and a single 
output. The gate does not produce an 
output signal unless input signals are 

applied to all of its inputs simultaneously. 
If an input signal occurs on only one of 
the input lines, no output pulse will be 
produced. The AND gate is commonly 
referred to as a coincidence gate since it 
produces an output only when the two 
inputs are coincident in time. 

Fig. 31C shows how the OR gate 
works. The OR gate also has one output 
and can have two or more inputs. It 
produces an output any time a pulse 
occurs on any of its inputs. In Fig. 31C 
we show two pulses occurring at different 
times at the two inputs. An output pulse 

is produced for each of the input pulses. 
Any digital logic function can be per-

formed by just these simple circuits. More 
complex operations than those described 
here are performed by combining these 
three circuits. Any digital computer is 
made up of nothing but a large quantity 
of these three basic types of circuits. A 
digital computer or other large digital 
system may be very complex. However, if 
you understand the operation of the 
three simple circuits discussed here, you 
can easily learn how the more complex 
systems work. This is true, of course, of 
any piece of electronic equipment. If you 

learn how the basic simple circuits such as 
oscillators, amplifiers and power supplies 
work, you will then be able to understand 
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more complex pieces of equipment. In 
your NRI lessons to come, you will study 
these important fundamental circuits to 
prepare you for more complex equip-
ment. 
Now answer the self-test questions on 

this section and then do the lesson 
questions. Remember that if you have 
difficulty with the self-test questions it is 
an indication you need to go over the 
section again. Do not hesitate to spend 
any time you need to review. Learning 
the basic fundamentals you are studying 
now is the most important part of your 
course. If you understand these funda-
mentals, you will be able to build on 
them in later lessons and you will find 
that as you go on your course becomes 
easier and easier. On the other hand, if 

you do not master the fundamentals 
covered in the early lessons you will find 
it difficult to grasp some of the ideas 
presented in later lessons. 

SELF-TEST QUESTIONS 

(am) What is the main difference 
between a pulse signal and a sine 
wave signal? 

(an) Name three characteristics by 
which a rectangular pulse signal is 
usually specified. 

(ao) Which type of logic circuit pro-
duces an output pulse if input 
pulses occur on either of its two 
inputs? 

(ap) True or False? A pulse signal can 
be either ac or pulsating dc. 
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Answers to Self-Test Questions 
(a) 1-1/2 volts. 
(b) 22-1/2 volts. Each cell has a voltage 

of 1-1/2 volts and since there are 
fifteen cells, the voltage will be 
1-1/2 X 15 = 22-1/2 volts. 

(c) 1-1/2 volts. When cells are con-

nected in parallel the voltage of all 
the cells must be equal and the 
total voltage of the cell will be 
equal to the voltage of one cell. 
Connecting cells in parallel does 
not increase the voltage -- it 
increases the current capabilities of 
the battery. 

(d) +4-1/2 volts. The battery will be 
marked essentially the same as the 
battery in Fig. 4. Since one termi-
nal is marked with a — sign, we 
consider this terminal as the refer-
ence point. The center tap has 
three cells between it and the 
reference point and therefore the 
voltage will be 4-1/2 volts. It will 
be marked + to indicate that this 

terminal is positive with respect to 
the negative terminal. 
A longer shelf life and a higher 
current capacity. 
1.35 volts or 1.4 volts, depending 
upon the materials used in the 
mercury cell. 
1.5 volts. The output voltage of a 
manganese cell is approximately 
the same as the output voltage of a 
dry cell. 

(h) The manganese cell has not 
replaced the dry cell because it is 
more expensive than the dry cell, 
so in many cases the economy of 
the dry cell overrules the advan-
tages of the manganese cell. 

(k) 

(I) 
(m) 
(n) 

(0) 

(p) 

(q) 

(r) 

The lead-acid cell and the nickel-
cadmium cell. 
The nickel-cadmium cell provides 
longer life and more maintenance-
free performance than the lead-acid 
cell because it can be sealed and 
hence water does not escape from 
it when it is charged. 

Direct current and alternating cur-
rent. 
DC voltage. 
AC voltage. 
The voltage wave supplied by the 

power company is called a sine 

wave. 
The waveform shown in Fig. 13B 
represents one cycle. In a cycle of 
alternating current, the voltage 
between the two terminals of the 
generator starts at zero and then 
builds up to a maximum value with 

one polarity and then drops back 
to zero; it then builds up to a 
maximum value with the other 
polarity and then drops back to 
zero. During the next cycle it will 
simply repeat the first cycle. 
60 cycles per second means that we 
have 60 complete cycles in a sec-
ond. This means that the voltage 
starts at zero, builds up to a maxi-
mum with one polarity, drops back 
to zero, builds up to a maximum 
value at the opposite polarity and 
drops back to zero a total of sixty 
times in a second. 
A commutator. 

A simple dc generator such as 
shown in Fig. 14 would produce a 
pulsating de such as shown by the 
waveform in Fig. 16. A pulsating 
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dc of this type is normally not 
desired and the excessive pulsating 
can be eliminated by means of an 
armature such as shown in Fig. 17. 
In this armature a number of series-
connected coils are used and a 
more even de is produced. 

(s) When we say that the ac current is 
1 amp we mean that the ac current 
is the equivalent of 1 amp of direct 
current. In other words, if an ac 
current of 1 amp is flowing 
through the coils of a heater, it will 
produce the same amount of heat 
as a dc current of 1 amp flowing 
through the same coils would pro-
duce. 

(t) When we give an ac voltage and do 
not specifically mention that it is 
the peak value, we always assume 
that the value is meant to be the 
effective or rms value of the volt-
age. If we want to give the peak 
value of an ac voltage, we should 
specifically state that it is the peak 
value, otherwise it would be 
assumed to be the effective or rms 
value. 

(u) 280 volts. The peak value of an ac 
voltage is 1.4 times the rms value. 
Thus if the rms value is 200 volts, 
the peak value will be: 200 X 1.4 = 
280 volts. 
There are 1,000 kilohertz in one 
megahertz. 
1900 kHz = 1.9 MHz. 
An audio signal. 
An audio stage is a stage designed 
to amplify an audio signal. The 
stage may consist of a tube and a 

(z) 
(aa) 
(ab) 

(ac) 
(ad) 

(ae) 

(af) 

(ag) 
(ah) 

(ai) 

(aj) 
(ak) 

(al) 

(am) 

number of components or it may 
consist of a transistor and a num-
ber of components. 
The oscillator stage. 
The transmission line. 
A detector stage or a demodulator 
stage. Both names are used. 
A voice coil. 
The audio signal which carries the 
sound information and the video 
signal which carries the picture 
information. 
Frequency modulation (FM) is 

used in the sound section of a TV 
transmitter. 
Amplitude modulation (AM) is 
used in the video section of a TV 
transmitter. 
A step-up transformer. 
Less than; a step-down trans-
former. 
Current flows from the filament or 
cathode to the plate. 
The plate must be positive. 

CURRENT 

— 1«•— 

It indicates a connection between 
the two circuits. 
A pulse signal switches abruptly 
from one voltage level to another 
while a sine wave varies smoothly 
or continuously between its two 
peak levels. 

(an) Frequency, amplitude and pulse 
width. 

(ao) An OR gate. 
(ap) True. 
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YOU'VE GOT COURAGE 

An eight year old boy was discussing arithmetic with a 
friend. Said Johnny: "Teacher's gonna start us on subtraction 
tomorrow; wish I could stay home." But Harry laughed 
outright at Johnny's fears, and said; "Aw, I've had that and it's 
easy once you get started; what I'm worrying about is 

multiplication!" 

It is natural even for grown men to feel like these boys — to 
fear most the things about which they know the least. 

Did you know that some of the world's best speakers are 
always afraid when they get up to make a speech before a 
strange audience? Their courage gets them started, and in no 
time at all their fear changes to a confident enthusiasm which 

makes their talk a big success. 

You've got courage! Use your courage to overcome normal 

fears, to carry you into each new subject and carry you over 
each difficulty. In no time at all, you will be looking forward 
to new subjects with intense interest — you will be eager to 
tackle new problems. Remember that each conquered diffi-
culty brings you one step closer to your goal of SUCCESS IN 

ELECTRONICS! 
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STUDY SCHEDULE 

By dividing your study into the steps given below, you can get 
the most out of this part of your NRI Course in the shortest 
possible time. Check off each step when you finish it. 

E E Introduction   Pages 1 - 2 

E 2. Current   Pages 3 - 8 
You learn about dc and ac and about the units used to measure 

current. 

E 3. Voltage   Pages 9-20 
Here you study both dc voltage and ac voltage. You learn how 
voltage sources act when they are connected together. 

ri 4. Resistance   Pages 20 - 23 
You learn about resistance and how it limits the current flow 
in a circuit. You study the units used to measure resistance. 

E 5. Ohm's Law   Pages 24 - 33 
You learn the three forms of Ohm's Law and see how they are 
used in simple circuit calculations. 

E 6. Answers to Self-Test Questions   Pages 33 - 40 

E 
E 

7. Answer the Lesson Questions. 

8. Start Studying the Next Lesson. 
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CURRENT, VOLTAGE 
AND RESISTANCE 

Have you ever looked into the back 
of a color television receiver ?If you 
have, you probably wondered how it 
would be possible to identify the 
parts in the set and to trace out the 
circuits. You may have wondered 
how an experienced technician can 
find a defective part among the maze 
of parts and circuits in the receiver. 
The technique that he uses is the 
same as the technique that you are 
going to learn now. Most of the cir-
cuits in a color television receiver 
or in any other piece of electronic 
equipment are basically rather sim-
ple circuits. The difficulty comes 
from the fact that so many of them 
are used together. However, once 
you learn how to trace simple cir-
cuits and understand what is happen-
ing in the circuit you will find that 
you will be able to apply that knowl-
edge to more complex circuits, and 
also to larger groups of simple cir-
cuits when they are used together. 
Your first two lessons introduced 

you to a number of important things 
in the field of electronics. You 
learned the important laws of elec-

tric and magnetic charges: like 
charges repel, unlike charges at-
tract. In magnets like fields repel 
and unlike fields attract. You also 
learned that an electric current was 
a movement of electrons. You al-
ready know that an electron has a 
negative charge and that it will be 
attracted by a positive charge and 
repel other negative charges. 
You learned about direct and al-

ternating currents and studied bat-
teries and generators. You also took 
a quick look at a broadcast system 
and learned what is meant by an audio 
signal and a radio frequency signal. 
We will go into more detail later 

on the various things covered in your 
first two lessons. These lessons 
were primarily introductory lessons 
to get you started. In this lesson we 
will start going into considerable de-
tail. You will learn that the units of 
electrical measurement - the volt, 
the ampere, and the ohm - are in 
some cases too small and in other 
cases too large. You'll learn how to 
convert them into practical sizes 
when necessary. 
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You will study simple circuits and 
learn how voltage, current and re-
sistance are related in these cir-
cuits. You will study Ohm's Law; 
this is a very simple law, but it is 

probably the most important rule 
or law in electronics. You will use 
Ohm's Law over and over again as 
long as you are in the electronics 
field. 
As you study this lesson, keep in 

mind tha,t it is perhaps the most im-
portant lesson in your entire course. 
You must understand basic simple 
circuits thoroughly. If there is any-
thing you do not understand, be sure 
to go over that section of the lesson 
several times. If you can't work it 
out for yourself be sure to write to 
NRI and ask for help. Our instruc-
tors will be glad to help you; they 
all agree that this is a very impor-
tant lesson and will do everything 
they can to be sure that you under-
stand the entire lesson. 

Pay particular attention to the 
self-test questions. These questions 
will tell you whether or not you have 
learned all you should have about 

each section of the lesson as you go 
along. If you find there is a self-test 
question you cannot answer, this 
means you need to restudy that sec-
tion of the lesson. Don't be afraid 

to go back and spend whatever extra 
time may be necessary. A little extra 
time on this lesson will pay great 
dividends in later lessons not only 
in helping you understand these les-
sons better, but it will also make it 
easier for you and save time in the 
long run. 
Now let us go ahead and learn 

more about current, voltage and re-
sistance. We will study current first, 
then voltage, and finally resistance. 
In each case, we will review the im-
portant points that you already know, 
and then go ahead and expand that 

knowledge. 
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Current 

You have already learned that an 
electron is part of an atom. An elec-
tron has a negative electrical 
charge. All electrons have exactly 
the same negative electric charge. 
Electrons repel each other because 
like charges repel. Electrons are 
repelled by all negative charges 
and attracted by all positive charges. 
An electric current is the move-

ment of electrons in the circuit. 
There are two kinds of electric cur-
rent, direct current and alternating 
current. Let us discuss direct cur-
rent first. 

DIRECT CURRENT 

When a battery is connected to an 
electric circuit, electrons are re-
pelled from the negative terminal of 
the battery and attracted by the posi-
tive terminal of the battery. Elec-
trons move in one direction through 
the circuit. This type of current flow 
is called direct current. We usually 
refer to it simply as dc. 

In a simple circuit such as shown 
in Fig. 1, it is important for you to 
remember that the current flow is 
the same in all parts of the circuit 
at all times. The number of elec-
trons leaving the negative terminal 

T  
Fig. I. simple de circuit. 

of the battery is exactly the same as 
the number of electrons passing 
point A on the wire connecting the 
battery to the lamp. The number of 
electrons flowing through the lamp 
is the same as the number of elec-
trons passing point B on the other 
wire, and the same number of elec-
trons are moving into the positive 
terminal of the battery. 

Another important point that you 
must remember about an electric 
current is that the instant the cir-
cuit is closed, the electrons start 
moving in all parts of the circuit. 
One electron does NOT leave the 
negative terminal of the battery, hit 
another, and so forth, and thus start 
movement in the circuit after a cer-
tain period of time; each electron 
starts movement immediately the 
moment the circuit is completed. 
The unit of current flow is the 

ampere which we usually abbreviate 
amp. A current of 1 ampere repre-
sents a certain number of electrons 
moving past a point in the circuit in 
a second. If twice as many electrons 
are moving past that point in the 
circuit, the current flow is 2 am-
peres, and if ten times the number 
of electrons are moving past the 
point in the circuit, the current flow 
is 10 amperes. 

Direct current is widely used in 
electronic equipment. Current will 
flow through a vacuum tube or a 
transistor in only one direction and 
therefore the current used to op-
erate these devices is direct cur-
rent. There are other applications 
of direct current in industry. Direct 
current is used in purifying metals, 
in plating operations and in running 
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some motors that require precise 
controls. Direct current motors can 
be more closely controlled than 
alternating current motors. 

ALTERNATING CURRENT 

The electric current supplied to 
homes for lighting, for cooking and 
operation of small appliances is 
alternating current. An alternating 
current flows first in one direction 
and then in the other direction. The 
current starts at zero amplitude and 
builds up to a maximum value which 
we call the peak value, then drops 
back to zero, then builds up to a peak 
value flowing in the opposite direc-
tion, and then drops to zero again. 
This action of flowing first in one 
direction and dropping back to zero 
value, then building up to a maximum 
value in the opposite direction and 
then once again dropping back to 
zero is called a cycle. The current 
supplied by most power companies 
is 60-cycle current. This means that 
it goes through 60 cycles per second. 

Alternating current is also meas-
ured in amperes. However, since the 
number of electrons flowing past a 
point in the circuit is continually 
changing when we have alternating 
current, we use a somewhat different 
method of expressing the value of 
the current. The alternating current 
is compared to direct current.lf the 
alternating current flowing through 
a heat-producing device produces 
the same amount of heat as a direct 
current of 1 ampere produces, we 
say that the ac current is lampere. 
We call this the effective value or 
the rms value. 
The change in amplitude of an al-

ternating current follows a pattern 
or waveshape which is known as a 

Fig. 2. A sine %%ave shot.ing rms and peak 
values. 

4 

sine wave. A typical sine wave show-
ing one complete cycle is shown in 
Fig. 2. In this figure the rms value 
of the alternating current is 1 amp. 
As you can see, for part of the cycle 
the actual current flowing will be 
less than 1 amp and during part of 
the cycle it will be greater than 1 
amp. The actual peak or highest 
value that the current reaches is 
1.4 x the rms value. In the example 
shown, where the rms value is 1 
amp, the peak value will be 1.4 amps. 

In the first half cycle, we have 
drawn the wave shape above the hori-
zontal line representing zero cur-
rent. This half of the cycle is re-
ferred to as the positive half cycle. 
The other half cycle is referred to 
as the negative half cycle. Notice, 
the negative half is exactly the same 
as the positive half. The current 
reaches the same rms and the same 
peak values. We simply call one a 
positive half cycle and the other a 
negative half cycle to indicate that 
the current is flowing in opposite 
directions during the two half cycles. 
To convert rms values of current 

to peak values you multiply the rms 
value by 1.4. If you have the peak 
value of the current and want to con-
vert it to the rms value, you simply 
divide by 1.4. 



THE MILLIAMPERE 

While the unit of current meas-
urement is the ampere, in elec-
tronics this unit is often so large 
that it is cumbersome. For example, 
in an audio amplifier stage using 
either a tube or a transistor, the 
current flow may be only a few 
thousandths of an ampere. In a case 
where the current flow was three 
thousandths of an ampere we could 
write this as 3/1000 or we could 
write this value as a decimal, in 
which case it would be .003. 
However, rather than do this it is 

much more convenient to express 
the current flow in milliamperes. 
A milliampere is one thousandth of 
an ampere. Thus a current flow of 
three thousandths of an ampere will 
be 3 milliamperes. 
There are one thousand milli-

amperes in an ampere. Therefore 
to convert amperes to milliamperes 

you simply multiply by one thousand. 
You do this by moving the decimal 
point three places to the right. For 
example, suppose you have a cur-
rent of 5 amperes. We would nor-
mally simply write this as 5 amps. 
However, we can also write it as 
5. amps. Now to move the decimal 
point three places to the right we 
simply add three zeros to the right 
of the decimal point, and then move 
the decimal point to the right of the 
three zeros. Thus 5.000 amps be-
comes 5,000. milliamps. 
We seldom use milliamperes to 

express currents that are over 1 
ampere, but when the current is 
some fraction of an ampere the 
milliampere becomes particularly 
useful. For example, suppose the 
current flow in a circuit is .05 am-
peres. To change this to milliam-

peres we move the decimal point 
three places to the right. Todo this, 
write .05 amps as .050 amps and 
then move the decimal point three 
places to the right. Thus .05 amps = 
.050 amps = 50 milliamperes. 

If you have a current in milli-
amperes and want to convert it to 
amperes you move the decimal point 
three places to the left, adding zeros 
as necessary. For example, to con-

vert 47 milliamperes to amps we 
first write 47 milliamperes as 47. 
milliamperes. Now we move the 
decimal point three places to the left 
by moving it past the 7 and past the 
4. Now we add a 0 so we can move 
the decimal point three places and 
get .047 amps. Another example, 
suppose the current is 7 milliam-
peres and we want to convert this 
to amperes. We write 7 milliam-
peres as 7. milliamperes. Next, we 
move the decimal point three places 
to the left; we move it past the 7 and 
then add two zeros to the left of the 
7 and get .007 amps. 
You will deal with milliamperes 

a great deal in electronics, and often 
you will have to convert them to 
amperes. Remember the rules for 
converting back and forth. To con-
vert milliamperes to amperes you 
move the decimal point three places 
to the left. To convert amperes to 
milliamperes you move the decimal 
point three places to the right. In 
effect, when you convert from milli-
amperes to amperes by moving the 
decimal point three places to the 
left, you are dividing by 1000. When 
you convert amperes to milliam-
peres by moving the decimal point 
three places to the right, you are 
multiplying by 1000. 

Since we use milliamperes so 

often in electronics it is convenient 
to have an abbreviation for this 
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rather long word. We often abbre-
viate milliampere milliamp and to 
make it plural we simply add an s. 
An even more convenient abbre-
viation is ma. Thus 27 milliamperes 
can be abbreviated 27 milliamps or 
27 ma. 
You might think that converting 

from amperes to milliamperes and 
from milliamperes back to amperes 
is difficult and something that you 
are not used to doing. This is not 
true. Whether you realize it or not 
you are doing conversions of this 
type all the time. For example, sup-
pose somebody gave you four hun-
dred cents. It is not too likely that 
you would say that you had four hun-
dred cents. Chances are that you 
would convert cents to dollars by 
moving the decimal point two places 
to the left and say you had $4.00. 
However, if you did have $4.00 and 
wanted to change it to cents you 
would move the decimal point two 
places to the right and know that 
you should have four hundred cents. 
The conversion back and forth be-
tween amps and milliamps is ex-
actly the same except that we have 
one additional place. To convert 
from the larger unit, dollars in one 
case and amperes in the other, to 
the smaller unit, cents in one case 
and milliamperes in the other, we 
move the decimal point to the right. 
To convert from the smaller unit 
(cents in the one case and milliam-
peres in the other) to the larger 
unit (dollars in the one case and 
amps in the other case) we move 
the decimal point to the left. Re-
member the dollars and cents con-
version and remember that you have 
one extra place and you will have 
no difficulty changing back and forth 
between amps and milliamps; it is 
that easy. 

THE MICROAMPERE 

In some circuits, even the milli-
ampere is too large a unit to con-
veniently express current flow. Thus 
we have an even smaller unit, the 
microampere, which we abbreviate 
microamp. The microamp is one 
millionth of an ampere. It is one 
thousandth of a milliamp. 
To convert amps to microamps 

you move the decimal point six 
places to the right. Remember it is 
the same as converting amps to 
milliamps except that you move the 
decimal point six places instead of 
three places. To convert microamps 
to amps you move the decimal point 
six places to the left. This is the 
same as converting milliamps to 
amps, or cents to dollars except that 
you move the decimal point six 
places to the left. 

Even the abbreviation microamp 
is somewhat long and inconvenient, 
and since we have already used the 
letter ma for milliamps, we use the 
Greek u which looks something like 
our u to abbreviate microamps. We 
write it ua. 
Sometimes you will want to con-

vert microamperes to milliamperes 
and vice versa. To do this, you move 
the decimal point three places. To 
go from the larger unit, milliam-
peres, to the smaller unit, micro-
amperes, move the decimal point to 
the right, and to go from the smaller 
unit to the larger unit move it to the 
left. 

In Fig. 3 we have shown a number 
of examples of conversions from one 
unit to another. Before going ahead 
study this figure and the conversions 
and then try to do them yourself. 
This is the best way to learn how to 
convert from one unit to another. 
Once you learn how to do this you 
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LARGE TO SMALL SMALL TO LARGE 

Dollars To Cents 

$1 100 cents 

We moved the decimal point 2 places 
to the right. $1 = $1.00 

$1.00 = 100 cents 

Cents To Dollars 

1000 cents = $10.00 = $10. 

We moved the decimal point2 places 
to the left. 

1000.0 = $10.00 

Amps To Milllamps 

1 amp = 1000 milliamps 

We moved the decimal point 3 places 
to the right. 

1 amp = 1.000 amp 

1.000 amp = 1000 milliamps 

VAIlllamps To Amps 

10 milliamp = .010 amp 

We moved the decimal point 3 places 
to the left. 

10. milliamp = .010 amp 

= .01 amp 

Amps To Microamps 

1 amp = 1000000 tamp 

We moved the clecimal point 6 places 
to the right. 

1 amp 1.000000 amp 

1.000000 amp = 1000000 uamp 

IAlcroamps To Amps 

100000 uamps = .100000 amp 

We moved the decimal point 6 places 
to the left. 

100000. uamp = .100000 amp 

= .1 amp 

Fig. 3. Examples of conversion from one 
unit to another. 

will find it is really quite simple and 
in a very short while you will find 
that you are converting from one unit 
to another mentally just as easily as 
you convert dollars and cents. 

SUMMARY 

In this section of the lesson you 
have reviewed many of the things 
you learned earlier about current 

flow. The important thing to re-
member about current flow is that 
it is a movement of electrons, and 
that in a series circuit the current 
flowing is the same at all parts of 
the circuit. Also remember that once 
the circuit is completed, current 
starts to flow in all parts of the cir-
cuit at the same instant. 
You learned that to convert from 

rms values to peak values of ac cur-
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rent you multiply the rms value by 
1.4 and to convert from peak values 
to rms values you divide by 1.4. The 
milliampere is one thousandth of an 
ampere. The microampere is one 
millionth of an ampere. To convert 
from the larger units to the smaller 
units you move the decimal point to 
the right and to convert from the 
smaller units to the larger units you 
move it to the left. In converting 
amperes to milliamperes and vice 
versa you move the decimal point 
three places, and in converting am-
peres and microamperes you move 
it six places. In converting micro-
amperes and milliamperes you move 
the decimal point three places. 
These conversions are the same as 
converting dollars and cents and it 
is something that you will learn to 
do almost automatically. 

Fig. 3 shows a number of examples 
of how to convert the different units. 
Be sure to study this figure carefully 
and then do the sell-test questions. 
When you are doing these questions, 
if there is a conversion you do not 
know how to do, look at Fig. 3 and 
try to work it out yourself. If you 
can't, go to the back of the book and 
see how the conversion is made. Just 
look at the one you can't do and then 
go back to the sell-test questions. 
There are several examples of each 
type of conversion. They are put in 
deliberately so that if you have trou-
ble with the first one you can look 
at Fig. 3 to get help. Then look at 
the answer for additional help if 
necessary, and have another crack 
at doing it yourself. Changing back 
and forth becomes almost automatic 
- you simply move the decimal point 

the correct number of places. 

SELF-TEST QUESTIONS 

(a) If the current flowing past a 
point in the circuit is 1 ampere 
and it is increased so that four 
times the number of electrons 
pass the point in a second, what 
will the new current flow be? 
If the rms value of current is 
3 amps, what will the peak value 
be? 

(c) Change 7 amps rms to its peak 

value. 
(d) If the peak value of current in 

a circuit is 7 amps, what is the 
rms value? 

(e) In a circuit, the peak value of 
current is 21 amps; find the rms 
value. 
Convert $6.00 to cents. 
Convert 350 cents to dollars. 
Change 2 amps to milliamps. 
Convert 6 amps to milliamps. 
Convert 3.5 amps to milliamps. 
Convert .42 amps to milliamps. 
Convert .037 amps to milli-
amps. 
Convert .002 amps to milli-

amps. 
Convert 46 ma to amps. 
Convert 822 ma to amps. 
Convert 1327 ma to amps. 

Convert 2 amps to la. 

(h) 

(m) 

(n) 
(o) 

(P) 
(c1) 
(r) Convert .0017 amps to ua. 
(s) Convert 20 ua to amps. 
(t) Convert 147 ua to amps. 
(u) Convert .26 ma to ua. 
(v) Convert .031 ma to ua. 
(w) Convert 6100 µa to ma. 
(x) Convert 927 ua to ma. 
(y) Convert 327,000 ua to ma, and 

then to amps. 
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Voltage 
You have already learned that 

voltage is the electrical pressure 
or force that can set electrons into 
motion. You know that two voltage 
sources are the battery and the gen-
erator. You also know that the unit 
in which voltage is measured is the 
volt. 
Now let us review some of the im-

portant things you learned about 
voltage, and then expand that knowl-
edge. 

DC VOLTAGE 

You know that dc is the abbrevia-
tion for direct current. A dc voltage 
is a voltage that will cause a direct 
current to flow. We refer to this volt-
age as dc voltage, not direct current 
voltage. 
A battery is an excellent source 

of a dc voltage. The battery will sup-
ply a potential that will cause a con-
stant current to flow in one direction. 
A dc voltage will cause a current 
flow from the negative terminal of 
the voltage source, through the cir-
cuit to the positive terminal of the 
source. 

In the early days of radio, radios 
were built on a metal chassis and 
one side of the voltage source used 
to operate the radio was connected 
to this chassis. The chassis in turn 
was usually connected to a ground, 
such as a water pipe or a metal pipe 
driven into the ground. As a result, 
the connection to the chassis became 
known as the ground connection. 

Today, you should not connect the 
chassis of a radio or television re-
ceiver to a ground connection be-
cause you might place a short across 
the power line if you do this. How-
ever, if the chassis is still connected 

to one side of the voltage source op-
erating the radio or television set 
we still refer to it as a ground con-
nection. Sometimes instead of using 
the chassis as a common connection 
for the various circuits in the re-
ceiver, we run a series of connec-
tions from one common point in the 
receiver to another and back to one 
side of the voltage source. We call 
this type of connection a "floating 
ground" to distinguish it from a 
ground that is actually connected to 
the chassis. 

With one side of the voltage source 
connected to the ground, we make dc 
voltage measurements between the 
ground and various other points in 
the circuit. We then have a con-
venient method of indicating the volt-
age that should be found in various 
parts of the circuit. 
An example of what this can lead 

to is shown in Fig. 4. Here we have 
shown a 15 volt battery connected 
to a small lamp. The positive ter-
minal of the battery in Fig. 4A is 
numbered 1 and the negative termi-
nal is numbered 2. Notice that con-
nected to the negative terminal we 
have a lead going to a symbol that 
is marked ground. This is another 
new schematic symbol for you to 
remember. 
We are going to start using an ex-

pression which may be new to you. 
It is "with respect to". It means 
simply "compared to" and is always 
used by electronics technicians. You 
will have no trouble if you know that 
"compared to" and "with respect to" 
mean the same thing. 

In Fig. 4A the negative terminal 
of the battery is connected to 
ground. Using ground as a reference 
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15 
VOLTS 

21 - 
-=—" 
1 -I-

GROUND 

Fig. 1. Simple circuits ‘vith ground conneetions. 

point we say that terminal 1 is +15 
volts with respect to ground. 
Now look at Fig. 4B. Here ter-

minal 1 of the same battery, which 
is the positive terminal, is connected 
to ground. In this case using ground 
as a reference point we say that ter-
minal 2 is -15 volts with respect to 
ground. 
The important thing for you to 

understand in these two examples 
is that the voltage is the same in 
both cases. However, the polarity of 
the different points in the circuit 
will be positive or negative depend-
ing upon how the voltage source is 
connected to the circuit. 
A 15 volt battery made up of 1-1/2 

volt cells will have a total of ten 
cells. If the battery has a center con-
nection, as shown in Fig. 5, and the 
center connection is connected to 
ground, we have a situation where 
we have both negative and positive 
polarities with respect to ground. 
Terminal 1 is + 7-1/2 volts with 
respect to ground and terminal 2 
is - 7-1/2 volts with respect to 
ground. However, the total voltage 
is still 15 volts, as it was in both 
examples in Fig. 4, and the current 
flow through the bulbs would be the 
same in all three cases. 

In your studies of electronic 

equipment you will run into equip-
ment where the negative terminal of 
the voltage source is grounded as in 
Fig. 4A; you will run into equipment 
where the positive terminal is 
grounded as in Fig. 4B, and you will 
also encounter equipment where you 
have voltage both negative and posi-
tive with respect to ground as in Fig. 
5. 

AC VOLTAGE 

You will remember that an ac volt-
age is one that causes an alternating 
current to flow. We refer to it as ac 
voltage instead of alternating cur-
rent voltage. As in the case of dc 
voltage, we always use the abbre-
viation. 

GROUND 

Fig. 5. simple circuit where a voltage 
positive with respect to ground and a volt-
age negative %%ith respect to ground are 

present. 
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Ac voltages are produced by gen-
erators or alternators. An alterna-
tor is a type of generator similar 
to the generator you studied earlier. 
A schematic diagram of a simple 

ac circuit (similar to the de circuit 
shown in Fig. 4) is shown in Fig. 6. 
Notice the symbol we have used to 
represent an ac generator. This is 
another important schematic symbol 
for you to remember. 

In Fig. 6, terminal 2 of the gen-
erator is grounded. If we measure 
the voltage on terminal 1 with re-
spect to ground or to terminal 2, we 
will get a voltage reading of 15 volts. 
The generator will produce an ac 
current flow that will have the same 
heating effect in the bulb as the 15 
volt batteries did. However, you will 
remember that the voltage is con-
tinually varying. During one cycle, 
the voltage at terminal 1 starts at 
0 as represented by point a in Fig. 
7. The voltage begins to increase 
until it reaches its peak value at 
point b. If the rms or effective volt-
age is 15 volts then we know that the 
value of b will be 1.4 x15 = 21 volts. 
Then the voltage between ground and 
terminal 1 begins to decrease until 
a half cycle after point a when we 
reach point c, where the voltage once 

15 
VOLTS 
AC 

2 

-= GROUND 

Fig. A simple ae circuit with one side 
grounded. 

again is O. The voltage immediately 
begins to build up with the opposite 
polarity until we reach point d where 
once again the voltage between 
ground and terminal 1 is 1.4 x 15 = 
21 volts. The voltage then begins to 
drop back until it reaches 0 again 
at point e. 
The waveform between points a 

and e represents one complete cycle. 
The same cycle is completed again 
between points e and i, and then 
again between points i and m. In an 
ac circuit this cycle goes on indefi-
nitely as long as the generator is 
operating. 

During the first half cycle the volt-
age is positive at terminal 1 with 
respect to ground. During the next 

Fig. 7. Three cycles of an ay sinewave. 
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half cycle the voltage is negative 
with respect to ground. We draw the 
waveform above the line to represent 
a positive voltage and below the line 
to represent a negative voltage. We 
call the waveform between points a 
and b a quarter of a cycle; between 
b and c is also a quarter of a cycle 
as it is between c and d and d and e. 
The waveform between points a and 
c, points c and e, points e and g, etc., 
is referred to as a half cycle. 
We said that we have a complete 

cycle between points a and e. By a 
complete cycle we mean the ac volt-
age starts at one point and goes 
through a complete cycle back to the 
equivalent point on the next cycle. 
We also have a complete cycle be-
tween points b and f because the 
waveform has gone through a full 
cycle between these two points. Be-
tween points c and g is also a full 
cycle as it is between points d and 
h. In speaking of a complete cycle 
we can start at any point on the 
cycle and continue on to the equiva-
lent point on the next cycle. How-
ever, it is usually more convenient 
to start at a 0 point such as either 
point a or c when referring to a com-
plete cycle. In fact, in most cases 
when speaking of an ac cycle we will 
start at point a and refer to the posi-
tive half of the cycle first and then 
the negative half. There is no rea-
son why we have to do this; it is just 
something that is done by custom. 

Notice the difference between the 
polarity at terminal 1 with respect 
to ground in Fig. 6 and the polarity 
of the ungrounded terminal in Figs. 
4A and 4B. In Fig. 4A terminal 1 is 
the ungrounded terminal and it is al-
ways positive because the battery 
polarity does not change. In Fig. 4B, 
terminal 2 is the ungrounded termi-
nal and it is always negative, again 

because the battery polarity does not 
change. In Fig. 6, terminal 1 is posi-
tive for one half cycle and negative 
for the next half cycle. Its polarity 
changes every half cycle because the 
voltage generated is an ac voltage. 
It is important for you to understand 
this difference between ac voltages 
and de voltages. 

VOLTAGES IN SERIES 

Voltage sources can be connected 
in series. Whether they add together 
or subtract from each other depends 
upon the way in which they are con-
nected. 

In Fig. 8A we have shown two 4.5 
volt batteries connected in series 
aiding. By this we mean that the two 
voltages add together. Notice that the 
batteries are connected together in 
the same way as the cells forming 
the battery are connected together. 
The positive terminal of the lower 
battery is connected to the negative 
terminal of the upper battery. With 
the arrangement shown in Fig. 8A 
the negative terminal of the lower 
battery is at ground potential. The 
voltage between terminal 1 and 
ground will be equal to the sum of 
the voltages of the two batteries, 
which in this case will be 9 volts. 

In Fig. 8B, we have shown bat-
teries with different voltages con-
nected in series aiding. Notice that 
the positive terminal of the one bat-
tery is connected to the negative ter-
minal of the other. The voltage be-
tween terminal 1 and ground will be 
the sum of the two battery voltages 
which is 7.5 volts. The position of 
the two batteries could be reversed; 
the voltage between terminal 1 and 
ground or terminal 2 would be the 
same in either case. 

In Fig. 9, we have shown three 
examples of batteries connected in 
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 • 1 

4.5V 

-t 4.5 V 

2 

3.0 V 

4. 5 V = 

Fig. 8. Batteries connected in series so their Voltages add. 

series opposing. These batteries are 
connected so that their voltages op-
pose, and to find the total voltage 
we must subtract the battery volt-
ages. 

In Fig. 9A, each battery is a 4.5 
volt battery. When you subtract 4.5 
from 4.5 the result is 0 and there-
fore the potential between terminals 
1 and 2 or between terminal 1 and 
ground is O. The two batteries have 
equal voltages and therefore their 
voltages cancel. 

In Fig. 9B, we have batteries of 
unequal voltages connected to oppose 

4.5V = 

II 

 • 1 

 • 2 

 • 2 

each other. The lower battery has a 
voltage of 3 volts, and the upper bat-
tery a voltage of 4.5 volts.Subtract-
ing 3 from 4.5 gives us 1.5 volts. 
Since the upper battery has the 
higher potential, the voltage at ter-
minal 1 will be positive with respect 
to ground or terminal 2. In other 
words, this voltage is able to over-
come the voltage of the 3 volt battery 
and cause terminal 1 to be +1.5 volts 
with respect to ground. 

In Fig. 9C, we have the opposite 
situation. Here the two batteries 
again subtract to give us a voltage 

4.5V = 

3.0VII = 

 • 2 

3.0 V  

II 
4.5V — 

1 
Fig. 9. Batteries eonnected in series so their voltages subtraet. 

 • 1 

 • 2 
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of 1.5 volts. However, in this case, 
the polarity of the 4.5 volt and 3 volt 
batteries is reversed, so that now 
terminal 1 becomes -1.5 volts with 
respect to ground. 
From the preceding examples you 

can see that batteries connected in 
series can either aid or oppose each 
other depending upon how they are 
connected. You will also see that 
when one side of the circuit is 
grounded, the other side can be 
either positive or negative depending 

upon the battery voltages and how 
they are connected. When unequal 
batteries are connected in series 
opposing, the polarity of the cir-
cuit will be the polarity of the 
battery with a higher voltage. When 
batteries are connected in series 
aiding, the polarity will be the same 
as the polarity of both batteries, 
since they must be connected in the 
same way in order to aid. 
We can connect de generators 

in series in exactly the same way as 
the batteries shown in Figs. 8 and 9 
are connected. If they are connected 
in series aiding so that the negative 
terminal of one generator is con-
nected to the positive terminal of the 
other, the total voltage available 

-4-

- 

2 

from the series combination will be 
the sum of the two voltages. If they 
are connected in series opposing so 
that the negative terminals of the 
generators or the positive terminals 
of the two generators are connected 
together, the voltage available will 
be the difference in voltage between 
the two generators, and the polarity 
of the circuit will be the polarity of 
the generator producing the higher 
voltage. 

It is also possible to connect a 
battery in series with an ac genera-
tor such as shown in Fig. 10. Here, 
since the polarity of the voltage pro-
luced by the ac generator reverses 
every cycle we have a situation 
where during one half cycle the volt-
age produced by the generator will 
aid the battery voltage, and during 
the next half cycle the voltage will 
oppose the battery voltage. 

In Fig. 11A , we have shown a graph 
of what the voltage will look like be-
tween terminals 1 and 2 of Fig. 10A 
when the peak voltage generated by 
the generator is exactly equal to 
the battery voltage. Terminal 2 is 
grounded and therefore is shown as 
zero voltage. The voltage at terminal 
1 with respect to terminal 2 is shown 

Fig. 10. Battery connected in series %%ith ac generator. 

 SI 

2 
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+ VOLTS 

TERMINAL BATTERY 
VOLTAGE o 

TERMINAL 0 VOLTS 
2 _L 

- VOLTS 

Fig. 11. gaveform showing how battery and generator voltages add in Fig. 10A. 
Voltage between terminal 1 and ground is shown. 

by the graph. In electronics, as we 
have already pointed out, the expres-
sion "with respect to" means "com-
pared to". 

At the left of the graph in Fig. 11A, 
before the generator begins to turn, 
the voltage between terminals 1 and 
2 will be the battery voltage. Ter-
minal 1 is positive with respect to 
terminal 2 because the positive ter-
minal of the battery is connected 
to terminal 1. When the generator 
begins to turn at point a in Fig.11A, 
the generator voltage begins to build 
up during the first quarter cycle 
and adds to the battery voltage. When 
the generator voltage reaches its 
peak value at point b,the voltage be-
tween terminals 1 and 2 will be twice 
what it was at point a. This is be-
cause the peak generator voltage is 
adding to the battery voltage. 
During the next quarter cycle,the 

generator voltage is falling from 
point b to point c. At the end of the 
first half cycle, the generator volt-
age will be zero as shown at point 
c, so the voltage between terminals 
1 and 2 will be the battery voltage 
alone. 

During the next quarter cycle, as 
shownbetween points c and d in Fig. 
11A, the generator voltage begins to 
build up again, but this time the 
polarity of the generator voltage is 

reversed so it opposes the battery 
voltage. At point d, at the end of the 
third quarter cycle, the generator 
voltage will be exactly equal to the 
battery voltage but will have the op-
posite polarity. As a result, the two 
voltages will subtract, so at point d 
the voltage between terminals 1 and 
2 will be zero. The actual voltage 
on terminal 1 at point d will be zero. 

During the next quarter cycle, 
from point d to point e, the generator 
voltage decreases (becomes less 
negative) so that at the end of the 
cycle, at point e, the generator volt-
age is back to zero, and the voltage 
at terminal 1 is once again equal 
to the battery voltage. 

In Fig. 11B, we have shown a sit-
uation in which the peak generator 
voltage is only half the battery volt-
age. Under these circumstances ,the 
voltage builds up during the first 
quarter cycle. At point b, the total 
voltage between terminal 1 and ter-
minal 2 will be 1-1/2 times the 
battery voltage. At point c on the 
curve, at the end of a half cycle, 
the generator voltage will be back 
to zero so the voltage between ter-
minal 1 and ground (or terminal 
2) will be equal to the battery volt-
age. 
During the next half cycle, when 

the generator voltage begins to 
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oppose the battery voltage, the volt-
age between terminals 1 and 2 drops 
until at the peak of the negative half 
cycle the voltage between terminals 
1 and 2 is half the battery voltage. 
This is illustrated at point d in Fig. 
11B. 
As the ac voltage drops back to 

zero during the final quarter cycle, 
the voltage at terminal 1 increases 
back to the battery voltage as shown 
at point e. 

In Fig. 11C, the peak generator 
voltage is 1-1/2 times the battery 
voltage. At the end of the first quar-
ter cycle (at point b) the voltage be-
tween terminals 1 and 2 will be 
2-1/2 times the battery voltage con-
sisting of the generator voltage, 
which is 1-1/2 times the battery 
voltage, plus the battery voltage. 
At the end of the first half cycle 
(at point c) the generator voltage 
will be back to zero and the volt-
age between terminals 1 and 2 drops 
back to the battery voltage. 
The peak generator voltage over-

comes the battery voltage during 
the next half cycle because it is 
greater than the battery voltage and 
has the opposite polarity. As a 
result, at point d on the graph, ter-
minal 1 is negative with respect to 
ground and terminal 2. Since the 
peak generator voltage is 1-1/2 

+ VOLTS 

TERMINAL 0 VOLTS 

times the battery voltage, it will 
cancel the battery voltage and then 
swing terminal 1 negative to a value 
equal to half the battery voltage. 
You can see from Fig. 11 that 

when an ac voltage and a de volt-
age are connected in series, they 
aid during one half cycle and oppose 
during the other half cycle. If the 
peak generator voltage is equal to 
the battery voltage, the total volt-
age will drop to zero volts once 
each cycle and will swing up to a 
value which is twice the battery volt-
age once each cycle. If the generator 
voltage is less than the battery volt-
age, the total voltage increases 
above the battery voltage and drops 
to less than the battery voltage once 
each cycle. On the other hand, lithe 
generator voltage is greater than the 
battery voltage, the total voltage will 
reach a value which is more than 
double the battery voltage during 
one half cycle. When the generator 
voltage opposes the battery voltage 
during the other half cycle, the po-
larity of the output voltage will re-
verse when the generator voltage 
exceeds the battery voltage. 

In Fig. 12, we have shown the volt-
age between terminal 1 and terminal 
2, which is connected to ground, with 
the generator and battery connected 
as in Fig. 10B. The peak generator 

Fig. 12. gaveform skosing ho%. battery and generator voltages add in Fig. 1011. 
N'oltage bet‘‘een terminal 1 and ground is sho‘sn. 
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voltage is exactly equal to the bat-
tery voltage in Fig. 12A, less than 
the battery voltage in Fig. 12B, and 
greater than the battery voltage in 
Fig. 12C. 
When the peak generator voltage 

is exactly equal to the battery volt-
age, terminal 1 remains negative 
with respect to ground (terminal 2) 
at all times except when it drops to 
zero at the peak of the positive half 
cycle of the generator. When the 
peak generator voltage is less than 
the battery voltage as in Fig. 12B, 
terminal 1 remains negative with 
respect to ground (terminal 2) at all 
times. When the generator voltage 
is greater than the battery voltage 
as in Fig. 12C, terminal 1 becomes 
positive during a portion of the posi-
tive half cycle of the generator. For 
the remainder of the time, terminal 
1 remains negative with respect to 
ground (terminal 2). 

Having a battery and an ac gen-
erator connected in series is not 
much different from having two bat-
teries connected in series except 
that in the case of the generator the 
polarity is changing each half cycle 
so that during one half cycle the two 
voltages aid and during the next half 
cycle the two voltages oppose. You 
can find the peak value that the two 
reach when they aid simply by adding 
the peak generator voltage to the 
battery voltage, and you can find the 
peak value that they reach when they 
oppose by subtracting the two. If the 
generator voltage is less than the 
battery voltage, then the voltage po-
larity in the circuit does not change. 
But if the generator voltage is 
greater than the battery voltage,the 
polarity of the voltage will change 
during the half cycle when the two 
voltages are opposing. 
Why have we spent so much time 

explaining how voltages add or sub-
tract? Do we ever make such con-
nections in practical electronic cir-
cuits? This explanation was given 
to prepare you for actual circuits 
which will be described later. For 
example, in a tube or transistor we 
will have a fixed de voltage so the 
part works properly. Then to this 
fixed de voltage we will add a signal 
voltage, which is ac. The resulting 
combined voltage then becomes 
more negative or less negative (Fig. 
12B) or more positive or less posi-
tive (Fig. 11B) and the tube or tran-
sistor can amplify the ac portion. 
This will be explained in greater 
detail later on. For the present, we 
just want you to know that there is 
a very practical reason for what 
you have just studied. 

MILLIVOLTS 

Just as the ampere is too large a 
current unit and we had to use milli-
amperes in some instances, so also 
is the volt sometimes too large a unit 
and we use the millivolt. A milli-
volt, abbreviated mv, is one thou-
sandth of a volt. The prefix milli 
means the same when used with volts 
as it does with amperes - it means 
one thousandth. Therefore, to con-
vert from volts to millivolts, you 
do the same thing as you did in con-
verting from amps to milliamps. You 
multiply by 1000 - to do this you 
simply add zeros and move the deci-
mal point three places to the right. 
To convert from millivolts to volts, 
you do the opposite; you divide by 
1000 and to do this move the deci-
mal point three places to the left. 
Remember, it is exactly the same as 
going back and forth between amps 
and milliamps. Thus, 2.5 volts = 
2.5 x 1000 =2500 millivolts; 49 milli-
volts = .049 volts. 
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MICROVOLTS THE KILOVOLT 

Sometimes even the millivolt is 
too large a unit and we use the micro-
volt, which is one millionth of a volt, 
Just as the microampere is one mil-
lionth of an ampere. 
To convert from volts to micro-

volts multiply by 1,000,000. You do 
this by moving the decimal point six 
places to the right. To convert from 
microvolts to volts you move the 
decimal point six places to the left, 
just as you did in converting micro-
amps to amps. 
You might wonder where such a 

small unit as the microvolt is used. 
It is sometimes used in measuring 
the strength of a radio or TV signal 
at a certain point. Also, in testing 
radio and television receivers, sig-
nals from a few microvolts are fed 
into the receiver and then measured 
at various points in the receiver to 
see how much the various stages 
are amplifying the signal. You might 
find that the signal at the input of 
one stage is 10 microvolts and at 
the output was 100 microvolts; this 
means that the stage amplified the 
signal voltage ten times. Techni-

cians seldom have to convert back 
and forth between volts, millivolts 
and microvolts, as often as they do 
in the case of amps, milliamps and 
microamps. However, since the pro-
cedures for converting from one to 
the other are the same, if you know 
one, you know the other. 
You will remember that to convert 

from milliamps to microamps you 
moved the decimal point three places 
to the right, and to convert from 
millivolts to microvolts you do the 
same thing. Similarly, to convert 
from microvolts to millivolts you 
move the decimal point three places 
to the left. 

A unit that you will encounter in 
voltage measurements is the kilo-
volt. The kilovolt is one thousand 
volts. Thus 25 kilovolts, which is 
often abbreviated 25 kv, is equal to 
25,000 volts. You will run into high 
voltages of this type in television 
receivers. Black and white tele-
vision receivers often use voltages 
of 15 kv or more (15,000 volts) to 
operate the picture tube. In color 
television receivers some will have 
voltages as high as 25 kv. Just re-
member that a kilovolt is equal to 
1000 volts, so to convert kilovolts 
to volts, you simply multiply by 1000. 

SUMMARY 

You should remember the impor-
tant differences between ac and de 
voltages. A de voltage, which is pro-
duced by a battery or a de genera-
tor, will have a polarity that does 
not change. Connected to a circuit, 
a dc voltage source produces a cur-
rent which flows in one direction. 
An ac voltage changes potential 
(having one polarity during one half 
cycle and the opposite polarity 
during the next) and produces a cur-
rent which flows in one direction 
during one half cycle and in the op-
posite direction during the next. 

Voltages are often connected to 
common connections called grounds, 
and may be either positive or nega-
tive with respect to ground depend-
ing upon how they are connected to it. 

Batteries and/or generators can 
be connected in series aiding so that 
their voltages add, or in series op-
posing so that they subtract. When 
connected in series between ground 
and another point, the polarity of the 
point may be positive or negative 
when the batteries oppose, depending 

18 



on the polarity of the larger voltage (ac) 
source. 
A de voltage source such as a 

battery can be connected in series 
with an ac generator, and the two (ad) 
voltages will add during one half 
cycle and oppose during the next. 
The highest voltage produced is 
equal to the battery voltage plus 
the peak generator voltage. If one 
side of the circuit is connected to 
a common ground, the polarity in 
the circuit will not change unless 
the generator voltage is greater than 
the battery voltage. In this case, the 
polarity will change during the por-
tion of the cycle when the voltages 
are opposing. 
Some circuits you will encounter 

will have very small voltages; others 
will have very high voltages. Re-
member that the millivolt (abbre-
viated mv) is one thousandth of a 
volt, the microvolt (abbreviated .INT) 
is one millionth of a volt, and the 
kilovolt (abbreviated kv) is one thou-
sand volts. (ag) 

SELF-TEST QUESTIONS 

(z) If in the circuit shown in Fig. 
4B, the battery is a 45 volt bat-
tery, what voltage is present at 
terminal 2 with respect to 
ground? 
If in the circuit shown in Fig. 
5, the battery is a 90 volt bat-
tery, and the ground terminal 
is a center tap, what is the volt-
age at terminal 1 with respect 
to ground? What is the voltage 
at terminal 2 with respect to 
ground? 

(ab) In the circuit shown in Fig. 6, 
if the rms value of the voltage (ai) 
is 20 volts, what will the peak 
voltage be between terminal 1 
and ground? Will it be positive 
or negative? 

(aa) 

(ae) 

(af) 

(ah) 

If a 15 volt battery and a 45 
volt battery are connected in 
series as in Fig. 8B, what will 
the voltage be at terminal 1? 
If two 22-1/2 volt batteries are 
connected in series as shown 
in Fig. 9A, what is the voltage 
at terminal 1 witk respect to 
ground? 
If two batteries are connected 
as shown in Fig. 9B, and one is 
a 45 volt battery and its posi-
tive terminal is connected to 
terminal 1, and the other is a 
22-1/2 volt battery and its posi-
tive terminal is grounded, what 
will the voltage at terminal 1 
be? 
If in Fig. 9C the positions of the 
two batteries are reversed so 
that the negative terminal of the 
4.5 volt battery is connected to 
terminal 1, and the negative 
terminal of the 3 volt battery 
connects to ground, what will 
the voltage be at terminal 1? 
If a generator that has a peak 
voltage of 15 volts is connected 
in series with a battery that has 
a voltage of 15 volts, what is 
the maximum voltage produced 
during the half cycle when the 
two aid, and what will be the 
minimum voltage produced 
when the two oppose? 
If in the circuit shown in Fig. 
10A the battery voltage is 15 
volts and the peak generator 
voltage is 20 volts, what will 
the voltage be between termi-
nal 1 and ground when they are 
aiding and when they are op-
posing? 
If a generator and battery are 
connected as in Fig. 10B, and 
the battery voltage is 30 volts 
and the generator peak voltage 
is 45 volts, what will the volt-
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age be between terminal 1 and 
ground when the two are aiding 
and when the two are opposing? 

(aj) If a battery and generator are 
connected as shown in Fig. 10A 
and the battery voltage is 20 
volts and the peak generator 
voltage is 10 volts what will the 
voltage be between terminal 1 
and ground when they are aid-
ing? When they are opposing? 

(ak) If a battery and generator are 
connected in series as shown 
in Fig. 10B, and the battery 
voltage is 45 volts and the peak 
generator voltage is 30 volts, 
what will the voltage be between 
terminal 1 and ground when the 
generator reaches its peak val-
ue aiding the battery and when 
it reaches its peak value op-
posing the battery? 

Resistance 
One of the most important values 

you will work with in your electronic 
career is resistance. All wires and 
parts in electronic equipment have 
a certain amount of resistance. In 
some cases, such as in a short piece 
of copper wire, the resistance may 
be so low that it has no effect on the 
performance of the circuit. How-
ever, in every circuit there will be 
some part that has enough resist-
ance to affect the operation of the 
circuit. 
You know that when a voltage is 

applied to an electrical circuit a 
current will flow in the circuit. In 
a de circuit, the thing that limits 
the amount of current that will flow 
for a given voltage is the resistance 
of the circuit. In an ac circuit, re-
sistance also limits the current flow, 
but there may also be some other 
parts that will affect the current 
flow. 

THE OHM 

The unit of resistance is the ohm. 
It is named after the scientist George 
Simon Ohm who did a great deal of 
work in the early days when scien-
tists first began studying electricity. 

If a voltage of 1 volt is applied to a 
circuit and a current of 1 amp flows 
in the circuit, the resistance of the 
circuit is 1 ohm. If a voltage of 2 
volts is applied to a circuit, and 
a current of 1 amp flows, the resist-
ance in the circuit is 2 ohms. Here 
we have twice the voltage applied to 
the circuit and, therefore, twice the 
force to force a current flow in the 
circuit. However, since the current 
flow is 1 amp in both cases, the cir-
cuit in the second case must offer 
twice the opposition to current flow. 
This is why the resistance of the 
circuit is 2 ohms. 

In electronic equipment, the wires 
used to connect parts together have 
a very low resistance, usually only 
a fraction of an ohm. However, sev-
eral of the parts that you have studied 
do have a much higher resistance. 
For example, a transformer has two 
or more windings on a common core. 
In the case of a transformer used to 
operate on a 60-cycle power line, 
there will be many turns on the pri-
mary winding of the transformer. 
The resistance will depend upon the 
size of the wire used on the primary 
winding of the transformer, but a re-
sistance of about 100 ohms is typical 
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of what you might find if you meas-
ured the resistance of the primary 
winding of the transformer used in a 
large radio or a small television 
receiver. 
DC Resistance. 
De resistance is the opposition 

offered to the flow of direct current 
in a circuit. If a de voltage is ap-
plied to an electrical circuit, the 
de resistance of the circuit will limit 
the current that will flow in the cir-

cuit. When we speak of dc resistance, 
we simply refer to it as resistance 
rather than by its entire name "de 
resistance". 
AC Resistance. 
The ac resistance of a part may 

not be the same as the de resistance. 
For example, at high radio frequen-
cies, which are simply very high ac 
frequencies, the current flowing in a 
circuit has a tendency to flow on the 
outside of the conductor. This often 
causes the ac resistance to be some-
what higher than the dc resistance. 
In some coils used in very high fre-
quency equipment you will find that 
the coils are silver plated. The pur-
pose of the silver plating is to keep 
the resistance on the outside of the 

conductor as low as possible. 
At power line frequencies and 

audio frequencies as well as low 
radio frequencies, the ac resistance 
of most parts is almost the same as 
the de resistance and so we gen-
erally consider them as being the 
same. You will see later that it is 
comparatively easy to measure the 
de resistance of a part, but it is 
much more difficult to measure the 
ac resistance. 

Resistors. 
While copper wire is used to con-

nect electronic parts together to 
keep the resistance in the circuit 
low, there are some instances where 

we want resistance in the circuit. 
Parts made to put resistance in the 
circuit are called resistors. There 
are many different values and sizes 
of resistors used in electronic 
equipment, and several different 
types, but the most commonly used 
type is the "carbon resistor". This 
type of resistor is made of a mixture 
of powdered carbon and a cement-
like material that is used to hold the 
carbon together. By varying the 
composition of the mixture, different 
values of resistance from a few 
ohms up to several million ohms can 
be obtained. 
Carbon resistors come in several 

different sizes and in many different 
resistance values. The size of the 
resistor tells you how much power 
the resistor can handle. Three dif-
ferent sizes of carbon resistors are 
shown in Fig. 13. Each resistor has 
a resistance of 1000 ohms. The re-
sistor in the middle can handle twice 
the power that the resistor on the 
top can handle. The resistor on the 
bottom can handle twice the power 
the resistor in the middle can, or 
four times the power the resistor 

411M-

Fig. 13. Three 1000-ohm. carbon resistors. 
The resistor at the top is a 1, %%au size, 
the middle resistor, a 1 watt size and the 

bottom one, a 2 watt resistor. 
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on the top can handle. The resistor 
on the top is called a half-watt re-
sistor, the one in the middle a one-
watt resistor and the one on the bot-
tom a two-watt resistor. The watt 
is a unit of electrical power, which 
you will learn about later. 

Another type of resistor that you 
will encounter is the "wire-wound 
resistor". It is made of wire wound 
on a form, which is usually some 
type of ceramic form. The wire used 
to wind the resistor is called resist-
ance wire; it gets its name because 
it has a much higher resistance than 
copper wire. Wire-wound resistors 
are used in places where they must 
handle a higher current than could 
be handled by a carbon resistor. 
Another type of resistor that you 

will encounter is the deposited film 
resistor. This type of resistor has 
a metal oxide (a combination of a 
metal and oxygen) film deposited on 
a ceramic form. The advantage of 
this type of resistor is that it can 
be made to handle higher currents 
than a carbon resistor and at the 
same time can be made in larger 
resistance values than the wire-
wound resistor. A wire-wound re-
sistor is shown at A in Fig. 14 and 
a deposited film resistor at B. 

LARGER RESISTOR UNITS 

In many electronic circuits you 
will have resistances of several 
thousand ohms; in others you will 
have resistances over a million 
ohms. Rather than indicate the value 
of these resistors in ohms it is more 
convenient to use the K-ohm and the 
megohm. The letter K stands for one 
thousand so the K-ohm is one thou-
sand ohms. Meg stands for one mil-
lion so one megohm is one million 
ohms. Thus, rather than mark the 

®WIRE-WOUND RESISTOR • 

® DEPOSITED-FILM RESISTOR 

Fig. 14. A wire-wound resistor is shown 
at A; a deposited film resistor at II. 

value of a resistance as 2,200 ohms 
we would indicate the value as 2.2K. 
A resistor having a resistance of 
100,000 ohms would be labelled 
100K. A resistor with a resistance 
of 470,000 ohms would be marked 
470K. 
We use the unit megohms for re-

sistors larger than one million 
ohms. A resistor whose value is 
2,200,000 ohms would be labelled 
2.2 megs or 2.2M; both abbreviations 
are used. Sometimes a resistor that 
is somewhat less than a megohm in 
resistance is also expressed in meg-
ohms. For example, a 470,000 ohm 
resistor could be labelled 470K, and 
it can also be labelled .47 mega or 
.47M. Any one of the three labellings 
could be used since they all mean 
the same thing. 

Converting back and forth between 
ohms, K-ohms and megohms is 
essentially the same as converting 
between amps, inilliamps and 
microamps. However, in this case 
remember that the ohm is the small 
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unit, the K-ohm is one thousand ohms 
and the megohm is one million ohms. 
To convert from the small unit to the 
larger unit you simply move the 
decimal point to the left, either three 
places or six places, depending on 
whether you are converting to K-
ohms or to megohms. To convert 
from the large unit to the small unit 
you move the decimal point in the 
opposite direction. As a technician 
you will have to convert values back 
and forth. The values of carbon re-
sistors are identified by means of a 
color code. The color code will give 
the resistance in ohms, but the value 
may be given on a circuit diagram 
in K-ohms or megohms to save 
space. Thus you have to know what 
the different units mean so you will 
be able to identify them on circuit 
diagrams. 

SUMMARY 

Much of the material covered in 
this section of the lesson will be a 
review for you. However, resistance 
is a very important subject, and you 
should make sure you understand 
everything in this section before 
going on to the next. In the next sec-
tion of the lesson you are going to 
study Ohm's Law. 
The important points to remember 

in this section are that in a de cir-
cuit the current flow in the circuit 
will be limited by the resistance in 
the circuit. In an ac circuit the re-
sistance will also limit the current, 
but there may be some other factors 
that also aid in limiting the current. 
The unit of resistance is the ohm. 

If a current of 1 ampere flows in a 
circuit when a voltage of 1 volt is 
applied to the circuit, the resistance 
in the circuit is 1 ohm. 
Three important types of resis-

tors that you will encounter in elec-
tronic equipment are the carbon re-
sistor, the wire-wound resistor, and 
the metal oxide film resistor. These 
resistors are made in many different 
resistance values and in different 
sizes to handle different values of 
current. 

In many electronic circuits the re-
sistance is so high that we use the 
K-ohm, which is equal to one thou-
sand ohms and the megolun which is 
equal to one million ohms. You 
should be able to convert from one 
unit to another so you will be fa-
miliar with all three units. 

SELF-TEST QUESTIONS 

(al) If the current flowing in a cir-
cuit is 1 amp, and we double 
the resistance in the circuit, 
will the current increase, de-
crease, or remain the same? 

(am)Name the three types of resis-
sistors that are used in elec-
tronic equipment. 

(an) Convert 4,700 ohms to K-ohms. 
(ao) Convert 5,600,000 to megohms. 
(ap) Convert .330 megs to K-ohms. 
(aq) Convert 2.2 megs to ohms. 
(ar) Convert 8.2 K-ohms to ohms. 
(as) Convert 680 K-ohms to meg-

ohms. 
(at) Draw the symbol used to repre-

sent a resistance. You should 
remember this from an earlier 
lesson. 
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Ohm's Law 

Ohm's Law is one of the most im-
portant laws or rules in electronics. 
It tells you how the voltage, current 
and resistance are related in an 
electrical circuit. Ohm's Law states 
that the current flowing in the circuit 
is equal to the voltage divided by the 
resistance. Rather than use words 
every time to express this law, we 
use symbols. We use the letter I for 
current, E for voltage and R for re-
sistance. Using these symbols we 
can express Ohm's Law as: 

I = E + R 

This is more often written in the 
form: 

E 
I = — 

R 

By using this expression, or by re-
arranging it mathematically, if we 
know any two of the three values, 
resistance, current or voltage, we 
can determine the other. As a radio 
television serviceman you will be 
concerned with replacing parts and 
will not have many occasions to work 
out the value of a part using Ohm's 
Law. However, an understanding of it 
will help you understand what is 
going on in the circuits you will study 
in this and in following lessons. A 
technician who wants to get his FCC 
license to work at a broadcasting or 
television station, or a technician 
who wants to work in industry or as 
an engineering aid will have to be 
able to work out problems involving 
Ohm's Law. We are going to use 
Ohm's Law to learn more about how 

voltage and resistance affect the 
current in a circuit. We will do some 
simple problems involving Ohm's 
Law. Be sure to follow these through 
carefully so you will understand what 
is happening in the circuits we dis-
cuss. We will work out each step in 
detail even though some of the steps 
may seem comparatively simple. 

BOW VOLTAGE 

AFFECTS CURRENT 

In Fig. 15 we have shown a simple 
circuit consisting of a voltage source 

E.20V 

T  
R=2 û. 

Fig. 15. .% simple circuit eonsisting of a 
voltage source and a resistor. 

and a resistor. The battery voltage, 
E = 20 volts; the resistance of the 
resistor, R = 2 ohms. Notice the 
symbol we have used to indicate 
ohms. This is the Greek letter omega 
and it is often used on diagrams as 
an abbreviation for ohms. 
We can determine the current that 

will flow in this circuit by using 
Ohm's Law. We simply take the for-
mula and then substitute the values 
of E and R which we have and this 
will give us the value of I. 
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E 
=— 
R 

20 
I = — = 10 amps 

2 

Thus in the circuit shown in Fig. 
15 the current flowing will be equal 
to 10 amps. If we increase the volt-
age to 40 volts, the new current flow-
ing will be: 

—40 I = = 20 amps 
2 

and if we reduce the voltage to 10 
volts, the current flowing in the cir-
cuit will be: 

10 
= — = 5 amps. 
2 

The important thing to see from 
the preceding is how the current 
flowing in the circuit with a given 
resistance in the circuit is tied di-
rectly to the voltage. Increasing the 
voltage increased the current, and 
reducing the voltage reduced the 
current. In the example where we 
doubled the voltage, the current 
doubled, and where we cut the volt-
age in half, the current was cut in 
half. This relationship will always 
hold true. If we increase the voltage 
to three times its original value, then 
the current will increase to three 
times the original value, and if we 
reduce the voltage to one third of its 
original value, then the current will 
be reduced to one third of its original 
value. We can say that in a given 
circuit the current will vary directly 
with the voltage. Any change in the 
voltage will result in a correspond-
ing change in the current. 

Notice that in the example given, 
the voltage was given in volts, the 

E. 5V — 200.11 

Fig. 16. .‘ simple cireu it %%here E 
and II 200Q. 

resistance was given in ohms and the 
current we calculated was in amps. 
In using Ohm's Law we must always 
use these basic units. Often this 
leads to a somewhat more difficult 
problem than shown in Fig. 15. Look 
at the example in Fig. 16. 

In Fig. 16, the voltage is 5 volts 
and the resistance in the circuit is 
200 ohms. Using Ohm's Law to de-
termine the current we have: 

I - 
200 
5 

Here the division is not quite as 
simple as it was in the preceding 
example because we have to resort 
to a decimal division. The division 
is not particularly difficult; it is 
shown in Fig. 17. We see that we 
get a current of .025amps.We could 
leave our answer like this, or we can 
convert it to milliamperes by mul-
tiplying by 1000. To do this we simply 
move the decimal point three places 
to the right and get the answer, I = 
25 ma. 

.025 
2(N) ) :).000 

1 00 
I 11(10 
1 000 

Hg. I. Solution for I in Fig. 16. 
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Since our answer is in milliam-
peres, and we multiplied the current 
in amperes by 1000 to get our an-
swer into milliamperes, if we want 
to avoid the decimal division we can 
multiply by 1000 before performing 
the division and get the answer di-
rectly in milliamperes. When we do 
this the problem becomes: 

5 
I = x 1000 

200 

5000 
I= 

200 

Now we can cancel two zeros above 
the division line and two below the 
line so we have: 

5000 50 
= Ter - 2 

I = 25 ma 

You can use whichever method you 
want in determining the current in a 
circuit of this type. If you multiply 
by 1000 before performing the Ohm 's 
Law division, be sure to remember 
that your answer will be in milli-
amperes. Incidentally, sometimes 
we use mils as well as ma for an 
abbreviation of milliamperes. In the 
preceding problem we can say our 
answer is 25 mils. 

E = 10V =- R.50K 

Fig. 18. A simple circuit where E - ION. 
and R = 50 K-ohms. 

Another example is shown in Fig. 
18. Notice that here we have an even 
larger resistor and also notice that 
the resistance is given in K-ohms. 
Let us see how we go about tackling 
a problem of this type. 
You will remember we said that 

in using Ohm's Law the units must 
be in volts, amps and ohms. There-

.0002 
500C111 10.0000 

10 0000 

.2 
50000 10000.0 

10000 0 

o o 
Fig. 19. Solution for I in Fig. 18. 

fore, the first thing we must do is 
to convert 50K-ohms to ohms. We do 
this simply by multiplying by 1000 
and get a resistance of 50,000 ohms. 
Now using 50,000 ohms and 10 volts 
we can find the current using Ohm's 
Law. 

E 
= 

10  
I= 

50,000 

Here again we have a decimal di-
vision. We can go ahead and perform 
this division as shown in Fig. 19A. 
We get as an answer .0002 amps. 
We can convert this to milliamperes 
by multiplying by 1000. To do this, 
we move the decimal point three 
places to the right and get .2 milli-

amps as the current. However, we 
still have a decimal so instead of 
converting to milliamps it would be 
more logical to convert to micro-
amps. We do this by multiplying by 
1,000,000 and this involves moving 
the decimal point six places to the 
right. We get as the current 200 ua. 

If we want to avoid the decimal 
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division we can again convert before 
we perform the division. If we try 
converting to milliamps first by 
multiplying by 1000 we would have 
50,000 divided into 10,000. This can 
be worked out as shown in Fig. 19B 
and we get our answer, .2 ma. How-
ever, since 50,000 is larger than 
10,000 it is obvious that we have an-
other decimal division and so to 
avoid this why not simply multiply 
the voltage, 10 volts by 1,000,000, 

and then get our answer directly in 
microamps. When we do this the for-
mula becomes 

10  
I - x 1,000,000 

50,000 

- 10,000,000 
50,000 

Notice that in 50,000 there are four 
zeros so we can mark these four 
zeros off and mark four zeros off 
from the ten million so that we will 
have 

1 -  10'000'000 
50,000 

. 1,000 
5 

= 200 microamps 

In electronic circuits you will fre-
quently run into comparatively small 
voltages and very large resistances. 
This means that if you want to find 
the current flowing in the circuit and 
you divide directly, you will run into 
a decimal division. Therefore the 
easy way is to multiply by 1,000 or 
1,000,000 first to convert the answer 
directly to milliamps or microamps. 
If you are doubtful about whether you 
should multiply by 1000 or 1,000,000, 

multiply by 1,000,000 and then per-
form the division. If your answer, 
which will be in microamperes, is 
over 1,000 microamperes you can 
convert this to milliamps if you want 
to by simply moving the decimal 
point three places to the left. How-
ever, it really doesn 't matter wheth-
er you say that the current is 4,700 
microamps or 4.7 milliamps, it 
means the same thing. For that 
matter, if you don 't mind doing deci-
mal divisions you don't have to con-
vert at all. You can simply give the 
answer in amperes as .0047 amps. 
All three mean the same thing. If 
you like doing mathematics then the 
chances are that the decimal divi-
sions won't bother you, but on the 
other hand if you are like most people 
and steer away from math, then mul-
tiplying either by 1,000 or a 1,000,-
000 first to convert the answer di-
rectly to milliamperes or micro-
amperes is probably the easiest way 
to tackle problems of this type. 

In examples shown in Figs. 15, 16 
and 18, the voltage source was a bat-
tery and therefore the problems all 
involved de voltage and current. If 
the voltage source had been an ac 
generator instead, we would have 
found the current in exactly the same 
way. In a circuit containing only re-
sistance, Ohm's Law is used in ex-
actly the same way in an ac circuit 
as it is in a de circuit. Where the 
value of E is the rms value of the 
voltage, then the current will be 
found in its rms value. If the value 
of E given is the peak value of the 
voltage, and we use this value in 
Ohm's Law, then we will get the peak 
value of the ac current. If we want 
the rms value we can get it either 
by converting the peak value of the 
current to its rms value after we 
perform the calculation or we can 
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convert the peak voltage to an rms 
value first. 

HOW RESISTANCE 

AFFECTS CURRENT 

In the simple circuit shown in Fig. 
15 where the voltage is 20 volts and 
the resistance 2 ohms, we found by 
using Ohm's Law that the current 
flowing in the circuit is 10 amps. 
The same circuit is repeated in Fig. 
20 except that we have replaced the 
2 ohm resistor with a 4 ohm resis-

E :20V 

Fig. 20. The 212 resistor in the eireuit of 
Fig. 15 is replaced by a le resistor. 

tor. How will this affect the value of 
I? Using Ohm's Law we can find the 
current. 

E 
= — 
R 

20 
I =--= 5 amps 

4 

Here the current is 5 amps, half of 
what it was before. In other words, 
doubling the resistance cut the cur-
rent in half. If instead of doubling 
the resistance, we had cut it in half 
so that R is equal to 1 ohm, then 
using Ohm's Law again we find that 
the current is equal to 20 amps. In 
other words, cutting the resistance 
in half has doubled the current. We 

will find that this relationship be-
tween current and resistance holds 
true regardless of how we change 
the resistance. If we increase the 
resistance to 3 times its original 
value, the current will be reduced 
to one third and if we cut the resist-
ance to one third its original value 
the current will increase to three 
times its original value. We say that 
the current varies inversely to the 
resistance. 
As a matter of fact, this relation-

ship between current and resistance 
is obvious if we examine Ohm's Law. 
If we look at the expression for cur-
rent 

E 

if E remains constant and we in-
crease R, it is obvious that I must 
be smaller. Similarly, if we reduce 
R, and keep E constant, then I must 
get larger. 

FINDING E 

In some circuits we may know what 
the current flowing in the circuit and 
the resistance in the circuit are and 
have to find the voltage in the circuit. 
An example of this type of problem 
is shown in Fig.21. Here the current 
is 2 amps and the resistance is 15 
ohms. We want to find the value of 
E. 
Ohm's Law can be rearranged 

mathematically into the form 

E =IxR 

We usually drop the multiplication 
sign and simple write the formula 
as: 

E = IR 
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The term IR means I x R; the mul-
tiplication sign is understood, even 
though it is not shown. Using this 
form of Ohm's Law we get: 

E = 2 x 15 
= 30 volts 

Thus, the value of the voltage applied 
to the circuit must be 30 volts. If 
we want to, we can check this out 
using the other form of Ohm's Law: 

E 
I = — 

R 

substituting 30 for E and 15 for R 
we get a current of 2 amps, and 
since this agrees with the value 
given, the value of voltage which we 
determined must be correct. 

Notice that the current in Fig. 21 
is given in amps and the resistance 
in ohms. Sometimes the current may 
be given in milliamperes or micro-
amperes and the resistance might be 
in K-ohms or megohms. In either 
case we must convert back to the 
basic units. Milliamperes and 
microamperes must be converted 
to amperes and K-ohms and meg-
ohms must be converted to ohms. 
An example of this type of problem 
is shown in Fig. 22. Here the current 
is given in milliamperes and the re-
sistance in ohms. 
Doing the problem shown in Fig. 

E 

I =2 AMPS 

R.15J1 

Fig. 21. A simple circuit where I = 2 amps 
and H = 15fL 

E.? R=1500.0.. 

Fig. 22. Find E where I = 8 ma and H 
1500S/. 

22, we can first convert the current 
I which is 8 ma to amps by dividing 
by 1000. We do this by moving the 
decimal point three places to the left 
and get as the current, .008 amps. 
Now substituting these values in 
Ohm's Law we can find the voltage 

E = IR 
= .008 x 1500 
= 12 volts 

This involves a decimal multiplica-
tion, which is not too difficult to 
perform. However, if you want to 
avoid the decimal multiplication the 
easy way to do this is to simply 
write 8 milliamps as 8/1,000 amps. 
Now substituting the value of 8/1,000 
in the formula we get 

E - X 1500 
1000 

E = 8 x  1'500  
1,000 

E - 12,000 
1,000 

Now cancelling three zeros above 
and below the division line we get 

E - 12 '000  
1,000 

E = 12 volts 
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If in Fig. 22 the resistance had 
been expressed in K-ohms it would 
be written 1.5 K-ohms. To convert 
this to ohms we multiply by 1,000. 
Instead of actually performing the 
multiplication we could then write 
the problem as: 

8  
E - 1,000 x 1.5 x 1,000 

Now we can cancel the 1,000 above 
and below the division line and 
simply multiply 8 x 1.5 and our an-
swer is 12 volts. 

6.6 volts. It is far simpler to do the 
problem this way than it is to con-
vert to amps and ohms. These same 
techniques can be used regardless of 
what units the current and resistance 
are in. Remember that if the current 
is given in milliamperes simply 
write it over 1,000 andthis will con-
vert it to amps. If it is given in 
microamperes write it over 1,000,-
000 and this will convert it to amps. 
If the resistance is given in K-ohms 
multiply it by 1,000 to convert it to 
ohms and if it is given in megohms 

R=2.2 MEG 

—Am. 3utt 

Fig. 23. Find E %here = 3 /La and R = 2.2 megohms. 

In the example shown in Fig. 23 
the current is given in microamps 
and the resistance in megohms and 
we have to find the voltage. We can 
convert microamperes to amperes 
by dividing the current by 1,000,000 
and megohms to ohms by multiplying 
the resistance by 1,000,000. Thus 
substituting the formula: 

E =IxR 

3  
E - 1,000,000 x 2.2 x 1,000,000 

multiply it by 1,000,000 to convert 
it to ohms. Then before doing any-
thing else look for numbers above 
and below the division line that can 
be cancelled and then perform the 
remaining multiplication. 

FINDING It 

We can rearrange Ohm's Law to 
find the resistance in a circuit if we 
know the voltage and the current. To 
do this we use Ohm's Law in the 
form: 

3 x 2.2 x 1,000,000 R = E 
1,000,000 

Here we simply cancel the 1,000,000 
above and below the division line and 
multiply 3 x 2.2 and get our answer 

Let us go back to the circuit shown 
in Fig. 15. Here the voltage is 20 
volts and we found that the current 
is 10 amps. Now let us use Ohm's 
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Law to see what value of resistance 
we get using these values of volt-
age and current. 

E 
R = y  

20 
R = 

10 

= 2 ohms 

As you see, the value obtained for 
the resistance is the value given 
originally so that we know that our 
calculation is correct. 
When the voltage is given in volts 

and the current given in amps, de-
termining the resistance in the cir-
cuit is quite simple. However, often 
the current will be in milliamps or 
microamps. In this case we must 
convert the current to amps in order 
to use the formula. 
To convert milliamps to amps we 

divide by 1,000. We can do the same 
thing simply by multiplying the volt-
age by 1,000 and using the current 
in milliamperes in the formula. Thus 
the formula for resistance becomes 

R -  E x 1,000 
I (in ma) 

If the current is given in micro-
amps we can multiply the voltage by 
1,000,000 and then use the current 
in microamperes in the formula. 
Then the formula becomes 

R
E x 1,000,000  

- 
I (in ga) 

in microamperes. 
Multiplying the voltage by 1,000 

when the current is in milliamperes 
and by 1,000,000 when it is in micro-
amperes eliminates the necessity of 
performing a decimal division. It 

is usually easier to divide by whole 
numbers and then multiply the result 
by either 1,000 or 1,000,000 than it 
is to perform the conversion to am-
peres first and then perform a deci-
mal division. An example of a prob-
lem where the current is in milli-
amperes is as follows: find the re-
sistance in a circuit where the volt-
age is 3 volts and the current is 3 
milliamperes. Using the formula: 

R - E x 1,000 
I (ma) 

3 R -  x 1000  
3 

R = 1000 ohms 

An example where the current is 
in microamperes is: find the resist-
ance in a circuit where the voltage 
is 8 volts and the current 100 micro-
amperes. 

Using the formula: 

R -  E x 1,000,000 
I (ua) 

R =  8 x 1,000,000  
100 

the easiest way to do this problem 
is to divide the top and bottom by 
100 simply by cancelling the 100 on 
the bottom and removing two zeros 
from the 1,000,000 and then we have 

R = 8 x 10,000 
= 80,000 ohms 

SUMMARY 

In this section of this lesson you 
have seen how the current in a cir-
cuit is affected by the voltage and 
the resistance in the circuit. We 
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found that increasing the voltage in-
creased the current and decreasing 
the voltage decreased the current. 
We said that the current varies di-
rectly as the voltage. In the case of 
the resistance in the circuit we found 
it had the opposite effect on the cur-
rent. Increasing the resistance in 
the circuit decreases the current and 
decreasing the resistance increases 
the current. We say that the current 
varies inversely with the resistance. 
We saw the three important forms 

of Ohm's Law and how you can use 
it in solving problems involving volt-
age, current and resistance in a cir-
cuit. If any two of these three quan-
tities are known, you can use Ohm's 
Law to find the other. 
You should remember the three 

forms of Ohm's Law. You will use 
them over and over again, so it would 
be worthwhile to take time now to 
memorize them. The three forms 
are: 

Remember that to use Ohm's Law 
the voltage must be in volts, the cur-
rent in amps and the resistance in 
ohms. We showed you simple ways 
of getting around the problem of 
performing decimal operations in 
each type of problem. As you do the 
self-test questions do not hesitate to 
go back to the section of the lesson 
that dealt with the particular kind 
of problem you are working on and 
review how we worked the problem. 
It is not so important for you to 
memorize how to do these problems 
as it is to be able to do them with 

the aid of the examples given in the 
textbook. You will not be able to re-
member all you will learn about 
electronics either during your 
course or after you have completed 
your course, but the important thing 
is to remember the basic fundamen-
tals and then know where to find the 
other facts that you may need. 

If you find that you are puzzled by 
one of the self-test questions and you 
can't work it out even after review-
ing the lesson, find the answer to 
the question at the back of the book 
and see how we did the problem. 
Then close the book and try to dothe 
problem yourself and other prob-
lems of the same type without re-
ferring to the answers again. Don't 
be discouraged if you don't get the 
right answer every time or if you 
have trouble remembering the 
various forms of Ohm's Law at first. 
Make a determined effort to memo-
rize them and after you have used 
them a number of times you will 
find that they will remain in your 
mind. 

SELF-TEST QUESTIONS 

(au) Give the form of Ohm's Law 
that is used when you know the 
voltage and the current and want 
to find the resistance. 

(ay) Write the Ohm's Law formula 
that is used when you know the 
current and resistance in a cir-
cuit and want to find the voltage. 

(aw) Write the Ohm's Law formula 
used when you know the voltage 
and resistance in a circuit and 
need to find the current. 

(ax) In a circuit such as Fig. 15, 
find the current if the voltage 
is 15 volts and the resistance 
is 3 ohms. 

(ay) In a circuit like Fig. 15, find 
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the current if the voltage is 12 
volts and the resistance is 6,000 
ohms. 

(az) In a circuit like Fig. 15 find the 
current if the voltage is 28 volts 
and the resistance 7,000 ohms. 

(ba) In a circuit like Fig. 15 find the 
current if the voltage is 15 volts 
and the resistance 300 K-ohms. 

(bb) Find the voltage in a circuit like 
the one in Fig. 21 where the 
current is 3 amps and the re-
sistance is 6 ohms. 
Find the voltage in a circuit like 
the one shown in Fig. 21 where 
the current is 20 ma and the 
resistance 1,000 ohms. 
Find the voltage in a circuit like 
the one shown in Fig. 21 when 
the current is 18 ma and the 
resistance is 3K-ohms. 
Find the voltage in a circuit 
like Fig. 21 when the current 
is 47 u.a and the resistance 
200,000 ohms. 
Find the voltage in a circuit 
like Fig. 21 when the current 
is 58 ua and the resistance 
330K-ohms. 
Find the voltage in a circuit 
like Fig. 21 when the current 
is 6 ua and the resistance 2 
megohms. 

(bh) In a simple series circuit if the 
applied voltage is 12 volts, and 
the current is 4 amps, what is 
the resistance in the circuit? 
Find the resistance in the cir-
cuit if the applied voltage is 24 
volts and the current 8 ma. 
Find the resistance in the cir-
cuit if the applied voltage is 45 
volts and the current flowing is 
15 ma. 

(bk) If the voltage applied to a cir-
cuit is 34 volts, and the current 
flowing is 170 u.a, what is the 
resistance in the circuit? 

(bd) 

(he) 

(hf) 

(hg) 

(bn) 

(a) 

(i) 
) 

(k) 
(1) 

If the voltage applied to a cir-
cuit is 144 volts, and the cur-
rent flowing in the circuit is 
120 ta, what is the resistance 
in the circuit? 
Fill in the missing words in the 
following statement: if the volt-
age applied to a circuit is in-
creased, the current will  
and if the voltage applied to a 
circuit is decreased, the cur-
rent will  
Fill in the missing words in the 
following: if the resistance in a 
circuit is increased, the cur-
rent will , and if the re-
sistance in a circuit is de-
creased, the current will_. 

ANSWERS TO SELF-
TEST QUESTIONS 

4 amps. If the original current 
was 1 amp and the number of 
electrons increased by four 
times the new current must be 
4 amps. 
3 amps x 1.4 = 4.2 amps. 
7 amps x 1.4 = 9.8 amps. 
7 amps + 1.4 = 5 amps. 
21 amps + 1.4 = 15 amps. 
$6.00 = 600 cents. 
350 cents = $3.50. 
2 amps = 2000 ma. To perform 
the conversion we write 2 amps 
as 2.000 and then move the deci-
mal point three places to the 
right and get 2000. In perform-
ing a conversion of this type, 
another way to look at it simply 
is adding three zeros. 
6 amps = 6000 ma. 
3.5 amps = 3500 ma. Again, we 
have simply moved the decimal 
point three places to the right; 
3.5 amps = 3500 ma. 
.42 amps = 420 ma. 
.037 amps = 37 ma. Moving the 
decimal point three places to 
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(m) 

(n) 

the right, we get 037, and since 
the zero has no significance we 
simply write the answer as 37 
ma. 
.002 amps = 2 milliamps.Mov-
ing the decimal point three 
places to the right we get 002. 
ma and we drop the two zeros 
to the left of the 2 since they 
have no significance. 
46 ma = .046 amps. Here we 
move the decimal point three 
places to the left. In order to 
do this we add a 0 to the left 
of the 4; thus 46 ma becomes 
.046 amps. 

(o) 822 ma = .822 amps. To convert 
from the smaller unit to the 
larger unit we move the deci-
mal point three places to the 
left. 
1327 ma = 1.327 amps. Again, 
we simply move the decimal 
point three places to the left. 
2 amps = 2,000,000 ua. To con-
vert from amps to ua we have 
moved the decimal point six 
places to the right. To do this 
we must add the six zeros. 

(r) .0017 amps = 1700 ua. Moving 
the decimal point six places to 
the right, we have to add two 
zeros to the right of the 7 in 
order to do this and .0017 can 
be written .001700 and then we 
move the decimal point six 
places to the right and get 1700 
La. 
20 ua = .00002 amps. To con-
vert from the smaller unit to 
the larger unit we move the 
decimal point six places to the 
left. In order to move it six 
places we have to add four 
zeros to the left of the 2. 

(t) 147 µa = .000147 amps. Again, 
we add zeros to the left of the 
1 and move the decimal point 

(P) 

(q) 

(s) 

(u) 

six places to the left to convert 
from microamps to amps. 
.26 ma = 260 ua. To convert 
from milliamps to microamps 
we move the decimal point three 
places to the right. In order to 
move it three places we have 
to add a zero to the right of the 
6 so .26 ma becomes 260 ua. 

(v) .031 ma = 31 ua. Again, to con-
vert from the larger unit ma to 
the smaller unit microamperes 
we move the decimal point to 
the right. Thus, .031 ma be-
comes 031. ua. The 0 tothe left 
of the 3 has no significance so 
we drop it and write the answer 
as 31 µa. 
6100 Lia = 6.1 ma. To convert 
from the smaller unit to the 
larger unit we move the deci-
mal point to the left- thus when 
we move it three places to the 
left 6100 ua becomes 6.1 ma. 
927 ua = .927 ma. Moving the 
decimal point three places to 
the left 927. ua becomes .927 
ma. 
327,000 µa =327 ma. To convert 
from the smaller unit to the 
larger unit we move the deci-
mal point three places to the 
left. Thus, 327,000 u.a becomes 
327 ma. To convert the 327 ma 
to amps we again move the 
decimal point three places to 
the left and get .327 amps. 

(z) - 45 volts. 
(an) Terminal 1 is + 45V, and ter-

minal 2 is - 45V. 
(ab) The peak voltage between ter-

minal 1 and ground will be 20 
X 1.4 = 28 volts. It will be posi-
tive during one half cycle and 
negative the next half cycle. 

(ac) + 60 volts. The two batteries 
are connected in series aiding, 
and therefore their potentials 

(w) 

(x) 

(Y) 

34 



add, 15 + 45 = 60 volts. The 
terminal is positive because 
it's connected directly to the 
positive terminal of one of the 
batteries. 

(ad) 0 volts. The two batteries are 
connected in series opposing 
and therefore the battery volt-
ages subtract. Since both bat-
teries are 22-1/2 volts the net 
value of the voltage between 
terminal 1 and ground will be 0. 

(ae) + 22-1/2 volts. The two bat-
teries are connected to oppose 
each other; thus their volt-
ages subtract. 45V - 22-1/2V 
22-1/2V. The polarity will be 

that of the higher voltage bat-
tery, which is the 45 volt bat-
tery. Since its positive terminal 
is connected to terminal 1, then 
terminal 1 will be positive. 

(af) - 1.5 volts. The two batteries 
are connected in series op-
posing and therefore their volt-
ages subtract, 4.5 volts - 3 volts 
= 1.5 volts. The polarity will be 
that of the larger battery and 
since the negative terminal of 
the 4.5 volt battery connects to 
terminal 1, terminal 1 will be 
negative. Reversing the bat-
teries had no effect on the po-

larity because we simply re-
versed their positions, keeping 
their polarities as shown in 
Fig. 9C. It makes nodifference 
which position the battery is in 
insofar as the total voltage is 
concerned; as long as they are 
opposing each other you sub-
tract to get the voltage produced 
by the two in series. In the cir-
cuit as shown in Fig. 9C, the 
polarity of terminal 1 is - 1.5 
volts just as it is when the 
position of the two batteries is 
changed. 

(ag) 30 volts when the two are aiding 
and 0 volts when the two are 
opposing. When the peak gen-
erator voltage has the same po-
larity as the battery voltage the 
total voltage will be the sum of 
the two voltages, 15V + 15V = 
30V. When the generator has the 
opposite polarity to the battery, 
the two voltages will subtract. 
15V - 15V = OV. 

(ah) +35 volts when they are aiding 
and - 5 volts when they are op-
posing. 
When the peak generator volt-
age has the same polarity as the 
battery voltage, the two volt-
ages add, 20V + 15V =35V. When 
the two voltages oppose, the po-
larity of the generator will be 
- 20V with respect to terminal 
1. Therefore the voltage be-
tween terminal 1 and ground 
will be 15V - 20V = - 5V. 

(ai) - 75V when they aid and + 15V 
when they oppose. When the 
peak generator voltage has the 
same polarity as the battery 
voltage, the two voltages add. 
30V + 45V = 75V. Since the 
negative terminal of the battery 
is connected to terminal 1, it 
will be - 75V with respect to 
ground. When the generator 
voltage opposes the battery 
voltage the peak voltage be-
tween terminal 1 and ground 
will be - 30V + 45V = + 15V. 

(aj) + 30 volts when they are aiding 
and + 10 volts when they are 
opposing. When the peak gen-
erator voltage aids the battery 
voltage, the two voltages add. 
+ 20V + 10V = + 30V. When the 
peak generator voltage opposes 
the battery voltage will have, 
+ 20V - 10V = + 10V. 

(ak) - 75V when they are aiding and 
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- 15V when they are opposing. 
When the two voltages have the 
same polarity their voltages 
add. 45 + 30 = 75V and since the 
negative terminal of the battery 
connects to terminal 1, ter-
minal 1 will be negative. An-
other way of looking at this is 
to write the battery voltage as (aq) 
- 45V and the generator volt-
age as - 30V and add the two 
together. - 45V - 30V = - 75V. 
When the two voltages oppose 
the generator voltage subtracts 
from the battery voltage. 45V - 
30V = 15V. Since the battery (ar) 
voltage is higher than the gen-
erator voltage the polarity of 
terminal 1 will be the polarity 
of the battery which is minus 
and therefore it will be -15V. 
Another way of doing this is to (as) 
write the voltages down with 
their polarity. Here we have 
-45V + 30V = - 15V. 

(al) The current will decrease. As 
a matter of fact, if we double 
the resistance in the circuit, 
the current will be cut exactly 
in half. 

(am)Carbon resistors, wire-wound 
resistors and metal oxide film 
resistors are the three most 
widely used types of resistors 
in electronics. 
4.7 K-ohms. To convert 4,700 
ohms to K-ohms, you move the 
decimal point three places to 
the left. This is the same as 
dividing by 1,000 and getting 
4.7 K-ohms. 

(ao) 5.6 megohms. To convert 
5,600,000 ohms to megohms you 
must move the decimal point six 
places to the left. This is the 
same as dividing by 1,000,000. 

(ap) 330K-ohms. There are 1,000 
ohms in a K-ohm and 1,000,000 

(an) 

(at ) 

ohms in a megohm. Therefore 
there must be 1,000 K-ohms in 
a megohm. To convert meg-
ohms to K-ohms you multiply 
by 1,000 and to do this you move 
the decimal point three places 
to the right. Thus, .330M = 
330K. 
2,200,000 ohms. There are 
1,000,000 ohms in a megohm 
and therefore to convert 2.2 
megs to ohms you must mul-
tiply by 1,000,000. To do this 
you move the decimal point six 
places to the right. 
8,200 ohms. There are 1,000 
ohms in a K-ohm and therefore 
to convert K-ohms to ohms, you 
multiply by 1,000. You do this 
by moving the decimal point 
three places to the right. 
.680 megohms. There are 1,000 
K-ohms in a megohm and there-
fore to convert K-ohms to meg-
ohms you must divide by 1,000. 
To do this you simply move the 
decimal point three places to 
the left. 

'\AA. 
The symbol for resistance is 
shown above. There are prob-
ably more resistors used in 
electronics equipment than any 
other parts, so it is extremely 
important that you remember 
this symbol. The resistance of 
a resistor is usually indicated 
by writing the resistance either 
directly above or directly be-
low the resistance symbol. The 
value may be given in ohms, 
K-ohms or megohms depending 
upon the size of the resistor. 
Usually the shortest form is 
used in order to conserve space 
on the diagram. 
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E 
(au) R = -i-

(ay) E = IR 

E 
(aw) I = Tf, 

(ax) 5 amps. To solve this problem 
you use the formula: 

E 
I = -1-t 

and substituting 15 volts for E 
and 3 ohms for R we get 

, 15 
I = — 

3 

= 5 amps 

(ay) The current will be 2 ma. We 
use the formula: 

, E 
i = —  

R 

Since dividing 6,000 into 12 
would be a decimal division, we 
can multiply by 1,000 and get 
our answer directly in milli-
amperes. When we do this we 
have: 

I (ma) = 12 6,000 x 1,000 

I 
_ 12,000 

6,000 

and cancelling three zeros 
above and below the line we get: 

, 12 
i = — 

6 

= 2 ma 

(az) The current in this case will be 
4 ma. You use exactly the same 
method as in the preceding ex-
ample; since dividing 7,000 in-
to 28 will involve a decimal di-
vision you can multiply by 1,000 
and get your answer directly in 
milliamperes. In this problem 
we have: 

28  
I - x 1 000 

7,000 ' 

I - 28'000 
7,000 

and then cancelling three zeros 
above and below the line we 
have: 

= 28 
I  

7 

= 4 ma 

(ba) In this problem if we multiplied 
by 1,000 to get our answer in 
milliamperes, we would still 
have a decimal division because 
we must convert 300K to ohms 
by multiplying it by 1,000. Thus 
we would have: 
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15  
I - x  300 x 1000 1 '000 

The 1,000 above the division 
line would simply cancel the 
1,000 below the division line 
and we would have to divide 
300 into 15. So instead of con-
verting our answer directly to 
milliamperes it would be better 
to convert to microamperes. 
Now the problem becomes: 

15  
I - x 1 000 000 

300 x 1000 ' ' 



I = 300,000 
15 000,000 

and now cancelling five zeros 
above the line and five zeros 
below the line we have 

150 I = - 50 ua 
3 

(bb) The voltage will be 18 volts. 
We use the formula: 

(be) 

E = IR 

and substituting 3 amps for I 
and 6 ohms for R we get: 

E = 3 x 6 
= 18 volts 

In this example the current is 
20 ma, and we must convert 
this to amps. The easiest way 
to do this is to simply divide 
it by 1,000. Therefore we will 

substitute 20 -for I in the for-

mula and 1000 for R. Using the 
formula: 

E = IR 

E = 1200 x 1' 000 00  

E - 20,000  
1,000 

and now we simply cancel three 
zeros above the line and three 
zeros below the line and we get: 

E = 20 volts 

(bd) In this problem, the current 
which is in railliamps must be 
converted to amps by dividing 
it by 1,000 and the resistance 

which is in K-ohms must be 
converted to ohms by multiply-
ing it by 1,000. Using the for-
mula to find the voltage we have: 

E - 18 x 3 x 1000 
1000 

This can be written: 

E 18 x 3 x 1000  
1000 

and now we simply cancel the 
1000 above the line and the 
1000 below the line and we get 
as our answer: 

E = 18 x 3 
= 54 volts 

(be) In this example the current 
which is given in microamps 
must be converted to amps by 
dividing it by 1,000,000. Thus 
our problem becomes: 

(bi) 

47  
E - x 200,000 

1,000,000 

Now you can cancel five zeros 
above the line and five zeros 
below the line and we get: 

47 x 2 94 
E - 10 - 10 - 9.4 volts 

In this example, the current 
which is in microamperes must 
be converted to amps by di-
viding it by 1,000,000, and the 
resistance which is given in 
K-ohms must be converted to 
ohms by multiplying it by 1,000. 
Thus using the formula to find 
the voltage we have: 

58  
E - 1,000,000 x 330 x 1,000 

38 



(be 

E -  58 x 330 x 1000  
1,000,000 

We have four zeros above the 
division line so we can cancel 
four zeros below the line and 
then our problem becomes: 

E 58 x 33 - 
100 

and now multiplying 58 x 33 we 
get: 

1914 
E = 100 - 19.14 volts 

(bi) 

In this example the current, 
which is in la, must be con-
verted to amps by dividing it (bj) 
by 1,000,000, and the resistance 
which is in megohms, must be 
converted to ohms by multiply-
ing it by 1,000,000. Thus to find 
the voltage we have: 

6  
E = x 2 x 1,000,000 

1,000,000 

E - 6 x 2 x 1,000,000  
1,000,000 

and now we can simply cancel 
the 1,000,000 above the divi-
sion line with the 1,000,000 be-
low the division line and our 
voltage becomes 

E = 6 x 2 = 12 volts 

(bh) 3 ohms. To solve a problem of 
this type we use the formula: 

E 
R = — 

I 

In substituting 12 volts for E 
and 4 amps for I we get: 

12 
R = 

4 

= 3 ohms 

In this example, the current is 
given in milliamperes and we 
must convert it to amps. We can 
do this by multiplying the volt-
age by 1,000. When we do this 
we have: 

24 x 1,000  
R - 8 

24' 000 
R -  8 

= 3,000 ohms 

We use the same procedure in 
this example as we did in the 
preceding example. We mul-
tiply the voltage by 1,000 and 
this is the equivalent of con-
verting the current which is in 
ma to amps. Therefore our 
problem becomes: 

45 R -  x 1,000  
15 

R - 45'000 
15 

= 3,000 ohms 

(bk) In this example, the current is 
given in microamperes. To 
convert the current to amperes 
we can multiply the voltage by 
1,000,000 and then proceed with 
our problem. 

34  R x 1,000,000  
= 

170 

34' 000' 000 
R - 170  
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R -'3 400' 000 
17  

= 200,000 ohms. 

(b1) This example is the same as the 
preceding example; the current 
is in microamperes and we 

must convert it to amps. We do 
this by multiplying the voltage 
by 1,000,000. Our problem 
therefore becomes: 

R - 144 x 1,000,000 
120 

R - 144'000'000  
120 

R - 14'400'000  
12 

R = 1,200,000 ohms. 

If we wish to convert this value 
to megohms we can do so by di-
viding by 1,000,000, in which 
case our answer becomes 1.2 
megs. 

(bm) The completed statement, 
which is very important, is as 
follows: If the voltage applied to 
a circuit is increased, the cur-

(bn) 

rent will increase, and if the 
voltage applied to a circuit is 
decreased, the current will de-
crease. 
The complete statement, which 
describes how resistance af-
fects the current in a circuit, 
is as follows: if the resistance 
in a circuit is increased, the 
current will decrease, and if 
the resistance in a circuit is 
decreased, the current will in-
crease. 

LOOKING AHEAD 

You have reached a point where 
you have learned about voltage, cur-
rent and resistance and have started 
to study simple circuits. You used 
the three forms of Ohm's Law in 
performing calculations in simple 
circuits. 

In the next lesson, you will put 
some of these simple circuits to-
gether to form more complex cir-
cuits and you will see that even 
more complex circuits follow the 
same rules that were followed in 
these simple circuits. You have al-
ready come a long way in your 
studying of electronics and you will 
add considerably to your knowledge 
in the next lesson. 
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Lesson Questions 

Be sure to number your Answer Sheet B103. 

Place your Student Number on every Answer Sheet. 

Most students want to know their grade as soon as possible, so they 
mail their set of answers immediately. Others, knowing they will finish 
the next lesson within a few days, send in two sets of answers at a time. 
Either practice is acceptable to us. However, don't hold your answers too 
long; you may lose them. Don't hold answers to send in more than two sets 
at a time, or you may run out of lessons before new ones can reach you. 

1. If a 9 volt battery and a 6volt battery are connected in series aiding, 
what will the output voltage of the two batteries be? 

2. If a 6 volt battery and a 3 volt battery are connected in series op-
posing, what will the output voltage be? 

3. If a battery and a generator are connected as shown in Fig. 10A, and 

the battery voltage is 6 volts and the peak generator voltage is 6 volts, 
what will the maximum positive potential reached at terminal 1 be? 

4. If in the circuit shown in Fig. 10A, the battery voltage is 6 volts and 

the generator peak voltage is 9volts,will terminal 1 ever be negative 
with respect to ground - if so how much? 

5. What are the three types of resistors commonly used in electronic 
equipment? 

6. Give the three forms of Ohm's Law. 

7. If the current flowing in a circuit is 2 amps, when the voltage is 50 
volts, what will the current be if the voltage is reduced to 25 volts? 

8. If the current flowing in a circuit is 50 ma when the resistance is 
1,000 ohms, what will the current be if the resistance is reduced to 
500 ohms? 

9. If the voltage applied to a circuit is 4 volts, and the resistance in the 
circuit is 2,000 ohms, what will the current be? 

10. If the current flowing in a circuit is 3 ma and the resistance is 6,000 
ohms, what will the voltage be? 



GETTING YOUR 'SECOND WIND' 
After an opening burst of speed, a champion long-

distance runner drops down to a steady natural pace. 
This brief period of relaxation releases that reserve 
of power called "second wind." He is then able to 

overtake and pass the now nearly exhausted leaders 
in the race. 
No matter what you are doing, you can always do it 

better once you get your second wind. Instead of 
fighting that sleepy feeling which sometimes comes 
when you are studying, stop and relax for a few 

minutes so as to release your own supply of reserve 
power. Here are some ways to relax, all worth trying. 

Get up and exercise for a few minutes. Get a drink 
of cold water. Step outside for a few deep breaths of 
fresh air. Take a brisk walk up and down the road 

or once around the block. 
If you "shake yourself awake" in one of these 

ways, you'll find it isn't at all hard to get that second 
wind which enables you to study longer and makes 
the going easier. Then you'll get in some real worth-
while studying -- then you'll get things done: 
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STUDY SCHEDULE 

By dividing your study into the steps given below, you can get 
the most out of this part of your NRI Course in the shortest 

possible time. Check off each step when you finish it. 

E 

a 

a 

a 

1. Introduction   Pages 1 - 3 

In this section you learn the difference between series and 
parallel circuits. 

2. Series Circuits   Pages 3 - 13 

You learn about resistance in series circuits and about voltage 
drops. You learn about the very important relationship 

between the voltage drops in a series circuit and the source 
voltage. 

3. Parallel Circuits   Pages 13 - 21 

You learn how to find the resistance of a parallel circuit and 

you study voltage and current in parallel circuits. 

4. Series-Parallel Circuits   Pages 21 - 31 

You learn how to solve problems involving series parallel 
circuit combinations. 

D 5. Answers to Self-Test Questions   Pages 31 - 36 

D 6. Answer the Lesson Questions. 

D 7. Start Studying the Next Lesson. 
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SERIES AND PARALLEL CIRCUITS 

So far you have been studying rela-
tively simple circuits. However, in 
spite of this, you have learned a 
great deal about electricity. You 
have studied voltage, current and 
resistance and the units that are 
used to measure them. You know 
that the units in which current is 
measured are the ampere, milli-
ampere and microampere. The units 
used to measure voltage are the volt, 
the millivolt, the microvolt and the 
kilovolt. The units used to measure 
resistance are the ohm, K-ohm and 
megohm. You should be familiar with 
all these quantities at this time; you 
should know what they mean and how 
to convert from one unit to another. 
You have also studied Ohm's Law 

and how it relates voltage, current 
and resistance. If you know any two 
of these values, you should be able 
to use Ohm's Law to find the third. 

So far the circuits that you have 
studied have been relatively simple 
circuits. In almost all cases they 
have been series circuits. By a 
series circuit, we mean that the 
parts are connected so that there is 

only one path through which current 
can flow. In other words, if a re-
sistor is connected between the 
negative and positive terminals of a 
battery, the electrons must leave the 
negative terminal of the battery, flow 
through the resistance to the positive 
terminal of the battery and then 
through the battery back to the nega-
tive terminal. There is only one path 
through which the current can flow. 

There are other series circuits in 
addition to a circuit with only one 
resistor. A series circuit may have 
a number of resistors such as the 
circuit shown in Fig. 1. The circuit 
is called a series circuit, because 
like the simple circuits you have 
studied, the parts are connected in 
series so that electrons must flow 
first from the negative terminal of 
the battery through Ft1, and then 
through R2 and finally through R3 
back to the positive terminal of the 
battery and then through the battery 
back to the negative terminal. Elec-
trons flow through one part after the 
other, in series. The series circuit 
is a very important circuit in elec-
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Fig. 1. A series circuit. 

tronics; make sure that you under-
stand what is meant by a series cir-
cuit. 

In addition to a series circuit, we 
have what is known as a parallel cir-
cuit, such as is shown in Fig. 2. 
Here we have three resistors con-
nected in parallel across the battery. 
We say that they are in parallel be-
cause there are three parallel paths 
through which current from the bat-
tery can flow. Electrons leaving the 
negative terminal of the battery can 
flow through either R1, R2, or R3 
and then back to the positive ter-
minal of the battery and through the 
battery back to the negative ter-
minal. 

In this lesson you are going to 
study both series and parallel cir-
cuits. Both are important in elec-
tronics. Many circuits found in elec-
tronic equipment are series cir-
cuits; many circuits are parallel 
circuits. Some circuits are combi-
nations of both series and parallel 
circuits. 
When resistors are connected in 

series, such as in Fig. 1, you some-
times need to find the total resist-
ance of the resistors. Similarly when 
they are connected in parallel as in 

Fig. 2, sometimes you have to find 
the effective value of the three re-
sistors in parallel. We will learn 
how to do both in this lesson and you 
will learn how current flow is af-
fected by connecting resistors both 
in series and in parallel. - 

In the first section of the lesson 
we will go into series circuits in 
considerable detail, and then in the 
second section we will go into paral-
lel circuits. After we have com-
pleted both series and parallel cir-
cuits, we will study circuits that are 
combinations of both series and 
parallel circuits. As you may well 
realize, it is extremely important 
that you understand everything 
covered in series circuits first, and 
then what is covered in parallel cir-
cuits later. If there are some points 
that give you trouble, be sure to 
restudy the parts of the lesson you 
are in doubt about before going on. 
If you cannot work out the problem 
yourself, be sure to write to NRI 
and get additional help. If you do not 
master series circuits you will have 
trouble with parallel circuits. If you 
leave some points unclear in parallel 
circuits, then when you go on to study 
combinations of series and parallel 
circuits you will have difficulty with 

Fig. 2. A parallel cireuit. 
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them. Learning electronics is sim-
ply a matter of taking one simple 
circuit at a time, learning how it 
works and then building on that 
knowledge. If you miss some of the 
basic fundamentals, you will have 
difficulty with more advanced cir-
cuits. 

Be sure you can answer the self-
test questions at the end of each sec-
tion. These questions will test you 
on each section, and they are a good 
indication of whether or not you have 
mastered the material covered. 
Now, let us go ahead and study series 
circuits. 

Series Circuits 
A series circuit is a circuit in 

which there is only one path for 
electrons to flow. In a series cir-
cuit, such as we saw in Fig. 1, the 
current flowing is the same at all 
parts in the circuit. In other words, 
the current flowing through R1 is 
equal to the current flowing through 
R2; equal to the current flowing 
through R3 and equal to the current 
supplied by the battery. The leads 
or conductors connecting the resis-
tors and batteries together are also 
carrying the same current as is 
flowing through the resistors. This 
is one of the important things you 
should remember about a series cir-
cuit. There is only one path for elec-
trons to flow, and the current flow 
in the circuit must be the same at 
all points in the circuit. 
When we have resistors connected 

in a circuit such as in Fig. 1, we 
say that the resistors are connected 

• in series. Now, let us see what ef-
fect these resistors connected in 
series have on the current flow in 
the circuit. 

RESISTORS IN SERIES 

In Fig. 3 we have shown a circuit 
that is identical to Fig. 1, except 

that in Fig. 3 we have given the bat-
tery a voltage of 15 volts and given 
each resistor a definite value. When 
the resistors are connected in series 
in this way, each resistor opposes 
the flow of current in the circuit. 
The total opposition to current flow 
will be equal to the sum of the re-
sistances of the individual resis-
tors. Thus, when resistors are con-
nected in series, we can say that 
their total resistance is equal to the 
sum of the resistances. In this par-
ticular case we can express this 
mathematically as: 

RT = R1 + Rg + R3 

This formula can be used for find-

R2z. § 

Fig. 3. t series eireuit. 
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mg the resistance of any number of 
resistors connected in series. The 
total resistance is always equal to 
the sum of the individual resistors. 
Thus if you have five resistors con-
nected in series and want to know 
the total resistance of the five in 
series you simply add the resist-
ances together. Similarly, if there 
are ten resistors connected in 
series, to find the total opposition 
to current flow you simply add the 
value of the ten resistors together. 

The opposition to current flow in 
the circuit will be equal to the total 
resistance of the resistors in series. 
In Fig. 3, the total resistance is: 

RT = 3 + 7 + 5 = 15 ohms 

Therefore, the three resistors con-
nected in series offer the same op-
position to current flow in the circuit 
as a single 15-ohm resistor would 
offer. 
To find the current that will flow 

in the circuit you use Ohm's Law. 
You use it in the form: 

E 
I =7 

When you have a number of resis-
tors in series, R becomes the total 
value of these resistors, or RT. In 
the circuit shown in Fig. 3, 111 = 15 
ohms, and therefore in this circuit, 
the total current flow will be: 

15 
I=---= 1 amp 

15 

The example given in Fig. 3 was 
comparatively simple, because the 
resistance values were all small and 
we did not get involved in any deci-
mal divisions in finding the current. 

A somewhat more difficult example 
of a series circuit is shown in Fig. 
4. However, this should not cause 
any more difficulty in finding the 
total resistance in the circuit than 
the example in Fig. 3, nor should it 
cause you any more difficulty in 
finding the total current flowing in 
the circuit, if you use the procedures 
you learned in the preceding lessons. 

The first step in finding the total 

--j\AA/—l\AA/— 

R5= 3.3K R4=I.2 K 

45 V 

imm 

131=1200.n_ R2= I.5K 

I800A§ 

Fig. I..% series circuit with five resistors. 

current that will flow in this circuit 
is to find the total resistance. Todo 
this, you must convert all the re-
sistance values to ohms. R1 = 1200 
ohms. R2 = 1.5K-ohms. To convert 
this to ohms you multiply by 
1000; thus 1.5 x 1000 = 1500 ohms. 
R3 is given as 1800 ohms. R4 is 
1.2K-ohms, and again to convert this 
to ohms you multiply by 1000 and 
get 1200 ohms. Similarly, R5 which 
is 3.3K-ohms is equal to 3300 ohms. 
Now you simply write down the 

values of these resistances as shown 

in Fig. 5, and then add the five values 
to get the total resistance in the cir-
cuit. 
As shown in Fig. 5, the total re-

sistance of the five resistors con-
nected in series is 9000 ohms. Now, 
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we use Ohm's Law to find the cur-
rent that will flow in the circuit. We 
use the form, 

E 
=— 
R 

If we substitute the values of 45 volts 
for the voltage, and 9000 ohms for 
the resistance, we will see that we 
immediately are involved with a 
decimal division. However, you will 
remember from the preceding les-
son that you could multiply by 1000 
and get the current directly in milli-
amperes. Once you do this the prob-
lem becomes: 

45  
I - 9000 x 1000 

and we can cancel three zeros above 
and below the division line so that 
our problem is 

45 
I= 

9 

= 5 ma 

Any series circuit problem can be 
solved in the same way. To find the 
current flowing in the circuit you 
find the total resistance in the cir-
cuit and then divide this total re-
sistance into the voltage applied. 
This will give you the total current 
flow in the circuit. 

MEASURING VOLTAGES 

Voltages are measured by means 
of an instrument called a voltmeter. 
To measure the voltage across a bat-
tery, a generator or a circuit, you 
connect the voltmeter directly 
across the part where you want to 
measure the voltage. 

1200 
1500 
1800 
1200 
3300 
9000 

Fig. 5. Total value of the five resistors in 
Fig. 1 

To measure dc voltages, you use 
a de voltmeter. A dc voltmeter has 
one terminal marked with a minus 
sign and the other terminal marked 
with a plus sign. To measure the 
voltage across the battery shown in 
Fig. 6, you connect the minus ter-
minal of the meter to the negative 
terminal of the battery and the plus 
terminal of the meter to the positive 
terminal of the battery. When you 
connect a meter across a 30-volt 
battery such as shown in Fig. 6, the 
meter pointer will move up the scale 
and indicate a voltage of 30 volts. 
Don't worry about how the meter 
works now - we will go into that 
later. The important point to see 
here is that you connect the minus 
terminal of the meter to the minus 
terminal of the battery and the plus 
terminal of the meter to the plus 
terminal of the battery. 
Now looking at Fig. 6, you see that 

Fig. 6. Measuring voltage in a simple 
series circuit. 
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 i\AA/  
15 

R2 

30 V 

R1 

15 

 i\AA,  

_   
Fig. 7. Measuring voltage across series resistors. 

the resistor is connected directly 
across the battery. Suppose we 
wanted to measure the voltage 
across the resistor, how would we 
do it? 

Since the resistor is connected 
directly across the battery we would 
actually be reading the battery volt-
age if we connect the meter across 
the resistor. Therefore the meter 
must be connected across the re-
sistor as shown in Fig. 6. The minus 
terminal of the meter must be con-
nected to the end of the resistor that 
connects to the negative terminal of 
the battery and the plus terminal of 
the meter must be connected to the 
end of the resistor that connects to 
the plus terminal of the battery. 
Again, since the meter and resistor 
are both connected directly across 

the battery, the meter would indicate 
that the voltage was 30 volts. 

Now, let us look at Fig. 7. Here, 
instead of a single 30-ohm resistor, 
we have two 15-ohm resistors con-
nected in series across the 30-volt 
battery. Since the total resistance 
offered by the two 15-ohm resistors 
will be 30 ohms, insofar as the bat-
tery is concerned, the circuit will 
appear exactly like the one in Fig. 
6. If we use Ohm's Law we would 
find that the current in both cases 
was 1 amp. If we measure the volt-
age across the battery, we connect 
the meter across the battery in 
exactly the same way as we con-
nected it in Fig. 6. 

If we want to measure the voltage 
across the two resistors in series, 
we would connect the negative ter-
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minal of the meter to the terminal 
of Ri that connects to the negative 
terminal of the battery and the plus 
terminal of the meter to the termi-
nal of Rz that connects to the plus 
terminal of the battery. The meter 
would indicate 30 volts across the 
two resistors, because once again 
we are in effect simply connecting 
the meter across the battery. How-
ever, if the voltage across the two 
resistors in series is 30 volts, then 
it is logical to assume that the volt-
age across one resistor is only half 
this value or 15 volts. Indeed, if we 
connect the meter across R1 we 
would find that the voltage is 15 
volts, and if we can connect the me-
ter across Ra we would find that the 
voltage across Ra is 15 volts. 
To measure the voltage across 

one of these resistors, we connect 
the meter as shown. Notice that when 
measuring the voltage across RI, the 
minus terminal of the meter must be 
connected to the end of the resistor 
that connects to the negative termi-
nal of the battery, and the plus ter-
minal of the meter is connected to 
the other end. This indicates that 
there is a voltage across R1 having 
a polarity as shown in Fig. 7. To 
measure the voltage across Ra, we 
connect the meter with the plus ter-
minal to the end of the resistor that 
connects to the positive terminal of 
the battery and the minus terminal 
of the meter to the other end of Ra. 
This indicates that the voltage 
across R3 has the polarity shown. 
We know that the current flow in 

this circuit will be 1 amp. We can 
prove that there should be a voltage 
of 15 volts across each of these re-
sistors by using Ohm's Law. Ohm's 
Law states that if you know the re-
sistance and current in a circuit you 

can find the voltage. You know that 
the resistance of R1 is 15 ohms and 
you know that the current flowing 
through it is 1 amp. Putting these 
values in Ohm's Law we get: 

E = IR 
E = 1 x 15 = 15 volts 

In the same way you could calcu-
late the voltage across R3 and you 
would find that it is also 15 volts. 
However, it is not necessary to do 
this because you know that the volt-
age across the series combination 
of R1 and R2 must be 30 volts since 
they are connected across the 30-
volt battery, and that if the voltage 
across one of the resistors is 15 
volts, the voltage across the other 
must be 15 volts also. In addition, 
in any circuit where you had equal 
resistors and the same current flows 
through the resistors, the voltage 
drops across the resistors must be 
equal. 
We have taken this example one 

step further in Fig. 8. Here we have 
put three 10-ohm resistors in series 
across the 30-volt battery. Once 
again, you know that the total resist-
ance in the circuit will be the sum of 
the individual resistors, which again 
is 30 ohms. Therefore the current 
flow in the circuit will be 1 amp and 
the voltage across each resistor will 
be 10 volts. To measure these volt-
ages, you connect the meter across 
the individual resistors as shown. 
Notice that the negative or minus 
terminal of the meter always con-
nects to the end of the resistor 
closest to the negative terminal of 
the battery and the positive or plus 
terminal of the meter connects to 
the end of the resistor closest to 
the positive terminal of the battery. 



30 V R2 §10.n. 

Fig. 8. Voltage polarities across three 
series resistors are as shown. 

Across each resistor there will be 
a voltage, and in this case the volt-
age across each resistor will be 10 
volts. The voltage across each re-
sistor will have the polarity shown 
on the diagram. 

VOLTAGE DROP 

In referring to the voltage across 
the resistors in a circuit such as 
Fig. 8, we say that part of the volt-
age is used or dropped across each 
resistor. We refer to the voltage 
across a resistor as a "voltage 
drop". It is important that you re-
member this term, since we willuse 
it over and over again. We say that 
the voltage is "dropped" across a 

resistor, and we refer to the volt-
age across each resistor as a "volt-
age drop". 

In a series circuit such as the one 
shown in Fig. 8, the sum of the volt-
age drops will always be equal to the 
source voltage. This means that the 
voltage drop across R1, plus the 
voltage drop across Re, plus the 
voltage drop across R3 will be equal 
to the battery voltage. This is true 
regardless of what the battery volt-
age is and regardless of the value 
of the resistors used in the series 
circuit. The sum of the voltage drops 
in a series circuit will always be 
equal to the source voltage. 
Sometimes we have occasion to 

trace through a series circuit such 
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as the one shown in Fig. 8 and re-
cord the voltages across the indi-
vidual parts in the circuit. Let us do 
this starting at the minus terminal 
of the battery. The first part we 
come to is R1 and the voltage across 
R1 is 10 volts. Now the question be-
comes, should we write this as minus 
10 volts or plus 10 volts? In tracing 
through the series circuit, we trace 
from the minus end of R1 to the plus 
end. Let us say that all voltage en-
countered tracing from minus to plus 
will be indicated as positive volt-
ages. Therefore the voltage drop 
across R1 is + 10 volts. Now we 
come to Ra, and the voltage across 
it is also 10 volts. Since we are 
tracing from the minus end of the 
resistor to the plus end we indicate 
the voltage across this resistor as 
+ 10 volts too. Next, we come to R3 
and the voltage across it is 10 volts 
and we are tracing it in the same 
way, from the minus end of the re-
sistor to the plus end so we indicate 
this voltage as + 10 volts. Now as we 
continue to trace through the circuit 
we come to the positive terminal of 
the battery. Now we trace through 
the battery from the positive ter-
minal to the minus terminal - in 
other words we are tracing through 
the battery in the opposite direction 
from which we traced through the 
resistors. Therefore since we have 
called the other voltages plus volt-
ages, we must indicate this as -30 
volts. Now if we add the voltages 
around the circuit we have 

+ 10 volts + 10 volts + 10 volts - 30 
volts = 

+ 30 volts - 30 volts = 

This brings us to another 

tant rule or law in electronics known 
as Kirchhoff's Law. It states that 
the sum of the voltages in a closed 
circuit is 0. In other words, when 
you trace around a complete series 
circuit such as is shown in Fig. 8, 
and add the voltages with the proper 
polarity, the sum of these voltages 
will be 0. This is essentially the 
same as the statement that the sum 
of the voltage drops in the circuit 
will be equal to the source voltage. 
We have gone through both state-
ments even though they are essen-
tially the same, because you will 
run into both in your studies of elec-
tronics and it's important that you 
know what they mean and know that 
they are really saying the same 
thing. 

Knowing that the sum of the volt-
age drops in a series circuit is equal 
to the source voltage will enable you 
to find the voltage across a resistor 
in an example such as the one shown 
in Fig. 9. Here you are given the 

R5 + R4 
- - 

10V 8V 

60v 

IOV I5V 

+-
R1 R2 

3 

Fig. 9. The voltage across 113 can be found 
impor— in the above circuit. 
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source voltage as 60 volts. You are 
given the voltage across four of the 
resistors and want to find the volt-
age across R3. You know that the 
sum of the voltage drops across the 
five resistors must be equal to 60 
volts. So you add the voltage drops 
that are known across the four re-
sistors. This will give you 

10 + 15 + 8 + 10 = 43 volts 

Since the sum of the five voltage 
drops must be equal to 60 volts and 
the voltage drops across the four 
resistors total 43 volts, then you 
know that the voltage drop across R3 
must be equal to 17 volts. 

Being able to work simple prob-
lems like this in series circuits will 
be helpful to you. In some electronic 
equipment parts may be buried in 
such a way that it is practically im-
possible to get at them with a volt-
meter. You might want to measure 
the voltage across such a part. 
Sometimes, while it is impossible 

to get at the particular part across 
which you want to measure the volt-
age, you can measure the source 
voltage across this part and a num-
ber of other parts in series. Then 
if you can measure the voltage drop 
across the other parts and subtract 
these voltage drops from the source 
voltage, you can determine what the 
voltage drop is across the part in 
which you are interested. Being alert 
to such simple things as this is often 
what makes the difference between 
an expert technician who is able to 
get at the source of trouble in a piece 
of equipment quickly, and a tech-
nician who sort of blunders around 
trying first one thing and then the 
other, servicing more or less by a 
hit-and-miss procedure. 

TUBE AND TRANSISTOR 
CIRCUITS 

Often vacuum tube and transistor 
circuits are simple series circuits. 
In Fig. 10, we have shown two ex-
amples of such circuits. Looking at 

o 
Fig. 10. A series tube circuit is shown at A; a series transistor circuit at B. 
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Fig. 10A first, here we see a triode 
vacuum tube. Some of the parts that 
are normally found in the circuit 
have been omitted for simplicity. 
The circuit that we are interested 
in is the series circuit made up of 
the battery, R1, the tube and Ra. 
Electrons leave the negative termi-
nal of the battery and flow through 
R1 to the cathode of the triode tube. 
We use the letter k to designate the 
cathode. The cathode is heated to a 
red heat by the heater inside the 
cathode. (We have not shown the 
heater on the diagram because it is 
not part of the series circuit in which 
we are interested.) The electrons 
fly off the heated cathode and travel 
over to the plate of the tube. From 
the plate the electrons flow through 
Ra back to the positive terminal of 
the battery and through the battery 
back to the negative terminal. Thus 
we have a series circuit consisting 
of R1, the vacuum tube, R2 and the 
battery. Across each of these parts 
there will be a voltage drop. The 
voltage drop across R1 will have 
the polarity shown; the end that con-
nects to the negative terminal of the 
battery will be negative and the end 
of the resistor that connects to the 
cathode of the tube will be positive. 
There will be a voltage drop between 
the cathode and the plate of the tube; 
the cathode will be negative and the 
plate positive. There will be a volt-
age drop across R2, the end of the 
resistor that connects to the plate 

of the tube will be negative, and the 
end that connects to the positive 
side of the battery will be positive. 
By using a de voltmeter and con-
necting it with the proper polarity 
we can actually measure these volt-
age drops, and if we use the right 
kind of meter so it will not upset 

the performance of the circuit, we 
will find that the sum of these volt-
age drops is equal to the battery 
voltage. 

In Fig. 10B, we have shown a tran-
sistor circuit. We have also left out 
some of the parts in this circuit to 
simplify it. The series circuit we 
are interested in consists of RI, the 
transistor, R2 and the battery. In 
this circuit, electrons leave the 
negative terminal of the battery and 
flow through R1 to the emitter 
(marked e) of the transistor. Here 
they flow from the emitter to the 
base (marked b), and from the base 
to the collector (marked c), and from 
the collector through Rg back to the 
positive terminal of the battery, and 
through the battery back to the nega-
tive terminal. We have a series of 
voltage drops around the circuit as 
shown by the polarities marked on 
the diagram. Again, we can measure 
the voltage drop across R1, the volt-
age drop between the emitter and 
collector of the transistor and the 
voltage drop across Ra, and the sum 
of these three voltage drops will be 
equal to the battery voltage. 

These simple series circuits are 
typical of the series circuits you will 
find in all types of electronic equip-
ment. You will find that the current 
flowing through these simple cir-
cuits is extremely important. The 
generator connected between the 
grid and ground of the tube circuit 
and between the base and ground in 
the transistor circuit causes the 
current through these circuits to 
vary, and this varying current is 
what makes it possible for the tube 
and the transistor to amplify the 
signal. The generator in each case 
is representing a small signal in-
put, such as might be obtained from 

11 



a microphone or from a preceding 
stage. An amplified signal will ap-
pear across R2 in each case. We 
will go into detail on how these de-
vices amplify later. The important 
thing for you to see at this time is 
the simple series circuits involved 
and to realize how important it is 
that you are able to recognize series 
circuits and remember the im-
portant facts about them. 

SUMMARY 

Series circuits are extremely im-
portant; you will find all kinds of 
them in electronic equipment. You 
must be able to recognize a series 
circuit. It is a circuit inwhich elec-
trons leave the negative terminal 
of the voltage source and flow 
through a number of parts, one after 
the other, to the positive side of the 
voltage source and through the volt-
age source back to the negative ter-
minal. 
Remember what is meant by a 

voltage drop. It is the voltage that 
appears across any part in a series 
circuit. You must also be able to 
indicate the polarity of the voltage 
drop across a part. The end of the 
part that is closest to the negative 
terminal of the voltage source will 
be negative, and the end of the part 
that is closest to the positive ter-
minal of the voltage source will be 
positive. 
Remember the two important 

rules about the voltages in a series 
circuit. The sum of the voltage drops 
in a series circuit is equal to the 
source voltage. Another way of ex-
pressing the same rule is that if 
you add the voltages with the correct 
polarity, the sum of the voltages 
around a series circuit will be equal 
to O. 

If there are any parts of the pre-
ceding section that are not clear to 
you, it would be worthwhile to go 
over the entire section again, before 
trying the self-test questions. These 
early lessons are the most impor-
tant lessons in your course. A thor-
ough understanding of basic circuits 
will help you all the way through 
your course; it will make later les-
sons comparatively easy. On the 
other hand, if you do not understand 
these basic circuits, then you will 
have difficulty all the way through 
your course. After you have 
mastered the material covered in 
this section answer the self-test 
questions. If you find that you cannot 
answer one of the self-test ques-
tions, don't hesitate to go back and 
review. These questions are put in 
the lesson to help you determine 
whether or not you know as much 
as you should about the section. By 
going back and finding the answer 
to a self-test question that you can-
not answer, you will be reviewing 
a part of the lesson that is not clear 
to you. This will help you master 
the important parts of the lesson. 

SELF-TEST QUESTIONS 

(a) 

(3) 

What is a series circuit? 
How do you connect a dc volt-
meter to a battery to measure 
the battery voltage? 

(c) Draw a simple series circuit 
consisting of a battery and three 
resistors. Label the resistor 
that connects to the negative 
terminal of the battery RI, and 
the resistor that connects to the 
positive terminal of the battery 
R3. Label the resistor between 
R1 and R3, R2. 

(d) Indicate the polarity of the volt-
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(f) 

(g) 

(h) 

(i) 

age drops across the resistors 
in the series circuit you have 
drawn. 

(e) If R1 equals 3 ohms, R2 equals 
4 ohms and R3 equals 5 ohms, 
what is the total resistance of 
the three resistors connected 
in series? 
If the total current flowing in 
your series circuit is 2 amps, 
find the voltage drop across 
each of the three resistors in 
the circuit. 
What is the source voltage in 
the series circuit you have 
drawn? 
In a series circuit in which four 
resistors are connected across 
a battery, the battery voltage is 
35 volts. The voltage drop 
across one resistor is 5 volts, 
across another resistor it is 7 
volts, and across a third re-
sistor it is 10 volts. What is 
the voltage drop across the 
fourth resistor? 
In a vacuum tube circuit such 
as shown in Fig. 10A, the volt-

(J) 

(k) 

age drop across R1 is 3 volts, 
the voltage drop across Re is 
125 volts, and the source volt-
age is 250 volts. What is the 
voltage between the plate and 
cathode of the tube? 
In a transistor circuit such as 
shown in Fig. 108, the voltage 
drop across R1 is .2 volts. The 
voltage drop across R3 is 3.6. 
volts. The battery voltage is 6 
volts. What is the voltage drop 
between the emitter and collec-
tor of the transistor? 
Draw a series circuit with a 
battery and five resistors like 
the one shown in Fig. 4. R1 
equals 120 ohms, Ra equals 150 
ohms, R3 equals 180 ohms, R4 
equals 120 ohms and Rs equals 
330 ohms. The battery voltage 
is 18 volts. Find the total re-
sistance in the circuit and then 
find the current flowing in the 
circuit, and finally find the volt-
age drop across each resistor 
and label the polarity of the 
voltage drop. 

Parallel Circuits 

You might think of a parallel cir-
cuit as the opposite of a series cir-
cuit. In a series circuit, current 
flows through one part after the other 
in the circuit. There is only one path 
for current flow and the current is 
the same in all parts of the circuit. 
In a parallel circuit, a different cur-
rent can flow through each branch 
of the circuit. If two resistors are 
connected in parallel there are two 

paths through which current can 
flow; if three resistors are con-
nected in parallel then there are 
three paths through which current 
can flow, and the current flowing in 
each path or branch of the circuit 
can be different. 

Parallel circuits might seem a 
little confusing at first, but actually 
they are quite simple even though 
there are some important rules 
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o o 
Fig. II. Simple parallel resistor circuits. 

which govern their performance. 
Once you learn these rules you will 
see that parallel circuits are no 
more difficult to understand than 
series circuits. 

In the preceding section we 
learned that when two resistors were 
connected in series that their total 
resistance was equal to the sum of 
their resistances. We have a some-
what different situation in parallel 
circuits, so let us see exactly what 
happens. 

RESISTORS IN PARALLEL 

Often in electronic equipment two 
or more resistors may be connected 
in parallel. We need to be able to 
find the effective resistance of two 
resistors connected in parallel. 

In Fig. 11A, we have shown two 
6-ohm resistors connected in paral-
lel. Between terminals 1 and 2 of 
these resistors there will be some 
net value of resistance. We can con-
nect these two resistors in parallel 
across a battery as shown in Fig. 
11B, and a certain current will flow 

6.n. 

in the circuit. The current that will 
flow in the circuit will depend upon 
the battery voltage, and the net re-
sistance of the two resistors con-
nected in parallel. 
We can see better what is happen-

ing if we redraw the circuit as shown 
in Fig. 11C. Here we see clearly that 
each resistor is connected directly 
across the battery. Therefore there 
will be a current path from the nega-
tive terminal of the battery to the 
first 6-ohm resistor, through this 
resistor, and back to the positive 
terminal of the battery. The amount 
of current that will flow will depend 
upon the voltage of the battery, and 
the resistance of the resistor, which 
in this case is 6-ohms. There will 
be a similar path from the negative 
terminal of the battery and through 
the second resistor and back to the 
positive terminal of the battery. 

Since the two resistors are of 
equal value, for a given battery volt-
age, equal currents will flow through 
the two resistors. Let us suppose 
that the battery voltage is 6 volts. 
Then, the current flowing through 
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either of the 6-ohm resistors will 
be 1 amp. This means that the total 
current flowing in the circuit will be 
2 amps, lamp through each resistor. 

Now, since we know the battery 
voltage and the total current flowing, 
we can substitute these values in 
Ohm's Law and find the effective re-
sistance in the circuit. Using 

E 
R =7-

R =-6 = 3 ohms 
2 

Thus the resistance of two 6-ohm 
resistors connected in parallel is 
3 ohms - notice that it is one half 
the resistance of either resistor. 
You can set up other examples of 

equal resistors connected in paral-
lel, and you will find that it always 
works out that the total resistance 
of the resistors in parallel is equal 
to one half the resistance of either 
resistor. 
You might wonder about our se-

lecting a voltage of 6 volts to work 
out this problem. We selected 6 volts 

simply to make the division easy. 
We could select any voltage; the cur-
rent through each resistor would be 
different, but the result will always 
be the same. For example, suppose 
we select a battery voltage of 18 
volts. Then, from Ohm's Law, the 
current through each resistor will 
be three amps, and therefore the 
total current flowing in the circuit 
will be 6 amps. When we substitute 
these values into Ohm's Law we find 
that once again the total resistance 
in the circuit is 3 ohms. Selecting 
a voltage like this is an easy way of 
finding the resistance of two resis-
tors connected in parallel: there is 
another method that can be used 
which we will show you later. 
You can use the same procedure 

in finding the total resistance of two 
unequal resistors connected in 
parallel. For example, suppose we 
have a 4-ohm resistor and an 8-
ohm resistor connected in parallel 
as shown in Fig. 12A. We can sim-
ply set up a simple circuit such as 
shown in Fig. 12B and then assume 
a convenient battery voltage which 

o 

IA 

Fig. 12. Finding the value of 4n in parallel with 812. 
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in this case might be 8 volts. With 
a voltage of 8 volts, a current of 2 
amps will flow through the 4-ohm 
resistor and a current of lamp, will 
flow through the 8-ohm resistor. 
Therefore the total current flow in 
the circuit will be 3 amps. Now to 
find the total resistance we divide 
3 amps into 8 volts and get 2.67 ohms. 

In the examples shown in Figs. 11 
and 12, it was easy to pick a voltage 
into which the resistance values can 
be divided to give convenient values 
of current. Sometimes this is not so 
easy and then we use another method 
of finding the value of resistors con-
nected in parallel. We use the for-
mula 

R1 X Ra 
Rt - Ri Ra 

This formula states that the total 
resistance of two resistors con-
nected in parallel is equal to the 
product of the resistance of the two 
resistors divided by the sum of the 
resistance of the two resistors. 
For example, using the two 6-

ohm resistors that we used in Fig. 
11, in this formula we get 

6 x 6  
Rt - 6 + 6 

Rt 36 = 3 ohms 

This formula is particularly use-
ful in finding the value of larger re-
sistors. For example, find the value 
of 2400 ohms in parallel with 800 
ohms. Substituting these values in 
the formula we get 

_  2400 x 800  
In 2400 + 800 

1920000  
- 3200 

and now cancelling two zeros above 
the division line and two zeros below 
the division line, we have 

ph. 19200  
- 32 - 600 ohms 

Often you will have more than two 
resistors connected in parallel and 
want to find the total resistance of 
the group. In Fig.13A we have shown 
three resistors in parallel. In Fig. 
13B we have shown them connected 
across a battery. If we assume a 
battery voltage of 24 volts, then we 
will get a whole number for the cur-
rent flowing through each resistor. 
The current through the 6-ohm re-
sistor would be 4 amps, the current 
through the 8-ohm resistor would be 
3 amps, and the current through the 
12-ohm resistor would be 2 amps. 
This will give us a total current of 
9 amps. Now using Ohm's Law we 
can find the total resistance 

E 
R = — 

I 

24 R =— = 2.666+ ohms 
9 

which we round off to 2.7 ohms. 
Another way to find the total re-

sistance of three resistors in paral-
lel is to use the formula first for 
two of the group, finding the paral-
lel resistance, and then using the 
formula again with the result and 
the third resistor in parallel with 
the parallel resistance of the first 
two resistors. 

In the example, if we find the re-

sistance of the 6-ohm and 12-ohm 
resistor in parallel first, we will 
have less work to do with fractions. 
Using the formula, we find that 6 
ohms in parallel with 12 ohms is 
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Fig. 13. A parallel circuit with three current paths. 

6 X 12 
Rt - 6 + 

12 

72 
Rt =-18 = 4 ohms 

Thus the value of a 6-ohm resistor 
in parallel with a 12-ohm resistor 
is 4 ohms. Now we find the value of 
4 ohms in parallel with 8 ohms, which 
we did previously and we find 

4 x 8  
Rt - 4 + 8 

pp 32 
= 2.666+ ohms 

= 12 

Again we round it to 2.7 ohms. 
If you have four or five resistors 

connected in parallel you can use the 
same formula, simply grouping them 
together in pairs and then substi-
tuting the parallel resistance in the 
formula. For example, in the case of 
five resistors you might find the val-
ue of Ri and R2 in parallel and then 
the value of Re and R4 in parallel. 
Next, find the parallel resistance of 
the Ri-R2 combination in parallel 
with the R3-R4 combination, and 

when you get the answer to the value 
of these four resistors in parallel, 
find the value of the four of them in 
parallel with R5. When working out 

a problem of this type, sometimes 
it is worthwhile to look for groups 
that will work out in even numbers 
before starting the problem, and this 
will save some work. For example, 
look at the five resistors in parallel 
in Fig. 14. 

In this example, if we group to-
gether R and R2 we get 

12 X 24 
Rt - 12 + 24 

288 
Rt ---= 8 ohms 

36 

Therefore we can consider Ri and 
Re as a single 8-ohm resistor. Now 
notice that the value of R4 is 8 ohms, 
so let us consider the parallel com-
bination of R1 and R2 which is equal 
to 8 ohms, with R4. We can use the 
formula to find the value, but if we 
remember that the value of equal 
resistors in parallel is equal to one 
half the resistance of either resistor 
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Fig. 14. Five resistors in parallel. 
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we know immediately that the paral-
lel combination is equal to 4 ohms. 
Now we consider the parallel com-

bination of R1, R2 and Rg as a single 
4-ohm resistor. We now find the 
value of it in parallel with R5, which 
is also a 4-ohm resistor, and we 
know immediately that the value of 
this combination is 2 ohms. Now we 
know that R1, Ra, Rg and R5 in 
parallel have a resistance of 2 ohms. 
Now all we need to do is find the 
value of 2 ohms in parallel with R3, 
which is 6 ohms, and we use the 
formula to do this. 

6 x 2 
Rt - 6 + 2 

Rt =a.= 1.5 ohms 
8 

You can work this problem out by 
grouping other resistors together 
first; try working it out grouping 
R1 and R3 together first, get the 
value of this combination, and next 
get the value of Ra and Rg in paral-
lel. After you have done this decide 
for yourself which two you should 
group together next to make your 
calculation as easy as possible, and 
then find the value of this combina-
tion in parallel with the remaining 
resistance to see if you getthe same 

answer of 1.5 ohms. 
Before leaving this section on re-

sistors in parallel, there are a few 
other important points that you 
should notice. 

Notice that in each of the examples 
given in Figs. 11, 12, 13 and 14 the 
total resistance of the resistors in 
parallel is less than the resistance 
of the smallest resistor. This is al-
ways true in a parallel circuit. 
Whenever you connect two or more 
resistors in parallel, the resistance 
of the parallel combination will al-
ways be less than the resistance of 
the smallest resistor, regardless of 
the value of the resistors connected 
in parallel. 

If you look back at Fig. 11 you can 
see why this is so. You know from 
Ohm's Law that 

E 
R = — 

I 

Whenever you connect a resistor 
across a battery, a current flows in 
the circuit and for a given value of 
voltage a certain current will flow. 
If the voltage remains constant in the 
circuit and the current increases, 
then the resistance must get 
smaller. Whenever you connect a 
second resistor across a first re-
sistor the current increases be-
cause there is a second path through 
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which current can flow. Therefore 
when you connect two resistors in 
parallel and the value of E remains 
the same, the value of I increases 
and therefore the value of R must 
get smaller. 
Sometimes when two resistors are 

connected in parallel, one resistor 
is so much larger than the other that 
practically all of the current flowing 
in the circuit flows through the 

smaller resistor. For example, if a 
1000-ohm resistor is connected in 
parallel with a 1-ohm resistor and 
the two are connected across a bat-
tery, one thousand times as much 
current will flow through the 1-ohm 
resistor as through the 1000-ohm 
resistor. The current flowing 
through the 1000-ohm resistor would 
be such a small percentage of the 
total current flow in the circuit that 
it could be ignored. For all practi-
cal purposes, the total resistance of 
the two resistors in parallel can be 
considered as 1 ohm. 

In most electronic circuits exact 
calculations are not necessary be-
cause most of the parts have a rea-
sonable tolerance. If we want to get 
an approximate value of a group of 
resistors connected in parallel, we 
can usually ignore any resistor that 
is more than ten times larger than 
the smallest resistor in the circuit. 
Thus, if you had a 2-ohm, a 4-ohm 
and a 50-ohm resistor connected in 
parallel and wanted to get the ap-
proximate resistance of the parallel 
combination, you could ignore the 
50-ohm resistor because it is more 
than ten times the resistance of the 
2-ohm resistor. The value of the re-
sistance you would obtain by ignoring 
this resistor would not differ ap-
preciably from the value you would 
obtain if you did not ignore it and 

found the exact resistance of the 
parallel combination. Keep this in 
mind, because sometimes it will 
save you some unnecessary work if 
you are interested in finding only 
the approximate resistance of a 
group of resistors in parallel and 
do not need to know the exact re-
sistance. 

VOLTAGE AND CURRENT 

IN PARALLEL CIRCUITS 
In a series circuit, the current is 

the same in all parts of the circuit. 
The voltage drop across a part in a 
series circuit depends upon the re-
sistance of the part. 

In a parallel circuit we have es-
sentially the opposite situation. In 
a parallel circuit, since the parts 
are connected directly across each 
other, the voltage across each part 
must be the same. This means that 
the voltage across all the parts in a 
parallel circuit is the same. You 
cannot have two parts connected in 
parallel and have unequal voltages 
across them. 
The current that will flow through 

each part in a parallel circuit will 
depend upon the voltage applied 
across the parallel circuit and the 
resistance of the part. Since each 
branch of a parallel circuit can have 
a different resistance, then we can 
have a different current flowing in 
each branch of the circuit. 

Therefore, you should remember 
that in a parallel circuit the voltage 
will be the same across each part 
in the circuit. The current through 
each branch of the circuit will de-
pend on the resistance of the branch. 
The highest current will flow through 
the branch having the lowest resist-
ance and the lowest current will flow 
through the branch having the highest 
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resistance. The total current flow-
ing in a parallel circuit is equal to 
the sum of the currents flowing 
through the individual branches. 

SUMMARY 

Parallel circuits are widely used 
in electronic equipment and you will 
see many examples of them later in 

your course. 
There are several important 

things you should remember about 
resistors in parallel. Remember 
that when two or more resistors are 
connected in parallel the total re-
sistance of the parallel combination 
will always be less than the resist-
ance of the smallest resistor. 
When two equal value resistors 

are connected in parallel, the total 
resistance will be equal to one half 
the resistance of either resistor. 
If three equal value resistors are 
connected in parallel, the total re-
sistance will be one third the re-
sistance of either resistor, and if 
four equal value resistors are con-
nected in parallel, the total resist-
ance will be one quarter the resist-
ance of any one resistor. 

We can find the resistance of two 
resistors connected in parallel by 
using the formula 

R1 X Ra 
Rt — Ri + R2 

Now answer the self-test ques-
tions on this section of the lesson; 

they will be a good review for you. 

SELF-TEST QUESTIONS 

(1) 

(m) 

(n) 

(o) 

(P) 

(q) 

In a parallel circuit the voltage 
across all branches of the parallel 
circuit will be equal. The current 
flow in each branch of the circuit 
will depend upon the resistance of 
the circuit, the highest current will 
flow through the lowest resistance 
branch, and the lowest current will (r) 
flow through the highest resistance 
branch. 

What is the total resistance of 
two 50-ohm resistors con-
nected in parallel? 
What is the total resistance of 
a 24-ohm resistor connected in 
parallel with a 12-ohm resis-
tor? 
If a 3-ohm and a 4-ohm resis-
tor are connected in parallel 
across a 12-volt battery, what 
will be the total current flow 
from the battery, and what will 
be the total resistance of the 
3-ohm and 4-ohm resistance 
in parallel? 
If two 8-ohm resistors are con-
nected in parallel with a 1000-
ohm resistor, what will be the 
resistance of the parallel com-
bination? 
If two resistors, R1 and Ra, are 
connected in parallel across a 
battery and a current of 1 amp 
flows through R1 and a current 
of 2 amps flows through Ra, 
which is the larger resistor? 
How much larger is it than the 
other resistor? 
If a 5-ohm resistor and a 10-
ohm resistor are connected in 
parallel across a battery, and 
the current through the 5-ohm 
resistor is 2 amps, find the 
voltage across the 10-ohm re-
sistor and the current that will 
flow through it. What is the total 
current flowing in the circuit? 
What is the battery voltage? 
Complete the following state-
ment: in a parallel circuit, the 
voltages across all branches of 
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the parallel circuit will be 

(s) In a parallel circuit, the cur-
rent through each branch of a 
parallel circuit will depend 
upon  of the 

branch. The largest current 
will flow through the branch 
having the resistance, 
and the smallest current will 
flow through the branch having 
the resistance. 

Series-Parallel Circuits 

In radio and television transmit-
ters and receivers as well as in all 
types of electronic control devices 
you will find many series circuits 
and many parallel circuits. How-
ever, in addition to these two types 
of circuits you will find many cir-
cuits that are combinations of series 
and parallel circuits. These types 
of circuits are called series-paral-
lel circuits. 

An example of a series-parallel 
circuit is shown in Fig. 15. In this 
circuit, the two resistors, R2 and 
R3, are connected in parallel. Any 
current flowing in the circuit, when 
it reaches the junction of R3 and R3 
has two paths through which it can 
flow. Part of the current can flow 

3 

Fig. 15. A series-parallel circuit. 

through R2 and part of it can flow 
through R3. The exact percentage 
of the current that will flow through 
each resistor will depend upon their 
relative size. If the resistors are 
equal, half the current will flow 
through R2 and half of it will flow 
through R3. On the other hand, if one 
of the resistors is much larger than 
the other, most of the current will 
flow through the smaller resistor 
and only a small percentage of the 
current will flow through the larger 
resistor. 
The two parallel resistors R2 and 

R3 are connected in series with the 
resistor R1 and with the battery. 
Thus, part of the circuit is a simple 
series circuit and part of it is a 
parallel circuit. 

In a circuit of this type, electrons 
leave the negative terminal of the 
battery and flow through the resistor 
RI. The current divides after it 
flows through RI, and part flows 
through R2 and part flows through 
R3. Then the current joins at the 
junction of the two resistors and 
flows back to the positive terminal 
of the battery and through the bat-

tery back to the negative terminal. 
In solving for values of current, 

voltage and resistance in a series-
parallel circuit, we use the rules 

21 



Fig. 16. A series-parallel circuit. 

that apply to a series circuit for the 
series part of the circuit, and the 
rules that apply to a parallel circuit 
for the parallel part of the circuit. 
Actually, it is no more difficult to 
work with this type of circuit and 
find voltages, current etc., than it 
is with a simple series or a simple 
parallel circuit. However, there is 
a certain order in which you must 
proceed when working with circuits 
of this type. Once you become fa-
miliar with this type of circuit, you 
will see that it is not as complicated 
as it might look, and also learning 
about series-parallel circuits will 
make simple series and simple 
parallel circuits that much easier 
for you. 
Now let us go ahead and study this 

type of circuit in detail. 

RESISTANCE IN 
SERIES-PARALLEL CIRCUITS 
In Fig. 16 we have shown a series-

parallel circuit similar to the one 
shown in Fig. 15. In this example, 
RI, which is called a series resis-
tor, is equal to 10 ohms. R2 and R3 
are called the parallel resistors. 
R2 has a resistance of 12 ohms and 
R3 has a resistance of 24 ohms. Now, 
we want to find the total resistance 
in the circuit. In other words, we 
want to find out how much resistance 

R3= 24 

there is in the circuit limiting the 
current flow from the battery. 
To find the total resistance of a 

series-parallel circuit of this type, 
the first step is to find the resist-
ance of the parallel branch. To do 
this, we use the formula 

R3 X R 3 
Rn   

Ra + R3 

and we substitute the values of 12 
ohms for R3 and 24 ohms for R3 and 
get 

Rn 
12 + 24 
12 X 24 

288 n o Owns 
P 36 

Now, we know that the total re-
sistance of R2 in parallel with R3 
is 8 ohms. Insofar as the circuit is 
concerned, these two resistors could 
be replaced by a single 8-ohm re-
sistor, as shown in Fig. 17. Notice 
the symbol we have used to indicate 
R2 in parallel with R3. The two 
parallel lines between R2 and R3 
mean "in parallel with". 

Once we replace the parallel com-
bination of R2 and R3 with the equiv-
alent resistance, we have a simple 
series circuit. As you will remem-
ber, the total resistance of a series 
circuit is equal to the sum of the 
individual resistances. In this case, 
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the total resistance will be 10 + 8 = 
18 ohms. This is the total resistance 
of the equivalent circuit shown in 
Fig. 17, and it is also the total re-
sistance seen by the battery in the 
series-parallel circuit shown in Fig. 
16. 

So far the circuits we have been 
dealing with have been very simple 
series-parallel circuits. In some 
circuits we will have several series 
resistors and several parallel 
branches. The parallel branches 
may consist of any number of re-
sistors. A more complicated series-
parallel circuit is shown in Fig. 18. 
To find the total resistance seen by 
the battery in this circuit, we will 
use exactly the same method as we 
used to find the total resistance in 
the circuit shown in Fig. 16. The 
first thing we will do is find the 
effective resistance of the parallel 
branches and then redraw the cir-
cuit replacing the parallel branches 

R7=611. 

R6=12..n. 

MIR 
§ R211R3=8-a. 

R = 10.rt. 

Fig. 17. Series equivalent of circuit 
Fig. 15. 

of 

by single series resistors and then 
find the total series resistance. Now 
let us go through this problem step 
by step. 

Notice that in the circuit shown 
in Fig. 18 we have two series re-
sistors, R1 and Rs. We also have 
two parallel branches. One parallel 
branch is made up of the three re-
sistors R2 , R3 and R4, and the other 

R5= 4.n_ 

R2=6_n_ 

 Wv  
R1 = 3_n_ 

4' 6-n-

Fig. 18. A series-parallel circuit 
with two series resistors and two 
parallel branches. COPY THIS 
CIRCUIT ON A SEPARATE 
SHEET OF PAPER FOR QUICK 

REFERENCE. 
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parallel branch is made up of the 
two resistors R6 and R7. 

Our first step in solving this prob-
lem is to find the resistance of the 
parallel branches. Let us take the 
branch made up of the three resis-
tors first. If you will remember 
from the preceding section, we men-
tioned that when two equal value re-
sistors are connected in parallel, 
the total resistance is equal to one 
half the resistance of either resis-
tor. When three equal value resis-
tors are connected in parallel the 
total resistance is one third the value 
of one of the resistors. From this 
we know immediately that the total 
resistance of the three six-ohm re-
sistors in parallel is 2 ohms. 
However, you might not remem-

ber this rule, or the resistors might 
not be of equal values. In this case 
you simply use the formula and find 
the resistance of two of the resistors 
in parallel. This would give you 

R = 

Now let us go ahead and find the 
value of the 12-ohm and 6-ohm re-
sistors in parallel. Again, using our 
formula we get 

12X6  
Rt - 

12 + 6 

lit = —72 = 4 ohms 
18 

Therefore R6 and R7 can be replaced 
by a single 4-ohm resistor without 
affecting the total resistance of the 
circuit. 
Now we can redraw the circuit 

shown in Fig. 18 as we have redrawn 
it in Fig. 19. In place of the three 
parallel resistors we have inserted 
a single 2-ohm resistor, and in place 
of resistors R6 and R7 we have in-
serted a 4-ohm resistor. Now we 
have a simple series circuit, and to 
get the total resistance of the cir-
cuit we simply add the resistance of 
the individual resistors. Therefore 
the total resistance in the circuit is 

6 x 6 Rt = 3 + 2 + 4 + 4 = 13 ohms 
6 + 6 

36 
R =--= 3 ohms 12 

Now this gives you the value of two 
of the resistors in parallel and you 
combine this value with the remain-
ing resistor to get the total resist-
ance of the combination. Thus 

3 x 6  
Rt - 3 + 6 

18 
Ht = —= 2 ohms 

9 

Therefore the resistance of the 
parallel branch made up of the three 
6-ohm resistors is 2 ohms. As far 
as the circuit is concerned, we can 
replace these three resistors by a 
single 2-ohm resistor. 

This same procedure can be used 
for solving any series-parallel cir-
cuit configuration. In fact, the cir-

cuit shown in Fig. 18 could consist 
of four parallel branches in series. 
There could be a resistor in parallel 
with R1 and another resistor in 
parallel with Rs. In this case you 
would have a series circuit made 

Fig. 19. Series equivalent of circuit of 
Fig. 18. 
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up of four parallel branches con-
nected in series. To solve a circuit 
of this type you use the same pro-
cedure. Find the total resistance of 
each parallel branch, and then draw 
the equivalent circuit as we did in 
Fig. 19 and then total the resistance 
of the parallel branches to get the 
total resistance in the circuit. 
Now let us see how the current 

behaves in a series-parallel circuit. 

CURRENT IN 
SERIES-PARALLEL CIRCUITS 

In a series-parallel circuit such 
as shown in Fig. 18, the current 
must be the same in every series 
part of the circuit. By this we mean 
that a certain current leaves the 
negative terminal of the battery and 
flows through R I. Then the current 
reaches the parallel combination of 
R2, R3 and 11.4. The total current 
flowing through this parallel com-
bination must be equal to the cur-
rent leaving the negative terminal 
of the battery and the current flow-
ing through R1. The same current 
must flow through Rs and the same 
current must flow through the paral-
lel combination of R6 and RY. 
To help us see better what is 

happening to the current in the cir-
cuit, let's assume that the battery 
voltage in Fig. 18 is 78 volts. We 
picked this value because it will 
enable us to avoid any decimal 
divisions. 
We have already found that the 

total resistance of the circuit - that 
is, the resistance that the battery 
sees - is 13 ohms. Therefore, we 
can use this to find the current that 
will flow in the circuit. Using the 
formula 

, E 
=— 
R 

and substituting 78 volts for E and 
13 ohms for R we have 

78 
I = —13 = 6 amps 

This means that the current leaving 
the negative terminal of the battery 
is 6 amps. Since R1 is in series with 
the battery, the current flowing 
through R1 must also be 6 amps. 
The current flowing through the 
parallel combination of R2, R3 and 
R4 must also be 6 amps. However, 
there are three paths here through 
which the current can flow. Since 
the three resistors are of equal 
value, then one third of the current 
will flow through each branch. This 
means that 2 amps will flow through 
R2, 2 amps through R3 and 2 amps 
through R4. 
The current reaching R6 must 

flow through this resistor and since 
the series current is 6 amps, the 
current flow through 116 must be 
6 amps. 
R6 and R7 form a parallel branch. 

Part of the current will flow through 
R6 and part of it will flow through 

Since R6 is twice the value of 
R7, then the current flow through 
Re, will be only half the current flow-
ing through Ry. This means that one 
third of the current will flow through 
Rs and two thirds of it will flow 
through R7 Therefore the current 
flow through Ri3 will be 2 amps, and 
the current flow through R7 will be 
4 amps. The current flowing into 
the positive terminal of the battery 
will be 6 amps, and the current flow 
through the battery itself from the 
positive terminal to the negative 
terminal will also be 6 amps. 
Now notice how this circuit has 
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obeyed the laws set down both for 
series circuits and for parallel cir-
cuits. We stated that in a series 
circuit, the current is the same in 
all parts of the circuit. R1 is a part 
of the series circuit and the current 
through it is 6 amps. R2, R3 and 
R4 in parallel form a part of the 
series circuit and the current 
through the three in parallel is 6 
amps. The current divides because 
there are three paths, bot the total 
current flowing through the three 
paths is 6 amps. R6 does not have 
any other resistors in parallel with 
it and therefore the entire current 
of 6 amps flows through it. R6 and 
Rry in parallel form a part of the 
series circuit and the total current 
flowing through the two of them is 
6 amps; part of it flows through R6 
and part of it through R7. The en-
tire 6 amps also flows through the 
battery. Thus we can say that the 
current flow in each part of this 
series circuit is 6 amps. 
The current flow also obeys the 

law of parallel circuits. Whenever 
the current reaches a parallel 
branch it divides, and part of it flows 
through each branch of the circuit. 
Since R2, R3 and R4 are of equal 
value, the same current flows 
through each of the three resistors. 
In this case, 2 amps flow through 
each resistor so that the total cur-
rent flowing in this part of the series 
circuit is 6 amps. In the case of 11,3 
and R., in parallel, the current again 
divides and flows through the two 
resistors in proportion to their re-
sistance. R6 is twice the resistance 
of Rry and therefore only half as 
much current flows through R6 as 
Rry • 2 amps flow through R6 and 4 
amps through Rry. This gives us a 
total current of 6 amps, once again 

through this part of the series cir-
cuit. 
Now that we have looked into re-

sistance and current in series-
parallel circuits, let us see what 
happens to the voltage in these cir-
cuits. 

VOLTAGE IN 

SERIES-PARALLEL CIRCUITS 

You will remember that in a series 
circuit, the sum of the voltage drops 
across the branches of the series 

circuit is equal to the applied volt-
age. You will also remember, that 
in a parallel circuit you have the 
same voltage across all the parts 
in parallel. Now let us see what 
happens in a series-parallel circuit. 
Let's use the circuit in Fig. 18 so 
we don't have to figure out the total 
resistance again, and once again 
let's assume that the battery voltage 
is 78 volts. We know that this will 
cause a current of 6 amps to flow in 
the circuit. 

With a current of 6 amps flowing 
through RI, we can find the voltage 
drop across it. We will refer to this 
voltage as El, the voltage across 
R3 as E2 and so on. 

El = 6 x 3 = 18 volts 

We know that the current flowing 
through R2 is 2 amps, and usingthis 
we can find the voltage across R3. 

E2 = 2 x 6 = 12 volts 

Since R2 = R3 = R4, and the current 
flowing through each of these re-
sistors is 2 amps, they must have 
the same voltage drop across each 
of the resistors. This bears out what 
we have said before about parts con-
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nected in parallel - the voltage drop 
across them must be the same. 

If we stop here and look at Fig. 19, 
we see that we found the equivalent 
resistance of R2, Rs and R4 con-
nected in parallel was 2 ohms. In 
this circuit, the current flowing 
through this equivalent resistance is 
6 amps, and the voltage across it 
will be 12 volts. Therefore we see 
that no matter which way we work, 
either using the total current across 
the equivalent resistance or the 
actual current through one branch of 
the parallel circuit, we should get 
the same value of voltage across the 
parallel circuit. 
The voltage across Rs will be 

Es = 6 x 4 = 24 volts 

The voltage across R6 will be 

E6 = 2 x 12 = 24 volts 

We know that the current through 
Rry is 4 amps and so we can also 
calculate the voltage across this 
resistor to see that we have the 
same voltage as across Rs. The 
voltage across R, is 

E7 = 4 x 6 = 24 volts 

Now, let us add the voltage drops 
around the circuit to see what the 
total voltage drop is. The voltage 
drop across R1 is 18 volts. The volt-
age drop across the parallel com-
bination of Ra, Ra and R4 is 12 volts. 
The voltage drop across Rs is 24 
volts and the voltage drop across 
the parallel combination of R6 and 

is also 24 volts. Now adding these 
voltages we will get the total volt-
age drop in the circuit 

Et = 18 + 12 + 24 + 24 = 78 volts 

The series-parallel circuit thus 
obeys the law we stated for the volt-
age drops in a series circuit. The 
sum of the voltage drops across each 
of the series branches in a series-
parallel circuit is equal to the source 
voltage. The voltage drop across 
each of the parts in a parallel branch 
is equal. Thus we can see that the 
rules we have set up for voltages 
in series and in parallel circuits 
apply also to series-parallel cir-
cuits. 
Now, if you plan to become a radio-

TV service technician, this is as far 
as you have to go with series-paral-
lel circuits. However, if you want to 
go ahead and get your FCC license, 
or if you plan on working in industry, 
you should be able to solve some 
simple problems in series-parallel 
circuits. You will have to solve these 
problems to get your FCC license. 
Often when applying for positions in 
industry, examinations are given and 
frequently these examinations have 
one or two problems involving solu-
tions of parallel series and series-
parallel circuits. For the technician 
who wants to get his FCC license or 
wants to work in industry, and for 
the radio-TV service technician who 
wants to learn more about series-
parallel circuits we will go through 
a typical problem in the next sec-
tion. Remember, if your interest is 
radio-TV servicing only, you do not 
have to go through this section un-
less you want to. 

PROBLEMS IN 

SERIES-PARALLEL CIRCUITS 
In Fig. 20 we have shown a series-

parallel circuit that is only slightly 
more complicated than the one shown 
in Fig. 18. In this circuit you are 
given the values of all the resistors 
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R1 = 27A 
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R2 =9.n_ 
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I 5.n. 

R4e 

6.n. 

Re 3 0.n_ 

I=IAMP 

Fig. 20. In the series-parallel circuit shown above, 
the current through R5 is 1 amp. Find the source 

voltage. 

and also the information that the cur-
rent flowing through Rs is 1 amp. 
The problem is to find the source 
voltage. 

At first glance, you might think 
that this is impossible, but actually 
it is not nearly as difficult as it 
might appear at first. Let us look 
at the information we have about 
Rs. 
We know that the resistance of 

Rs is 30 ohms, and that the current 
flowing through it is 1 amp. From 
this we can calculate the voltage 
across Rs using Ohm's Law. We 
use the formula 

E = IR 

and for I substitute 1 amp and for 
R, 30 ohms, and we will get 

E = 1 x 30 = 30 volts 

Since R3 and R4 are in parallel 
with Rs, this means that the voltage 
across R3 and the voltage across R4 

is also 30 volts. Now that we know 
the voltage across these two resis-
tors, and their value, we can find 
the current flowing through them. 
We will use 13 for the current 
through R3 and 14 for the current 
through R4 and so on throughout the 
problem. 

30 
13 = —15 = 2 amps 

30 
14 =--= 5 amps 6 

Now we know that the current flow-
ing through R3 is 2 amps, through 
R4 is 5 amps, and the current flow-
ing through Rs is 1 amp. Thus the 
total current flowing through the 
three parallel branches is 

h = 2 + 5 + 1 = 8 amps 

Since this combination of three 
resistors forms one branch in series 
circuit, now we know that the series 



current must be 8 amps. We can 
immediately calculate the voltage 
drop across Re using this informa-
tion. 

Ee = 8 x 3 = 24 volts 

Now we know that the voltage drop 
across Re is 24 volts and the volt-
age drop across the parallel com-

bination of the three resistors is 30 
volts. We know that the source volt-
age will be equal to the sum of the 
voltage drops around the series cir-
cuit so if we can find the voltage drop 
across the parallel combination of 
R1 and Re and also the voltage drop 
across the parallel combination of 
Rry in parallel with Re and R9 , we'll 
be able to find the sum of the volt-
age drops and hence the source volt-
age. 

We can find the voltage drop 
across the parallel combination of 
R1 and R2 quite easily. Notice that 
R1 is three times as large as R2. 
This means that the current flowing 
through R2 will be three times the 
current flow through R1. In other 
words, if the current flow through 
R1 is 1 amp, then the current flow 
through R2 would be 3 amps which 
would give us a total of 4 amps flow-
ing through the two resistors. How-
ever, we know that the total current 
flow in the circuit is 8 amps, there-
fore the current flowing through Ry 
must be 6 amps and the current flow-
ing through R1 must be 2 amps. 
Sometimes you can't divide the 

current flow this easily, but we can 
still find what the voltage drop 

across the two resistors must be by 
finding the resistance of the parallel 
combination. To do this, we sub-
stitute the values of R1 and R2 in 
our parallel formula 

R 27 x 9 = 
27 + 9 

243 
R = —36 - 6.75 ohms 

Now we know that the resistance 
of R1 and R3 in parallel is 6.75 
ohms and that the current flowing 

through the parallel combination is 
8 amps; we can find the voltage drop 
across this combination. 

E = 8 x 6.75 = 54 volts 

If you noticed that the current 
flow through 112 must be 6 amps and 
the current flow through R1 must 
be 2 amps, then you can use either 
current flow along with the appro-
priate resistor to get the voltage 
drop across the parallel combina-
tion. 

El = 2 x 27 = 54 volts 

and if you use 113 in the current 
flow through it, you would get 

Ea = 6 x 9 = 54 volts 

Notice that no matter how you work 
it out, either finding the total equiv-
alent resistance and using the total 
current, or using the resistance of 
either branch and the current flow 
through it, you always get the same 
voltage drop across the parallel 
combination or R1 and R2. 
Now all we need to do is find the 

equivalent resistance of Rry in paral-
lel with Re and R9, and we can find 
the voltage drop across this com-
bination. The first step is to find 
the resistance of Re in series with 
R 9 . This is simply 3 + 3 = 6 ohms. 

Now we have a total of 6 ohms in 
parallel with 3 ohms; we want to 
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find the resistance of this parallel 
combination. Again, we use our for-
mula for parallel resistors and get 

R - 3 x 6 
3 + 6 

18 
R =---= 2 ohms 

Since the parallel combination of 
R7 in parallel with Re and Ra has a 
resistance of 2 ohms, and the cur-
rent flowing through this combina-
tion is 8 amps, we can find the volt-
age drop across the parallel com-

bination 

E = 8 x 2 = 16 volts 

Now we have the voltage drop 
across each branch in the series-
parallel circuit and all we need to do 
is add these voltage drops - they 
must be equal to the source voltage. 
Therefore the total voltage is equal 
to 

Et = 54 + 30 +24 +16 = 124 volts 

This is typical of the problems 
involving the series-parallel cir-
cuits that you might have to work 
out either on an FCC examination 
or on an examination for employment 
in industry. Notice that the problem 
is not difficult; you just start using 
Ohm's Law in a part of the circuit 
where you have two of the three 
quantities, E, I or R, and then find 
the third. You use this information 
to learn more about the circuit and 
work one step at a time. In the cir-
cuit shown in Fig. 20 we were able 
to determine the current flowing in 
each part of the circuit, the voltage 

drop in each branch of the circuit, 
and the total voltage applied to the 
circuit. If we wanted to, we could 
also add the resistance of the indi-
vidual branches of the circuit and 
find the total resistance of the cir-
cuit; or, since we know the total 
voltage in the circuit we could simply 
divide this by the current to get the 
total resistance in the circuit. 
Solving problems of this type are 
really not any more difficult than 
solving simple Ohm's Law prob-
lems; they are simply longer be-
cause there are more steps involved. 

SUMMARY 

Series-parallel circuits are im-
portant because you will run into 
them in all types of electronic equip-
ment. In a series-parallel circuit 
you will have a voltage source in 
series with a combination of series 
and parallel components. You may 
have one series branch and one 
parallel branch or you may have 
several of each. In the parallel 
branches there may be any number 
of components. 

In a series-parallel circuit the 
total current flow is the same in all 
series branches of the circuit. In 
the parallel branches, the sum of 
the currents in the individual 
branches must be equal to the series 
current flow. The voltage drop 
across all the components in the 
parallel branch is the same and the 
voltage drop across the series com-
ponents will depend upon the resist-
ance of the component and the total 
current flowing in the circuit. 
To find the total resistance in a 

series-parallel circuit, you reduce 
the parallel branches to the equiv-
alent series resistance, and then add 
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the series branches with the equiv-
alent resistance of the parallel 
branches. The total current flow in 
the circuit can be determined from 
the source voltage divided by the 
total resistance of the circuit and 
the voltage drop across individual 
parts in the circuit can be found by 
using Ohm's Law. 

Solving problems involving se-
ries-parallel circuits is simply a 
matter of taking one step at a time, 
making simple applications of Ohm 's 
Law until the entire circuit is solved. 
The following self-test questions 

are designed to help you with series-
parallel circuits. If you find that you 
are having difficulty with one of the 
problems, be sure to go back and 
review. Try to work the problem 
through on your own, but if you find 
you can't, look for help at the back 
of the book - the solutions to the 
problems are given there. If you 
have to go to the back of the book 
to try to find out how to do a prob-
lem, make sure you understand that 
problem before tackling the next one; 
the chances are that if you will do 
this, then you will be able to work 
the next problem by yourself. 

SELF-TEST QUESTIONS 

(t) Draw a series-parallel circuit 
containing a battery and three 
resistors in which R1 and Ra 
are in parallel and connected 
to the negative terminal of the 
battery, and Ra is a series re-

sistor and connected to the 
positive terminal of the battery. 

(u) If R1 = 20 ohms and Ra = 30 
ohms, and R3 = 12 ohms, find 
the total resistance in the cir-
cuit. 

(v) Using the values of RI, Ra and 
R3 for the preceding problem, 

(N) 

(x) 

(Y) 

if the battery voltage is 48 volts, 
find the voltage drop across 
each resistor in the circuit, 
and the current flow through 
each resistor. 
If in a circuit like the one shown 
in Fig. 15, R1 = 5 ohms, Ra = 
10 ohms and R3 = 10 ohms, what 
is the source voltage if the cur-
rent through 113 is 1 amp. 
Find the total resistance in a 
series-parallel circuit like the 
one shown in Fig. 18 when Ri 
= 5 ohms, Ra, R3 and R4 are 
each equal to 12 ohms, Ets = 6 
ohms, R6 = 48 ohms and R7 = 
24 ohms. 
Complete the following state-
ment: In a series-parallel cir-
cuit, the current is the  
in each series branch of the 
circuit. 

(z) Complete the following state-
ment: In a parallel branch of a 
series-parallel circuit, the 
sum of the currents through the 
branches of the parallel circuit 
is to the total cur-
rent flowing in the series part 
of the circuit. 

ANSWERS TO 
SELF-TEST QUESTIONS 

(a) A series circuit is a circuit in 
which the voltage source and the 
parts are connected, so that 
current leaving the negative 
terminal of the voltage source 
flows through first one part and 
then another to the positive ter-
minal of the voltage source and 
then through the source back to 
the negative terminal. 

(b) To measure the voltage of a bat-
tery with a de voltmeter, you 
connect the negative terminal of 
the voltmeter to the negative 

31 



terminal of the battery, and the 
positive terminal of the volt-
meter to the positive terminal 
of the battery. 

(c) See Fig. 1 and Fig. 3. Either 
figure is correct; they are the 
same circuit except in Fig. 3 
the resistor values are given. 

(d) The polarity of the voltage 
drops across the resistors is 

indicated in Fig. 8. 
(e) The total resistance in the cir-

cuit will be equal to the resist-
ance of the sum of the resistors. 
Therefore 

(f) 

(g) 

Rt = 3 + 4 + 5 = 12 ohms 

To find the voltage across any 
one of the resistors you simply 
use Ohm's Law. You know that 

E = IR 

You know the value of each of 
the resistors and the current 
will be the same through all re-
sistors so you can find the volt-
age drop across each one. 

En = 2 x 3 = 6 volts 

Er2 = 2 x 4 = 8 volts 

E r 3 = 2 x 5 = 10 volts 

You can find the source voltage 
in two ways. You can add the in-
dividual voltage drops you ob-
tained in the preceding section 
and you will find that the source 
voltage is 

6 + 8 + 10 = 24 volts 

You can also get the source 
voltage from the current times 
the total resistance, which you 
found to be 12 ohms. Using this 
you get 

E = 2 x 12 = 24 volts 

(h) You know that the sum of the 
voltage drops in a series 
circuit is equal to the source 
voltage. In this example, the 
source voltage is 35 volts. The 
voltage drops across the three 
resistors are 5 volts, 7 volts 
and 10 volts. Adding these three 
voltage drops, we get 22 volts. 
Therefore the voltage drop 
across the remaining resistor 
must be 13 volts. 

(i) This problem is exactly the 
same as the preceding problem. 
In a series circuit, the sum of 
the voltage drops is equal to the 
source voltage. The source 
voltage is 250 volts, and there-
fore the voltage drops in the 
series circuit must add up to 
250 volts. The voltage drop 
across R1 is 3 volts, and the 
voltage drop across R2 is 125 
volts. Therefore the sum of the 
voltage drops across R1 and R2 
is 128 volts. The remainder of 
the 250 volts must be dropped 
between the plate and cathode 
of the vacuum tube. Therefore 
the voltage drop across the tube 
must be 122 volts. 
This problem is the same as 
the preceding problem. The 
voltage drop across R1 plus 
the voltage drop across R2 is 
equal to 3.8 volts. Since the bat-
tery voltage is 6 volts, the dif-
ference, which is 2.2 volts, 
must be the voltage dropped be-
tween the emitter and the col-
lector of the transistor. 

(k) This problem is a review of 
just about everything you have 
learned about series circuits. 
To find the total resistance in 

) 
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a series circuit you add the re-
sistance of the individual re-
sistors. Therefore 

Rt = 120 + 150 + 180 + 120 + 
330 = 900 ohms. 

To find the current flowing in 
the circuit you use Ohm's Law 
in the form 

E 
I =— 

R 

Substituting 18 volts for E and 
900 ohms for R we get 

18 
I= 

900 

This will involve a decimal di-
vision and so we multiply it by 
1000 and get our current di-
rectly in milliamperes. Thus 
our problem becomes 

18 
I = x 1000 

900 

- 18000 
I  

900 

Now we cancel two zeros above 
and below the line and then we 
have 

I= 
180 

= 20 ma 
9 

To find the voltage drop across 
each of the resistors we use the 
formula 

E = IR 

We will refer to the voltage drop 
across R1 as Ei and the voltage 
drop across R2 as E2 and soon. 

20 
E1 - TO-071) )( 120 

Notice that we wrote the current 
as 

20  
1000 

The current must be in amperes 
and we convert 20 milliamperes 
to amperes by dividing it by 
1000. Now continuing with the 
problem, 

E1 - 
1000 

20 x 120 

E1 - 
1000 
2400 

El = 
24 

= 2.4 volts 
10 

20 
E2 - 11,101:7 x 150 

3000 
E2 - -1-7---000 = 3 volts 

20 ,„ E 3 - 0 - X 1 i•nj 
100 

E3 - 

E3 = 

3600 
1000 

36 
= 3.6 volts 

10 

E4 = El = 2.4 volts 

20 
Es - J-717:1- >e 330 

Es - 
1000 
6600 

Es = -66 10= 6.6 volts 

33 



Notice that we did not calculate 
the voltage across R4. R4 is 
equal to R1 and since in a series 
circuit the same current flows 
through the entire circuit then 
the voltage drop across R4 must 
be equal to the voltage drop 
across R1. Therefore calculat-
ing the voltage a second time 
would simply be a waste of time. 
As a matter of fact, sometimes 
in a problem of this type you 
can save yourself some work 
by looking up the resistor 
values. For, example, if one 
resistor happened to be twice 
that of the other, you would know 
immediately that the voltage 
drop across it was twice as high 
as the voltage drop across the 
first resistor. Similarly if one 
resistor was three times an-
other you could expect three 
times as high a voltage drop 
across it. 

(1) 25 ohms. The total resistance 
of two equal resistors connect-
ed in parallel is always one 
half the resistance of either 
resistor. 

(m) 8 ohms. You find the resistance 
of the two resistors in parallel 
by using the formula 

R Ri X R2 t -  Ftl + R2 

and substituting 24 ohms and 12 
ohms for R1 and R2 you get 

24 x 12 
R t - 24 + 12 

288 
= - 8 ohms 

36 

(n) The current flow through each 
resistor can be found from Ohm 
Law's 

.,. E 
i = —  

R 

The current through the 3-ohm 
resistor will be 

I = 1-2 = 4 amps 
3 

and the current through the 4-
ohm resistor will be 

12 
I =•••= 3 amps 4 

The total current flow will be 
the sum of these two currents 
or 7 amps. You can use this 
value of current and the volt-
age of 12 volts to find the re-
sistance of the two resistors 
in parallel, 

E 
R =— 

I 

2 
R = 1 = 1.7 ohms 

7 

(o) 4 ohms. The resistance of two 
8-ohm resistors in parallel will 
be 4 ohms, one half the resis-
tance of either resistor. The 
1000-ohm resistor is so large 
that we can simply ignore it 
because it will not affect the 
total resistance of the circuit 
appreciably. As a matter of 
fact, if you did consider it and 
calculated the value of the three 
in parallel you would find that 
the resistance worked out to be 
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(P) 

(q) 

over 3.98 ohms. This is less 
than two parts in four hundred, 
an error which is so small it is 
insignificant, and it can be 
ignored. 
R1 is the larger resistor be-
cause the smaller current flows 
through it. Since only half as 
much current flows through R1 
as through 112, then R1 must be 
twice the size of R2. 
If the current through the 5-
ohm resistor is 2 amps, then 
the voltage across it must be 10 
volts. We use Ohm Law's in the 
form E = IR to determine this 
voltage. Since the two resistors 
are in parallel and connected 
across a battery we know that 
the battery voltage must be 10 
volts, and the voltage across the 
10-ohm resistor must be 10 
volts. With 10 volts across the 
10-ohm resistor, a current of 
1 amp will flow through it. We 
would also know that a current 
of 1 amp must flow through the 
10-ohm resistor since it is 
twice the size of the 5-ohm re-
sistor, and therefore half the 
current would flow through it 
that flows through the 5-ohm 
resistor. The total current 
flowing in the circuit must be 
the sum of the current through 
the two resistors or 3 amps. 

(r) In a parallel circuit, the volt-
age across all branches of the 
parallel circuit will be equal. 

(s) In a parallel circuit, the current 
through each branch of a par-
allel circuit will depend upon 
the resistance of the branch. 
The largest current will flow 
through the branch having the 
lowest resistance, and the 
smallest current will flow 

Fig. 21. Answer to Self-
Test Question (t). 

(t) 
(u) 

R3 

through the branch having the 
highest resistance. 
See Fig. 21. 
24 ohms. The total resistance 
of the parallel combination of 
R1 and Ra can be found from the 
parallel resistor formula.Sub-
stituting these values we get 

20 x 30  
Rt - 20 + 30 

600 
= — = 12 Ohms 

50 
This resistance is in series 
with R3, which also has a re-
sistance of 12 ohms, so the 
total resistance in the circuit 
is 24 ohms. 

(v) With a voltage of 48 volts and a 
total resistance of 24 ohms, the 
total current flowing in the cir-
cuit will be 

T 48 
=--= 2 amps 
24 

This means that the voltage drop 
across Ra will be 
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E = 2 x 12 = 24 volts 

Therefore the voltage drop 
across the parallel combination 
of R1 and R2 must also be 24 
volts. The current through R1 
must be 

24 
I =--= 1.2 amps 

The current through R2 must be 

24 
I = = .8 amps 

30 

(w) 20 volts. If the current through 
Etz is 1 amp, and the resistance 
of Ra is 10 ohms, thenthe volt-
age across Ra must be 

E = 1 x 10 = 10 volts 

Since Ra and R3 are in paral-
lel, then the same voltage must 
be across R3, and therefore the 
same current of lamp will flow 
through it, giving a total cur-
rent of 2 amps through R2 and 
R3. This current of 2 amps must 
flow through R1 and since R1 
has a resistance of 5 ohms,the 
voltage drop across it must be 

E = 2 x 5 = 10 volts 

Since the source voltage in any 
circuit is equal to the sum of the 
voltage drops around the cir-
cuit, the source voltage in this 
case must be 20 volts. 

(x) The total resistance is 31 ohms. 
To solve this problem we must 

find the resistance of Ra, R3 
and R4 in parallel and also the 
resistance or R6 and Rry in 
parallel. We can substitute an 
equivalent for these two paral-
lel groups; then we have a sim-
ple series circuit and we can 
find the total resistance of this 
circuit simply by adding the in-
dividual resistances. 
Since Ra, R3 and R4 are each 
12-ohm resistors, then the 
total resistance of the three re-
sistors in parallel will be one-
third the resistance of any one 
of the resistances or one-third 
of 12 which is 4 ohms. 
The resistance of the parallel 
combination of Rg and Rry can 
be found using the parallel re-
sistance formula 

48 x 24  
R t = 48 + 24 - 16 ohms -  

Now substituting 4 ohms for the 
parallel combination Ra, R3 and 
R4 and 16 ohms for the paral-
lel combination of Fig and Rry 

we have a series resistance 
circuit. The total resistance of 
this circuit will be 

Rt = 5 + 4 + 6 + 16 = 31 ohms 

(y) In a series-parallel circuit,the 
current is the same in each 
series branch of the circuit. 

(z) In a parallel branch of a series-
parallel circuit, the sum of the 
currents through the branches 
of the parallel circuit is equal 
to the total current flowing in 
the series part of the circuit. 

36 



Lesson Questions 
Be sure to number your Answer Sheet B104-1. 

Place your Student Number on every Answer Sheet. 

1. What is the total resistance of three 15-ohm resistors connected in 
series? 

2. What is the total resistance of three 15-ohm resistors connected in 
parallel? 

3. A 3-ohm, a 5-ohm and a 4-ohm resistor are connected in series 

across a battery. The voltage drop across a 3-ohm resistor is 6 volts. 
What is the battery voltage? 

4. If three resistors are connected in series across a 12-volt battery, 
and the voltage drop across one resistor is 3 volts and the voltage 
drop across the second resistor is 7 volts, what is the voltage drop 
across the third resistor? 

5. If four resistors are connected in parallel and R1 equals 12 ohms and 
R2 equals 9 ohms, R3 equals 24 ohms and R4 equals 18 ohms, what is 
the resistance of the parallel combination? 

6. R1 and R2 are two resistors of the same value connected in parallel. 
This parallel combination is connected in series with R3 , a 10-ohm 
resistor. The series-parallel network is connected to a 15-volt 
battery. If the voltage across R3 is 10 volts, what are the values of 
R1 and R2 ? 

7. If two resistors are connected in parallel,willthe voltage drop across 
the two be (1) equal, (2) greater across the larger resistor, (3) greater 
across the smaller resistor? 

8. Resistors R1 and Ra are connected in parallel. The resistance of R1 
is 4 ohms, and the current through it is 2 amps. The current through 
Ra is .5 amps. Find the resistance of Ra. 

9. Three 6-ohm resistors are connected in parallel. A fourth 6-ohm 
resistor is connected in series with the parallel combination. The 
series-parallel network is connected to a battery with the free end 
of the single 6-ohm resistor going to the positive terminal. Draw a 
schematic diagram of the circuit. 

10. In the circuit of Question 9, if the battery voltage is 8 volts, what 
will the voltage across the three parallel-connected resistors be? 



HOW TO CONCENTRATE 

The secret of rapid progress with any course of 
study lies in being able to concentrate. If your mind 
wanders from study while you are alone in a quiet 
room, try moving to a noisy room, or try tuning in 
an all-musical program on the radio. Stay away from 

loud conversations, though. 
If noise definitely bothers you, however, do your 

studying in a quiet location. If you feel too sleepy to 
concentrate, the room may be too hot. Open the 
windows, and put on a coat if necessary, for it is 
easier to study in a cool room. Sponge your face, 
neck and eyes with cold water. 

If you have difficulty in understanding a subject, 
write down an explanation of it in your own words, 
or try outlining the subject and studying your out-
line. Underlining important words as you study is 
another aid to learning. 

Try different studying techniques, until you find 
the one that gives you complete mastery of a subject 
in the shortest possible time. The faster you master 
each lesson, the sooner you'll complete the Course 
and be ready for a good job in electronics. 
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For each study step, read the assigned pages first at your usual 

speed, then reread slowly one or more times. Finish with one 
quick reading to fix the important facts firmly in your mind. 
Study each other step in the same way. 

1. Introduction   Pages 1 - 4 
In this section you learn about the various types of resistors, 
and why resistors are important. 

2. Using Resistors To Reduce Voltage   Pages 5 - 12 
You learn how series-dropping resistors are used to reduce 
voltage and how a bleeder resistor is used to help keep the 
voltage across a load constant. 
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You study the watt, the unit of electrical power. You learn 
about the wattage rating of resistors and about transferring 
power from a source to a load. 

4. Resistor Values   Pages 19 - 24 

You learn about standard carbon resistor values, resistor 
tolerances and the color code used to identify resistors. 

S. Resistors With Special Characteristics   Pages 24 - 28 
You learn about temperature coefficients and study special 
types of resistors. 

D 6. Meters   Pages 28 - 36 

You learn how a meter works, and how resistors are used to 
extend meter ranges and uses. 

D 7. Answers to Self-Test Questions   Pages 36 - 40 

D 8. Answer the Lesson Questions. 

D 9. Start Studying the Next Lesson. 
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HOW RESISTORS 
ARE USED 

This is the first lesson in your 
NRI course that will be devoted al-
most entirely to one electronic part 
- resistors. In your next lesson you 
will study coils in detail, and in the 
following lesson you will study ca-
pacitors. These three parts - re-
sistors, coils and capacitors - along 
with tubes and transistors are the 
most important parts in electronic 
equipment. You will find more re-
sistors in electronic equipment than 
any other part. Therefore it is im-
portant that you learn how they are 
used so that you will be able to tell 
whether or not a particular circuit 
is working properly, and also so that 
you will be able to select a suitable 
replacement for a resistor in a cir-
cuit, when a replacement is needed. 

Resistors, coils, and capacitors 
are important, not only because they 
are used so often in electronic equip-
ment, but also understanding how 
these parts work will help you to 
understand how other parts work. 
For example, a transformer is 

1 

nothing more than a group of coils 
wound on a single core. If you under-
stand how a single coil works, then 
you will be much better prepared to 
understand how several of them work 
when used together to make up a 
transformer. 

Resistors perform in essentially 
the same way in both ac and de cir-
cuits. However, you will find when 
you study coils and capacitors that 
this is not true of these parts.Actu-
ally, coils and capacitors have little 
or no value in dc circuits. They are 
primarily used in ac circuits. 
Therefore, when you study coils and 
capacitors, you will be learning 
more about these parts, and we will 
also go into more detail about ac 
and how it acts in circuits where 
these parts are present. 

WHY RESISTORS ARE 
IMPORTANT 

Resistors are found in practically 
every piece of electronic equipment. 
As a technician you will have to re-



place many resistors. As we men-
tioned earlier, there are more re-
sistors used in electronic equipment 
than any other parts. 

Sometimes when you have to re-
place a resistor you will be able to 
refer to the schematic diagram of the 
equipment, find the value of the re-
sistor and simply go ahead and in-
stall a new resistor in the circuit. 
However, you will find that on many 
occasions you will have to work on 
electronic equipment for which there 
is no diagram available and the 
original resistor may have been 
burned so badly that you will be un-
able to tell what its value was.Then, 
you will have to fall back on your 
knowledge of electronic circuits to 
decide what size resistor to use. 
What you will learn in this lesson 
will prepare you for this type of 
work. 
There are many uses for resis-

tors in electronic equipment. The 
various electrodes in a tube or tran-
sistor used in a piece of electronic 
equipment do not all require the 
same operating voltages. However, 
for economy, the required operating 
voltages must all be obtained from a 
single power supply. Resistors are 
used to drop the voltage to the cor-
rect value for the tube or transistor. 

Resistors are used to isolate parts 
from each other, so that one will not 
interfere with the operation or the 
action of each other. 

Special variable resistors called 
potentiometers are used to control 
the volume and tone in radio and 
TV receivers, to control the picture 
brightness and contrast in black and 
white and color TV receivers, and 
to adjust the tint and color satura-
tion of the picture in color sets. 

There is no end to the uses to 
which resistors are put in electronic 
equipment, and therefore it is ex-
tremely important that you under-
stand how they are used. 

TYPES OF RESISTORS 

You already know that there are 
several types of resistors used in 
electronic equipment. The most fre-
quently encountered resistor is the 
carbon resistor, which as we men-
tioned before is simply a carbon 
compound which is held together by 
a cement-type of binder. Carbon re-
sistorre made chiefly in 1/2-iii.tt, _ _ 
1-watt and  2-watt sizes. Occasion-
ally you will run into very small 
carbon resistors that are 1/3-watt 
resistors, but these are notused too 
often. You will learn more about the 
watt, which is the unit of power 
measurement, later in this lesson. 
You will soon learn to recognize 

the wattage rating of a resistor by 
its size. The resistors shown in 
Fig. 1 are 1/2-watt, 1-watt and 2-
watt carbon resistors. The body of 
the resistor in each case is drawn 
full size to give you an idea of how 
big each type of resistor is. 

1/2 WATT 

  I WATT 

 2 WATT 

Fig. I. Relative physical size of the three 
different %.attage carbon resistors usually 

found in electronic equipment. 
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• MOUNTING BRACKETS 

250 

A 

500 

Fig. 2. A tapped wire-wound resistor and 
its schematic symbol. 

In addition to carbon resistors you 
will run into wire-wound resistors. 
A wire-wound resistor is made by 
winding a resistance wire on a form. 
Wire-wound resistors are found with _- 
wattage  ratings of 3 or 4 watts up to 
very high  wattas. 

In some electronic equipment you 
will find tapped wire-wound resis-
tors that look like the resistor shown 
in Fig. 2. The total resistance of this 
resistor is 1000 ohms. This is the 
resistance you would measure be-
tween terminals A and D. However, 
there are two taps on the resistor; 
these are the taps B and C. The re-
sistance between terminal A and B 
is 250 ohms and the resistance be-
tween terminals B and C is 250 ohms. 
The remaining resistance between 
terminals C and D is 500 ohms. This 
type of resistor is usually quite a 
large resistor and in most cases it 
is mounted on the chassis by means 
of mounting brackets which hold it in 
place. The resistor is so large and 
heavy that if it were simply held in 
place by wires connected to the vari-
ous terminals, the chances are that 
if the equipment received any jarring 
or bouncing the resistor would break 
loose from the wires. 

Metal oxide resistors are also 
widely used in modern electronic 
equipment. These__ resistors  _can 
be made in higher wattage ratings 
-than carbon re_sishl_stinhave 
many of the advantages of the carbon 

to-rs are made by windingwire in the 
form of a coil on an insulated sup-
port such as a ceramic type rod. 
Since the resistor is made of a coil 
êir-çviii-it tees on some_olthe&ar-
acteristics of a coil. In some circuits _ _ 
this  may be undesirable and in ap-
plications of this type a metal oxide 
resistor can be used. It is made by 
depositing a metal oxide film on a 
ceramic or glass tube or rod. The 
oxide film is in the form of a con-
tinuous path rather than a coil and 
therefore does not act like a coil. 
You will also run into variable 

resistors such as shown in Fig. 3. 
The resistor shown in Fig. 3A is a 
wire-wound type of variable resistor 
and is usually called a rheostat. No-
tice that this type of resistor has 
only two terminals. Another rheo-
stat is shown in Fig. 3B. This rheo-
stat can either be a wire-wound con-
trol similar to the one shown in A 
or it might have a carbon element 
and a slider that rotates along the 

o o o 
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Fig. 3. Variable resistors and the symbols 
for them. A and 11 are rheostats. and C is 

a potentiometer. 
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carbon element to provide the re-
quired resistance between the two 
terminals. The variable resistor 
shown in Fig. 3C is called a potenti-
ometer. This variable resistor has 
three terminals. The resistance be-
tween the two outside terminals re-
mains constant and the slider moves 
on the resistance element so the re-
sistance between the center terminal 
and the other two may be varied. A 
control of this type may be a wire-
wound control or it can also be a 
carbon control. Most potentiometers 
are fairly high resistance units and 
are carbon controls. However, in 
some applications, for example in 
color TV receivers, you will run 
into some very low resistance po-
tentiometers, and these are wire-
wound controls. Potentiometers will 
be found in all types of electronic 
equipment. 

In electronic equipment you will 

run into all three types of resistors: 
carbon, wire-wound, and deposited-
film. Most often these will be fixed 
resistors; in other words, they will 
have a certain value which cannot 
be changed. 
You will also encounter many 

tapped resistors; this type resistor 
is always a wire-wound resistor. 

In addition, you will run into vari-
able resistors; these may be either 
wire-wound or carbon resistors. If 
a variable resistor has two termi-
nals it is called a rheostat; if it has 
three terminals it is called a poten-
tiometer. 

Thus resistors are classified as 
carbon, wire-wound, and deposited-
film; these resistors may be either 
fixed, tapped, or variable. Variable 
resistors are divided into rheostats 
and potentiometers. 
Now let's study some of the im-

portant uses of resistors. 

4 



Using Resistors 

To Reduce Voltage 

We mentioned earlier that in a 
radio or TV receiver as well as 
industrial control equipment, many 
different operating voltages may be 
required, and these voltages must 
be obtained from a single power 
supply to keep down the cost of the 
equipment. Resistors are often used 
to reduce the voltage from the power 
supply to the required value. 

SERIES-DROPPING 
RESISTORS 

One of the most common applica-
tions of a resistor where it is used 
to drop voltage is the series-drop-

ping resistor. In this case, the re-
sistor is placed in series with the 
load, and the current flowing through 
it produces a voltage drop across 
the resistor. Small table model radio 
receivers are an example in which 
this use of a resistor may be found. 
In these radio receivers, the heaters 
bf the various tubes are connected 
in series and they are operated di-
rectly from the power line. However, 

in some cases, the total voltage re-
quired by the heaters connected in 
series may be somewhat less than 
the power line voltage. In such a 
case, a resistor is placed in series 
with the heaters , and part of the volt-
age is used up by the resistor so that 
each tube heater gets the correct 
voltage. 
An example of a circuit of this 

type is shown in Fig. 4. Here we 
have four tubes with their heaters 
connected in series. Notice that 
three of the tubes operate with a 
heater voltage of 12.6 volts. When 
the three tubes are connected in 
series they will require three times 
this voltage or 37.8 volts. These 
three tubes are connected in series 
with the fourth tube that operates 
with a heater voltage of 50 volts so 
that the total voltage required by the 
four tubes in series is 87.8 volts. 
However, to operate this string of 
four tubes from a 120-volt power 
line means that we have to get rid 
of approximately 32 volts in some 

SERIES 
DROPPING 
RESISTOR 

AC 

Fig. 4. A series tube heater string, with a series-voltage-dropping resistor. 
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way in order to get the correct volt-
age on each tube. Here the series-
dropping resistor is connected in 
series with the tubes. If the tubes 
operate with a heater current of .15 
amps, you can find the value of the 
resistor required by using Ohm's 
Law 

E 
R = 

and substituting 32 for E and .15 for 
I, we would find that a resistor with 
a resistance of 213 ohms would be 
required. Actually, it probably would 
be impossible to get a 213-ohm re-
sistor but a 210-ohm or a 215-ohm 
resistor would certainly be close 
enough. As a matter of fact, even 
with a 200-ohm resistor in the cir-
cuit, the heater voltage on the tubes 
would be only slightly over the rated 
value and should not appreciably af-
fect tube life. 

Series-dropping resistors of this 
type are also to be sound in some 
television receivers. Of course, in 
the TV receiver there will be far 
more tubes, and the chances are 
that the voltage that the resistor 
must drop will be less than the value 
in the preceding example, but its 
purpose is the same, to reduce the 
line voltage to the value required 
by the series-heater string. 

Series-dropping resistors are 
also used in dc circuits An example 
of this type of arrangement is shown 
in Fig. 5. Here the load, which is 
represented by R2, requires an op-
erating voltage of 100 volts. The 
power supply voltage is 250 volts. 
The series-dropping resistor RI is 
used to reduce or drop the power 
supply voltage from 250 volts down 
to 100 volts for the load.This means 

that there will be a voltage drop of 
150 volts across the series-dropping 

resistor. 
The value of resistance required 

In RI will depend upon the resistance 
of R2 Normally the load will have a 
certain resistance, and when it is 
operated at the correct voltage a 
certain current will flow through the 
resistance. As an example, if the 
resistance of R2 is 50,000 ohms, 
when a voltage of 100 volts is applied 
across this load, a current of 2 ma 
will flow through it. 
We can use this information to de-

termine the value of the series-volt-
age-dropping resistor. We know that 
we must drop a voltage of 150 volts, 
and since it will be in series with 
R2 the current flowing through it 
will be the same as the current 
through R2 in other words 2 ma. 
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We can use this information and 
Ohm's Law to find the value of R1. 

R = E 

150  
- 75,000 ohms 

.002 

In this particular instance we do 
not even have to resort to Ohm's 
Law to find the value of R1. We know 
the resistance of R2 is 50,000 ohms 
and it will have a voltage of 100 volts 
across it. We want R1 to have 150 
volts across it or 1-1/2 times the 
voltage across R2 Therefore the 
resistance of R1 must be 1-1/2 
times the resistance of R2. Since 
R2 has a resistance of 50,000 ohms, 
then R1 must have a resistance of 
75,000 ohms. 
An arrangement of this type works 

out very nicely as long as the re-
sistance of R2 remains constant. 
However, in many cases in elec-
tronic equipment the resistance of 
the load varies. When this happens, 
the total resistance in the circuit 
will vary and this will cause the 
current to vary. When the current 
in the circuit varies, the voltage drop 
across R1 will vary and when this 
happens, the voltage across R2 will 
also vary. In some cases a fairly 
wide variation in voltage across R2 
will not present any problem, but 
there are many applications where 

we may want to keep the voltage 
across R2 reasonably constant. 
Under these circumstances a simple 
series-dropping resistor of the type 
shown in Fig. 5 is not particularly 
satisfactory. 

Let us look at Fig. 6 to see how 
a variation in the resistance of R2 
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Fig. 6. When the value of It2 varies, the 
voltage across it will also vary. 

can affect the voltage across it.No-
tice that here we have represented 
R2 as the variable resistance load. 
Suppose the resistance of R2 goes 
down to 25,000 ohms. Now, we have 
a total resistance in the circuit of 
25,000 ohms for R2 and 75,000 ohms 
for RI. This means the total resist-
ance in the circuit will be 100,000 
ohms. Using Ohm's Law we find that 
the current will be 

E 
= — 
R 

250  
I -  100,000 amps 

We can multiply the numerator in 
this expression by 1,000 and get our 
answer directly in milliamperes, or 
perform the division as indicated. 
If we perform the division as indi-
cated we will find that the current 
is .0025 amps. If we multiply by 
1,000 first, we will get our answer 
in milliamperes, and in this case 

I = 2.5 ma 



In either case, we see that the 
current has increased from 2 ma to 
2.5 ma. Now the voltage drop across 
R1 will be greater than 150 volts. 

The actual voltage drop will be 187.5 
volts. Since the power supply voltage 
is 250 volts this leaves us with a 
voltage of 62.5 volts across the load. 
Now let us see what happens when 

the resistance of R2 increases.Sup-
pose a resistance of R2 increases 
by 25,000 ohms and becomes 75,000 
ohms. Now we have R1 and R2 in 
series and since each resistor has 
a value of 75,000 ohms, half of the 

voltage will be across each resistor. 

This means that the voltage across 
R2 will increase from 100 volts to 

125 volts. 
From the preceding we see that if 

the resistance of R2 does change,we 
get quite a substantial voltage varia-
tion across the resistor. If the re-
sistance goes down 25,000 ohms,the 
voltage across the load drops to 62.5 

volts, and if the resistance goes up 

25,000 ohms, the voltage goes up to 
125 volts. A change of this type could 
appreciably affect the performance 

of a circuit and in most cases we 
would have to take steps to prevent 
such a wide voltage variation. 

BLEEDER RESISTORS 

Wide voltage variations such as 

we encountered in the circuit shown 
in Fig. 6 can be reduced substan-
tially by means of a bleeder resis-
tor. Fig. 7 shows how a bleeder re-

sistor is connected into the circuit. 
Notice that the bleeder, R3 is con-
nected in parallel with the load R2. 

The idea in back of the bleeder is 
to help keep the current flowing 
through R1 constant. If the current 

11. 

250 
VOLTS 

50,000 
_n. 

2 R 3 

50,000n. 
+ 25,000n 

Fig. 7. The bleeder resistor R3 is con-
nected in parallel %.ith the load 112 to sta-

bilize the voltage across the load. 

flowing through R1 is constant then 
the voltage drop across it will be 
constant and this in turn will mean 

that the voltage across the load will 

remain constant. 
The higher the bleeder  current, 

the more closely we can keep the 
voltage constant across the load. 

This is due to the fact that if the 
bleeder current is large, it makes 
up most of the current flowing 

through RI, and since it will remain 
constant, the current changes 
through R1 due to variations in the 

load resistance will be held to a 

minimum. 
Let us look at an example and see 

how the bleeder actually can help 
regulate the voltage. Let us take R2 

with a nominal resistance of 50,000 
ohms, as before, and connect a 
bleeder resistor, R3, in parallel with 
R2. Let us select a bleeder that also 
has a resistance of 50,000 ohms.As 

before, we want to maintain the volt-

age across the load constant at 100 

volts. 
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With a voltage of 100 volts across 
the load resistor, with its value at 
50,000 ohms, the current through the 
load will be 2 ma as before. Since 
the bleeder is in parallel with the 
load, 2 ma will also flow through it. 
This means that the total current in 
the circuit will be 4 ma. 
Now we need to select a series-

dropping resistor, R1. As before, 
since the power supply voltage is 
250 volts, the series-dropping re-
sistor must drop 150 volts. Going 
back to Ohm's Law, we have 

150 volts  
R1 = - 37,500 ohms 

.004 

Therefore with a series-dropping 
resistor of 37,500 ohms we will get 
a voltage drop of 150 volts across 
R1, and with a load, R2 of 50,000 
ohms, and a bleeder of 50,000 ohms 
we will have a voltage of 100 volts 
across the load and across the 
bleeder. 
With the load and the bleeder in 

parallel, the total resistance of the 
two in parallel will be 25,000 ohms. 
Remember that they are of equal 
value and therefore the parallel re-
sistance is one-half the resistance 
of either resistor. Now let's see 
what happens when the value of R2 
decreases to 25,000 ohms. We will 
see how this affects the voltage 
across the load. 
When R2 goes down to 25,000 

ohms, we have the 25,000 ohms 
load in parallel with the 50,000 ohms 
bleeder. The parallel resistance of 
the combination is 16,666 ohms which 
we can round off to 16,500 ohms to 
simplify our calculations. Total re-
sistance in the circuit will be 16,500 
plus the resistance of RI, which is 
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37,500 ohms, or a total of 54,000 
ohms. The current that will flow in 
the circuit can be found from Ohm's 
Law 

250 
1 = -- - 0046 amps 

54,000 

A current of .0046 amps (4.6 ma) 
flowing through RI. will produce a 
voltage drop of 

E = .0046 x 37,500 = 172.5 volts 

With a voltage drop of 172.5 volts 
across R1, the remainder of the volt-
age will be dropped across R2 and 
the bleeder resistor Ra.Subtracting 
172.5 from 250 will give us 77.5 
volts. Remember that in the preced-
ing example shown in Fig. 6, when 
the value of R2 went down to 25,000 
ohms, the voltage across it dropped 
to 62.5 volts. Simply connecting the 
bleeder resistor with the same value 
as the nominal value of R2 in par-
allel with the load improved the volt-
age regulation by 15 volts when the 
resistance of R2 went down. 
When the resistance of R2 in-

creases by 25,000 ohms, you will 
have the load R2, which will then 
have a resistance of 75,000 ohms, 
in parallel with the bleeder R3 , which 
has a resistance of 50,000 ohms. 
The parallel combination of a 
75,000-ohm and a 50,000-ohm re-
sistor will give us a parallel resist-
ance of 30,000 ohms. This resist-
ance in series with R1 will give us 
a total resistance of 67,500 ohms in 
the circuit. With this resistance in 
the circuit the current flow in the 
circuit will be .0037 amps and the 
voltage drop across R1138.75 volts. 
This means that the remainder of 



the voltage will appear across the 
load and bleeder and in this case 
would be 111.25 volts. This com-
pares with the voltage of 125 volts 
which we found we would get across 
the load without the bleeder when 
the resistance of the load increased 
by 25,000 ohms. 

In other words, without a bleeder 
connected across the load, as the 
value of the load resistance varied 
25,000 ohms above and below its 
nominal value of 50,000 ohms, its 
voltage varied from 62.5 volts to 
125 volts. With a 50,000-ohm bleeder 
connected across the load, when the 
load resistance varied 25,000 ohms 
above and below its nominal value, 
the voltage across the load varied 
from 77.5 volts to 111.25 volts. You 
will notice that connecting the bleed-
er in parallel with the load has had 
a substantial effect in maintaining 
a more constant voltage across the 
load. 
The larger the bleeder current, 

the better the voltage regulation 
will be. In fact, if the nominal 
value of R2 is 50,000 ohms and we 
put a 5,000-ohm bleeder in parallel 
with it we get very little voltage 
change at all as the resistance of 
R2 varies between 25,000 and 75,000 
ohms. With a bleeder of this size, 
the total series current flow would 
be about .022 amps. This would re-
quire a series-dropping resistor of 
approximately 6800 ohms. When the 
resistance of R2 dropped from 
50,000 ohms to 25,000 ohms, the 
current in the circuit would increase 
from .022 amps to slightly less than 
.023 amps. The increase in the volt-
age drop across R1 would be only 4 
volts, which means that the voltage 
drop across the load would change 

from 100 volts to 96 volts. Similarly, 
if the resistance of R2 increased 
from 50,000 ohms to 75,000 ohms, 
the current in the circuit would drop 
only about one half a milliampere 
and the voltage drop across R1 would 
change from 150 volts to approxi-
mately 147 volts. Therefore the volt-
age across the load would increase 
to 103 volts. As you can see, with 
a low-resistance bleeder that draws 
a high bleeder current, the voltage 
across the load remains almost con-
stant, even with the same variation 
in the load that produced a wide volt-
age variation before. 

Since a bleeder that draws a large 
current regulates the voltage so well 
you might wonder what the problem 
Is. In a circuit where we want to 
keep the voltage across the load con-
stant, why not simply put a bleeder 
across the load that will draw a high 
current and maintain the voltage 
constant? The answer is that the 
bleeder current serves no purpose 
other than to regulate the voltage 
across the load. In so far as per-
forming any other function is con-
cerned, it is wasted. There is a limit 
to how much current we can take 
from a power supply. The more 
bleeder current we draw the bigger 
and more costly the power supply 
must be. Therefore in applications 
where a bleeder is used, in most 
cases some compromise is reached 
and a value of bleeder is selected 
that will give the voltage regulation 
required, and no more. Of course 
in some applications where very 
precise regulation is required, we 
have to waste the power in the 
bleeder in order to get this regula-
tion. In this case, we must build a 
power supply capable of supplying 
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the required current even though it 
may be quite costly. 

Series-dropping resistors and 
bleeders are often used in tube and 
transistor circuits. You have al-
ready studied the triode tube and will 
remember that it has three ele-
ments, a cathode, a grid and a plate. 
The pentode tube is a tube with five 
elements. It has the same three ele-
ments as the triode tube plus a sup-
pressor grid and a screen grid. The 
suppressor grid is usually connected 
to B- or to the cathode. The screen 
grid is connected to B+ and usually 
operated at a voltage somewhat less 
than the plate voltage. The voltage 
required for the screen is obtained 
through a series-dropping resistor 
from the same power supply that 
supplies the plate voltage. If the 
screen voltage must be maintained 
constant then you will often find a 
bleeder in the screen circuit for this 
purpose. 

SUMMARY 

Now let us review what you have 
studied in this section on resistors 
and how they are used to reduce volt-
age. Resistors are sometimes used 
in the heater circuit of small radios 
or in the heater circuit of television 
receivers to reduce the line voltage 
to the value required by series-con-
nected tube heaters. Resistors are 
also used to reduce the voltage to a 
load so that the load can be operated 
from a power supply that has a some-
what higher voltage than the voltage 
required by the load. 

Resistors are used as bleeders to 
stabilize or regulate the voltage 
across a load. The bleeder consumes 
or wastes a certain amount of cur-

rent, but this extra current that 
flows through the bleeder remains 
constant and helps maintain the volt-
age drop across the series-dropping 
resistor constant. The larger the 
current consumed by the bleeder in 
comparison to the current consumed 
by the load, the better the regulation 
across the load will be. However, 
since the bleeder current is waste 
current and performs no useful pur-
pose other than to regulate the volt-
age across the load, we normally do 
not use any more bleeder current 
than is necessary to get the degree 
of regulation that is required across 
the load. We keep the bleeder cur-
rent as low as possible in order to 
keep the cost and size of the power 
supply as low as feasible. However, 
in some applications where very 
precise regulation is required, a 
large bleeder current is used and 
we simply have to go to the expense 
of making the power supply as large 
as necessary to supply this current 
along with the load current. 
Now to help you be sure that you 

understand this section of the les-
son and to review it, answer the 
following self-test questions. 
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SELF-TEST QUESTIONS 

(a) What is the purpose of a 
series-dropping resistor? 
If two tubes that each require 
a heater voltage of 35 volts 
are connected in series with 
two additional tubes that re-
quire a heater voltage of 6 
volts each and the four heaters 
connected in series are to be 
operated from a 120-volt 
power line, how much voltage 
must the series-dropping re-

(b) 



(e) 

sistor drop in order to pro-
vide the correct heater volt-
ages for the tubes? 
In the preceding example, if 
the current drawn by the tubes 
is .3 amperes, what would be 
the value of the series-drop-
ping resistor to use? 

(d) What is the purpose of a 
bleeder? 

(e) Which type of bleeder is more 
effective, a high-resistance 
bleeder that draws very little 
current, or a low-resistance 

bleeder that draws a substan-
tial current? 

(f) What consideration other than 
regulation must be kept in 
mind in selecting a bleeder? 
If a load, which has a resist-
ance of 20K ohms and requires 
an operating voltage of 200 
volts, is connected across a 
power supply that has an out-
put voltage of 300 volts, what 
should the resistance of the 
series-voltage-dropping re-
sistor be? 

(g) 
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Power In Electrical Circuits 
We have already mentioned sev-

eral times that the unit of electrical 
power is the watt. The watt tells us 
how much electrical energy or power 
is being expended or used in a cir-
cuit. You have probably run into this 
unit many times, and you are no 
doubt familiar with different size 
light bulbs - they are rated in watts. 
A 60-watt bulb consumes 60 watts of 
electrical energy when it is lit. A 
100-watt electric bulb consumes 100 
watts of electrical energy - almost 
twice as much power as a 60-watt 
bulb. 
Now let us go ahead and learn more 

about exactly how much electrical 
energy the watt represents. 

THE WATT 

The power in an electrical circuit 
is equal to the product of the voltage 
times the current. Expressing this 
as a formula we have 

P=E XI 

We generally drop the times sign 
and simply write the formula as 

P = EI 

This formula tells us that if a gen-
erator is supplying a voltage of 1 
volt to a circuit and the current flow-
ing in the circuit is lamp, the power 

being supplied by the generator is 1 
watt. If the generator is supplying 
a voltage of 10 volts and a current 
of 2 amps, the power being supplied 
by the generator is 10 x2 =20 watts. 
From the expression for power 

we see that the current used by a 
100-watt electric light bulb will be 
slightly less than 1 amp when the 
bulb is operated from a 120-volt 
power line. Since the product of the 
voltage times the current equals 
100 watts, we can find the current 
by rearranging the power formula 
to 

I = 

and substituting 100 watts for P and 
120 volts for E 

100 
I = — = .83 amps 

120 

A 60-watt bulb will draw somewhat 
less current, 

—60 
I = - .5 amps 120 

The power in an electrical circuit 
can also be expressed in terms of 
voltage and resistance or in terms 
of current and resistance by com-
bining the power formula with Ohm's 
Law. For example from Ohm's Law 
we know that 

E =I xR 

If we substitute I x R for E in the 
power formula we have 

P =I x RxI=IxIxR 

If we drop the times sign and write 
I x I as 12 (this is called I squared) 
we will have the formula 
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P = I2R 

You will see this expression many 
times in electronics. Remember that 
the term 12 means I x I. This form 
of the power equation is often used 
to determine the wattage rating of a 
resistor in a circuit where the cur-
rent through the resistor and the re-
sistance of the resistor are known. 

Going back to our original power 

formula 

P=E XI 

and Ohm's Law in the form 

E 
I = — 

R 

E 
if we substitute Tt- for I we will get 

E- P =Ex—R 

which we usually write as 

E 2 
P = 

where the expression E2 means E 
X E. This form of the power equation 
can be used where we know the volt-
age across a part and the resistance 
of the part or circuit. 

These three forms of the power 
formula are extremely important; 
you will have many occasions to use 
them. Therefore you should take the 
time now to memorize them to save 
having to look them up in the future. 
Even though you may not have to do 
a great deal of calculating involving 
these formulas you should know what 
the formulas are so you will be able 
to approximate the power used in a 
circuit. The three formulas are: 

P = EI 

P = I2R 

u E 2 
R 

WATTAGE RATING 

OF RESISTORS 

Earlier we mentioned that resis-
tors were made with different watt-
age ratings. When current flows 
through a resistor a certain amount 
of power is used, or as we say dis-
sipated. The wattage rating of a re-
sistor tells us how much power the 
resistor can dissipate. If the power 
being dissipated by the resistor is 
greater than its wattage rating, the 
resistor will soon burn out. 
We mentioned previously that car-

bon resistors are made in 1/2-watt, 
1-watt and 2-watt sizes. Also, you 
will occasionally run into very small 
carbon resistors that are rated at 
1/3-watt. 
When we say that a resistor is a 

1-watt resistor we mean that the 
power it can dissipate or handle is 
1-watt. This means that the product 
of the current squared through the 
resistor times the resistance of the 
resistor must be equal to 1 watt 
or less. 

Actually, in the case of carbon 
resistors, it is not a good idea to use 
them at their maximum rating. Car-
bon resistors have a tendency to 
change value if they get too hot. A 
1-watt carbon resistor that is actu-
ally dissipating one full watt of elec-
tric power will get quite warm after 
it has been in operation for some 
time. Eventually, this will cause the 
resistor to change value. There is 
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no way of predicting how much the 
resistor will change value - the 

change might be slight and may not 
affect the performance of the circuit. 
On the other hand, the change might 
be large enough to appreciably affect 
the performance of the circuit. The 
usual practice is to use resistors 
having a wattage rating almost 
double that actually required. In 
other words, if the power that a re-
sistor must dissipate is 1 watt or 
slightly over 1 watt then you would 
use a 2-watt resistor, 1f the resistor 
must dissipate approximately 1/2 
watt, it is best to use a 1-watt re-
sistor to avoid any possible problem 
in the future due to the resistor 
overheating and changing value. 

The deposited film type of resis-
tor is made in ratings of 2 watts up 
to about 10 watts. These resistors 
are somewhat larger than carbon 
resistors and are able to handle the 
larger power. They do not have the 
tendency to change value that carbon 
resistors have and therefore can be 
operated closer to their full wattage 
rating. However, even in the case of 
deposited film resistors, most 
manufacturers usually allow a rea-
sonable safety factor to prevent the 
resistors burning out after they have 
been in service for some time. As 
an example, if the wattage being dis-
sipated by a deposited film resistor 
is almost four watts, a 5-watt re-
sistor is usually used to provide 
some safety factor. 
There is almost no limit to the 

wattage ratings in which wire-wound 
resistors can be made. In radio and 
television receivers you will seldom 
find wire-wound resistors rated at 
higher than 50 watts. However, in 
radio and TV transmitting equipment 

and in industrial control equipment 
you may find wire-wound resistors 
that are capable of dissipating sev-
eral thousand watts or more. These 
high-wattage resistors are made 
with a large-size resistance wire 
that can carry the high current and 
are wound on a large diameter tube 
in order to provide room for the 
wire needed to get the required re-
sistance. 
The same safety rule for carbon 

resistors is generally followed in 
the case of wire-wound resistors. 
Usually a resistor having approxi-
mately twice the wattage rating that 
the resistor must dissipate is used. 
Manufacturers follow this practice 
because the larger wattage resistor 
will be a larger physical size and 
better able to get rid of the heat 
that is produced by the electrical 
energy that the resistor must dis-
sipate and also because it provides 
a safety factor - there is far less 
chance of the resistance wire burn-
ing out if the overrated resistor is 
used. 

15 

TRANSFERRING POWER 

A common problem in electronics 
is transferring power from one cir-
cuit to another or from one device 
to another. As an example, consider 
the output tube or transistor in a 
radio receiver and the loudspeaker 
in the receiver. The output tube or 
transistor develops audio power; in 
other words it develops sound power 
in electrical form. The problem is 
to get the maximum amount of power 
over to the speaker from the output 
tube or transistor. Now let us con-
sider what is involved in this power 
transfer. 



The tube or transistor acts as the 

power source. The speaker acts as 
a load. Thus we have a situation 

somewhat similar to a battery with 
a load connected across it. We have 

seen this circuit many times. 
However, there is one thing we 

have omitted in the circuits we have 
looked at before. All electrical parts 
have resistance. This is true of 
transistors, tubes, coils, trans-
formers, generators and batteries. 
The usual practice is to simply 
represent a battery by the battery 
symbol. However, to be precise, we 

should represent it by the battery 
symbol and a resistor in series with 
it to represent the internal resist-
ance of the battery. By internal re-
sistance of the battery we mean the 
opposition that current encounters 

in flowing from the positive terminal 
of the battery through the battery to 
the negative terminal. 

In Fig. 8 we have shown a circuit 
representing a battery with internal 
resistance and a load connected 
across the battery. The battery we 

INTERNAL 
RESISTANCE 

1_ 10V 
BATTERY 

LOAD 
R1 

Fig. 8. Circuit representing a battery with 
internal resistance and a load across the 

battery. 

have shown is a 10-volt battery with 
an internal resistance of 5 ohms. 
Thus in any circuit we consider,the 

total resistance in the circuit will 
be the resistance of R1 plus the in-
ternal resistance of the battery, 
which is 5 ohms. This total resist-

ance is the opposition to current 

flow in the circuit, and is the value 
we must use in performing any cal-
culations to find the current flowing 
in the circuit or the power dissipated 

in the circuit. 
The fact that the battery has in-

ternal resistance brings about sev-

eral interesting things. First, let 
us assume that the resistance of R1 

in the circuit is 20 ohms; this means 
that the total resistance in the cir-
cuit will be 25 ohms. Since the bat-
tery potential is 10 volts this means 
that the current flowing in the cir-
cuit will be 

10 
I= 

25 
= .4 amps 

The .4 amps flowing through the 
battery resistance will produce a 
voltage drop across this resistance. 
This voltage drop will be 

E = .4 x 5 = 2 volts 

Thus the actual voltage available at 
the battery terminals will be only 8 
volts. This is quite common in bat-

teries and generators; part of the 
voltage produced by the battery or 

generator is lost due to the internal 

resistance of the device. 
Now let us find how much power 

is actually being supplied by the bat-
tery, and how much is being received 

by the load. The power supplied by 
the battery is equal to the battery 
voltage times the current or P = 
10 x .4 = 4 watts. 
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The power being dissipated by the 
load can best be found by the power 
formula 

P = I2R 
P = .4 x .4 x 20 = 3.2 watts 

Now let us replace the 20-ohm 
resistor that we have in the circuit 
for R1 with a 10-ohm resistor and 
see what happens in the circuit. With 
a 10-ohm resistor in the circuit the 
total resistance in the circuit will be 
10 ohms plus the 5 ohms internal 
resistance of the battery or a total 
of 15 ohms. The value of the current 
in the circuit will be 

10 
I = = .67 amps 

15 

Now the power being supplied by the 
battery will be 

P = 10 x .67 = 6.7 watts 

and the power dissipated by the re-
sistor R1 will be 

P = .67 x .67 x 10 = 4.5 watts 
(approximately) 

If we replace R1 with a 6-ohm re-
sistor, we will have a total resist-
ance of 11 ohms in the circuit. This 
will give us a current flow of .9 amps 
and the power dissipated in R1 will 
be 4.8 watts. 

If we substitute a 5-ohm resistor 
for R1, the total resistance in the 
circuit will be 10 ohms and the cur-
rent will be 1 amp. The power dis-
sipated by R1 will then be 5 watts. 
The total power generated by the 
battery will be 10 watts. 

If we substitute a 4-ohm resistor 

for R1 the total resistance in the 
circuit will be 9 ohms and the cur-
rent flow 1.1 amps. The power dis-
sipated by R1 will then be 4.8watts. 
If we continue to reduce the size of 
the resistance we will find that the 
power dissipated by the resistor 
will continue to go down. 

Notice that as we started with a 
20-ohm resistor and reduced the 
size of it to 5 ohms, that the power 
dissipated by the resistor increased 
until it reached a maximum value at 
5 watts. When we reduced the resist-
ance of the resistor below 5 ohms, 
the power starts to decrease. 
The significant thing to notice here 

is that we obtain maximum power in 
the -resistor when the resistance  of 
the resistor is equal to the internal 
resistance of the battery. 

This situation will always exist. 
We will get maximum power in the 
load when the load resistance is 
equal to the generator resistance. 
However, this condition may not al-
ways be desirable because the total 
power being generated by the gen-
erator when we have a 5-ohm resist-
ance in the circuit is 10 watts.Since 
we are dissipating only 5 watts in 
the resistor, half of the power is 
being wasted in the battery itself. 
Thus, when maximum power trans-
fer is being obtained, the over-all 
efficiency of the system is only 50% 
- half the power being produced by 
the source is transferred to the load. 
With a higher load resistance, the 
efficiency improves and under some 
circumstances we may be willing to 
get something less than full power 
transfer to get better efficiency. For 
example, when the value of R1 was 
20 ohms we had a power of 3.2 watts 
in the resistor and the total power 
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produced by the generator was 4 
watts. This is an efficiency of 80%; 
in other words, 80% of the power 
produced by the battery is trans-
ferred to the load. Even though this 
is less than the power we get when 
the load is matched or equal to the 
battery resistance, the efficiency of 
the power transfer is much better. 
The important point for you to re-

member from this section of the les-
son is that we will get maximum 
power transfer from a voltage 
source to a load when the resistance 
of the load is equal to the internal 
resistance of the source. Under 
these conditions we say that the load 
is matched to the generator. Under 
these conditions, the efficiency of 
the power transfer will be 50% - 
half the power will be dissipated in 
the load and the other half lost in 
the generator or the voltage source. 
Under some circumstances it is 
better to get somewhat less power 
transferred from the source to the 
load in order to get better efficiency. 

SUMMARY 

This section of this lesson is an 
extremely important one, and you 
should be sure that you understand 
it completely before going on. 
You learned that the unit of power 

is the watt. The power in a circuit 

can be obtained from any one of the 
three formulas 

P = EI 

P = 12R 

E3 
P = —R 

You should memorize these three 
formulas; you will need them over 

and over again in your career in 
electronics. 
Remember that resistors are 

made in different wattage ratings. 
Remember too, that carbon resis-
tors have a tendency to change value 
if they are operated near their maxi-
mum wattage rating. If you have to 
replace a carbon resistor in a piece 
of electronic equipment you can use 
the same wattage rating resistor as 
used by the manufacturer or one 
having a higher wattage rating, if 
there is room for the larger resis-
tor in the circuit. The usual safety 
factor allowed in electronic equip-
ment is to use a resistor having 
twice the wattage rating that it must 
dissipate. This will reduce the pos-
sibility of resistor failure after the 
equipment has been in use for some 
time. 
Remember that maximum trans-

fer of power from a generator to 
a load can be obtained when the re-
sistance of the load matches the re-
sistance of the generator. When 
maximum power transfer is obtained 
the efficiency is only 50%; this means 
that only half the power produced by 
the generator reaches the load. 
Under some circumstances we will 
be satisfied with a somewhat lower 
power in the load in order to obtain 
better efficiency. 
Now do the self-test questions on 

this section carefully. If you have 
difficulty with any of the questions 
it is a sign that you need to spend 
more time on this important section. 
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SELF-TEST QUESTIONS 

(h) What is the unit of electrical 
power or energy? 

(i) If a battery has a voltage of 



(j) 

(k) 

15 volts, and it is supplying a 
current of 3 amps, what is the 
power being supplied by the 
battery? 
What do we mean when we say 
that a resistor is dissipating 
10 watts? 
If the voltage across a 1000-
ohm resistor is 100 volts, how 
much power is the resistor 
dissipating ? 

(1) If the voltage across a 5000-
ohm resistor is 50 volts, what 
is the power dissipated by the 
resistor? 

(m) If the current through a resis-
tor is 2 amps, and the resist-
ance of the resistor is 25 
ohms, what is the power dis-
sipated by the resistor? 

(n) If the current through a 100K 
resistor is 10 ma, how much 
power is the resistor dissi-
pating? 

(o) A battery has a voltage of 9 
volts and an internal resist-
ance of 3 ohms. What size re-
sistor should be used as a load 
in order to get maximum 
power transfer? 
A 20-volt battery has an in-
ternal resistance of 10 ohms. 
What size resistor should be 
be connected across it as a 
load in order to get maximum 
power transfer? How much 
power will be produced by the 
battery and how much power 
will be transferred by the 
load? 

Resistor Values 

We mentioned earlier that there 
are more resistors used in elec-
tronic equipment than any other 
parts. A small radio receiver gen-
erally has somewhere between ten 
and fifteen resistors. A black and 
white TV receiver usually has ap-
proximately 50 resistors and a color 
TV receiver may have twice that 
many. Usually you can figure that 
a piece of electronic equipment will 
have somewhere between three and 
five resistors at least, for each tube 
or transistor used in the equipment. 
We have already gone into the 

methods used to indicate the value 
of a resistor. You know that the unit 
of resistance is the ohm. If the volt-
age across a resistor is 1 volt and 
a current of 1 amp flows through the 

resistor, the resistance of the re-
sistor is 1 ohm. You will remember 
this important relationship is ex-
pressed in Ohm's Law. 
You are also familiar with the fact 

that large values of resistors are 
found in electronic equipment and 
that we use the symbol K to repre-
sent 1000 and the letter M for meg-
ohms which represents 1,000,000 
ohms. Thus a 2,200-ohm resistor 
will often be marked 2.2K on a dia-
gram and a 4,700,000-ohm resistor 
will often be marked 4.7M or 4.7 

megs. 
Since there are 1000 ohms in 1K-

ohm and 1,000,000 ohms in a meg-
ohm, it follows that there are 
1000K-ohms in a megohm. You need 
to be able to convert between K-ohms 
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and megohms because on some dia-
grams a resistor having a resist-
ance of 100K-ohms may be marked 
as .1 meg, and you must realize that 

both represent the same value. To 
convert from ohms to K-ohms you 
move the decimal point three places 
to the left, and to convert from K-
ohms to ohms you move it three 
places to the right. To convert from 
ohms to megohms you move the deci-
mal point six places to the left and 
to convert from megohms to ohms 
you move it six places to the right. 
To convert from K-ohms to meg-
ohms you move the decimal point 
three places to the left and to con-
vert from megohms to K-ohms you 
move it three places to the right. 
Remember that to convert from the 
smaller unit to the larger unit you 
move the decimal point to the left, 
and to convert from the larger unit 
to the smaller unit you move the 
decimal point to the right. 

TOLERANCES 

The most frequently encountered 
resistor is the molded-carbon re-
sistor. The molded-carbon resistor 
is made with three different toler-
ance values. The resistor is made 
with a 5% tolerance, a 10% tolerance 
or a 20% tolerance. The tolerance 
indicates how much the resistor may 
vary in resistance from its indicated 
value. For example, a 100-ohm re-
sistor with a 5% tolerance will be 
within 5% of 100 ohms. This means 
that its value might be 5% below or 
as much as 5% above 100 ohms. 5% 
of 100 is 5 ohms and therefore the 
resistance of the resistor may be 
any value between 95 and 105 ohms. 

In this case of a 10% resistor, the 
value may vary 10% above or below 

100 ohms. 10% of 100 is 10 ohms and 
therefore the resistance of this re-
sistor can be any value between 90 
ohms and 110 ohms. A 20% resistor 
can have a tolerance of 20 ohms and 
therefore the resistance could be any 
value between 80 ohms and 120 ohms. 
The closer the tolerance of a re-

sistor, the more expensive the re-
sistor is. Thus a 5% resistor is more 
expensive than a 10% resistor and a 
10% resistor is more expensive than 
a 20% resistor. However, with to-
day's modern automatic resistor 
making machinery, there is very 
little difference between the price 
of a 10% resistor and a 20% resis-
tor and therefore you don't run into 
too many 20% resistors in electronic 
equipment any more. There is con-
siderable difference between the 
price of a 5% resistor and a 10% re-
sistor, and therefore most manu-
facturers will use 10% resistors 
wherever they can. The 5% resistors 
are found only in the more critical 
circuits where it is important that 
the value of the resistor be held to 
a close tolerance. 

EIA VALUES 

The EIA (Electronic Industries 
Association) has set up standard 
carbon resistor values. You cannot 
buy any value carbon resistor you 
might want - you have to buy one of 
the standard values. The standard 
values are arranged so that you can 
get a resistor within 5% of any re-
quired value. For example, if you 
determined that in a certain circuit 
you needed a 53,000-ohm resistor, 
you cannot buy a 53,000-ohm carbon 
resistor - they are not made in this 
size. However, you can buy a 51,000-
ohm resistor and a 56,000-ohm re-
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Ohms Ohms Ohms Ohms Oh= Ohmo Ohms Ohms Ohms Ohms Meg. Mega 

0.24 1.1 5.1 24 110 510 2400 11K 51K 240K 1.1 5.1 

0.27 1.2 0.0 27 IMO 000 2700 12K WOK 370K 1.2 it.. 

0.30 1.3 6.2 30 130 620 3000 13K 62K 300K 1.3 6.2 

0.93 1.5 •.• 39 IMO SOO 3300 111K 05K 930K 1.5 0.0 

0.36 1.6 7.5 36 160 750 3600 16K 75K 360K 1.6 7.5 

0.115 IS 5.2 se Ise 020 3500 11111 02K 3110K 1.• 21.11 

0,43 2.0 9.1 43 200 910 4300 20K 91K 430K 2.0 9.1 

0.47 2.2 10 47 220 1000 4700 32K 100K 470K 2.2 10 

0.51 2.4 11 51 240 1100 5100 24K 110K 510K 2.4 11 

0.55 2.7 12 MO 270 1200 mime 27K 130K 550K 2.7 12 

0,62 3.0 13 62 300 1300 6200 30K 130K 620K 3.0 13 

0.00 3.3 IS 15111 330 1500 4000 1118K 150K 000K 3.11 115 

0.75 3.6 16 75 360 1600 7500 36K 160K 750K 3.6 16 

0.52 11.5 10 111111 350 1000 0200 115K 100K 5110K 3.5 IS 

0.91 4.3 20 91 430 2000 9100 43K 200K 910K 4.3 20 

1.0 4.7 22 100 470 3200 10K 47K 220K 1 meg 4.7 22 

Fig. 9. Standard E1A carbon resistor values. 

sistor and therefore you would se-
lect one of these two values - the 
exact one that you would select would 
depend upon whether you want the 
resistance to be a little higher than 
the calculated value or a little lower. 

Standard EIA carbon resistor val-
ues are shown in Fig. 9. All are 
available with a 5% tolerance; the 
values in bold type are also avail-
able in 10% tolerances. You normally 
cannot buy 20% resistors for re-
placement purposes, but either 5% 
or 10% resistors are satisfactory 
replacements. 

COLOR CODE 

Carbon resistors are identified 
by means of a color code.There will 
be three or four colored bands on a 
carbon resistor. The resistors with 
only three color bands are 20% tol-
erance resistors. The resistors with 

the four color bands will be either 
5% or 10% resistors depending upon 
the color of the tolerance band. If 
the fourth band is a gold band the 
resistor has a tolerance of 5%, and 
if it is a silver band the resistor 
has a tolerance of 10%. 
The color bands are placed on 

the body of the resistor nearer to 
one end than the other as shown in 
Fig. 10. To read the color band, 
hold the resistor as shown in Fig. 
10. The fourth band, if there is a 
fourth band, will be either gold or 
silver and it will be on the right and 
tell you the tolerance of the resis-
tor. To read the value of the resis-

4 
TOLERANCE 
  BAND 

Fig. 10. Resistor values and tolerance 
are identified by color bands as shown. 
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Color 1st 

Figure 

2nd 

Figure 

No. of 

Zeros 

Silver .01 

Gold .1 

Black 0 0 none 

Brown 1 1 0 

Red 2 2 00 

Orange 3 3 000 

Yellow 4 4 0000 

Green 5 5 00000 

Blue 6 6 000000 

Purple 7 7 

Gray 8 8 

White 9 9 

Fig. II. Standard resistor color code. 

tor start at the left end. The first 
color band gives you the first sig-
nificant figure of the resistance 
value. The second color band gives 
you the second figure and the third 
tells you how many zeros to add to 
get the resistance of the resistor. 
Values assigned the various colors 

are shown in Fig. 11. For example, 
a resistor with (left to right) red, 
red, black, and gold bands would 
have a resistance of 22 ohms. The 
first and second bands each indi-
cate 2; the black band indicates no 
zeros. The gold band indicates 5% 
tolerance. If the resistor were col-
ored orange, orange, red, the first 
and second bands would each indi-
cate 3, and the red band two zeros, 
so the value would be 3300 ohms or 
3.3K. If the fourth band is silver, 
the tolerance is 10%, if gold 5%. If 
there is no fourth band, the toler-

ance is 20%. 
If the third color band on a resis-

tor is gold, it indicates that you mul-

tiply the first two numbers by .1 to 
get the resistor value. Thus a resis-
tor coded red, red, gold, gold is 
22 x .1 = 2.2 ohms, 5%. If the third 
color band is silver, you multiply 
by .01. A resistor coded red, red, 
silver, gold is 22 x .01 = .22 ohms, 

5%. 
When you start to work on your 

experimental kits, you will have to 
use the color code to identify the 
various resistors in the kit. It is 
worthwhile to memorize the color 
code. However, do not spend a great 
deal of time trying to do it all at 
once. Look over the color code shown 
in Fig. 11 two or three times and 
learn at least what a few of the 
colors represent. Then after you 
have finished this lesson go back 
and take a look at it again and read 
it through two or three times. If you 
will do this several times, this, and 
working with your experimental kits, 
will soon teach you the code so that 
you will know it by heart. In your 
early experimental kits we will give 
you the resistance value and the 
color code to help you learn the code 
and learn to identify the resistors, 
but you must learn to do this your-
self so you will be able to identify 
resistors in any electronic equip-
ment you may be called upon to 
maintain or service. 

DEPOSITED CARBON 
RESISTORS 

There is another type of carbon 
resistor known as the deposited car-
bon resistor. The carbon resistors 
that you will run into most frequently 
in electronic equipment can easily be 
identified because they are color 
coded by bands as shown in Fig. 10. 
The deposited carbon resistors are 
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not made in the same way as these 
carbon resistors. They are made by 
depositing a layer of carbon on a 
form. The layer can be controlled 
closely and can be varied as neces-
sary in order to make resistors that 
can be held to a very close tolerance. 
These resistors are usually made in 
tolerances of 1% and 1/2%. It is not 
likely that you will run into this type 
of resistor in commercial entertain-
ment type equipment such as radio 
or TV receivers, but you will run 
into them in meters and test equip-
ment where the accuracy of a meter 
reading will depend upon the accu-
racy of the resistors in the equip-
ment. This type of resistor is iden-
tified by stamping the value of the 
resistor on the body of the resistor 
along with its tolerance. If you should 
have to repair a meter or some other 
test instrument and replace one of 
these resistors, it is important that 
the replacement have exactly the 
same resistance and tolerance as 
the original. Of course, if you have 
to replace a 100K-ohm, 1% resistor 
and can't get a 1% resistor, you can 
use a 1/2% tolerance resistor if one 
is available. 1/2% and 1% resistors 
are not nearly as readily available 
from radio and TV parts wholesalers 
as are the standard 5% and 10% 
molded carbon resistors. Often 
these precision resistors, as they 
are called, must be obtained by 
ordering them specially through 
your parts wholesaler. 

SUMMARY 

You have reached a point in your 
course now where you should be able 
to convert from ohms to K-ohms and 
megohms or from the larger units 
back to ohms without any trouble. 

The reason why it is important that 
you can convert from one unit to the 
other is that all three units are used 
by manufacturers on circuit dia-
grams and you have to know what is 
meant when any one of the units is 
used. 

It is important for you to remem-
ber that resistors are made in only 
certain standard sizes and that all 
molded carbon resistors have cer-
tain tolerances. The standard tol-
erances are 5%, 10% and 20%. You 
will find mostly 10% resistors used 
in radio and TV receivers; both 10% 
and 5% resistors will be found in 
industrial control equipment. 
You should start to learn the re-

sistor color code by memory. You 
will have to use it over and over 
again to identify resistors in elec-
tronic equipment. However, as we 
point out don't try to memorize it 
all at once. Read it through two or 
three times whenever you think about 
it and you will soon have It mem-
orized. 
Remember that 1% and 1/2% re-

sistors are used in test equipment 
and if you should have to replace 
any of these resistors be sure that 
you use an exact value replacement 
and a replacement having a tolerance 
of at least as close as the tolerance 
of the original. 
Now answer the following self-

test questions on this section of the 
lesson. 

SELF-TEST QUESTIONS 

(q) What is 4.7K-ohms equal to 
in ohms? 

(r) Express .39 megohms in K-
ohms and in ohms. 
What is 680,000-ohms in K-
ohms and in megohms? 

(s) 
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(w) 

(u) 

A 2200-ohm, 10% resistor 
actually has a value of 2000 
ohms. Is this resistor within 
its rated tolerance? 
A 10,000-ohm resistor has a 
tolerance of 5%. What is the 
maximum value resistance 
that the resistor might actu-
ally have and still be within 

tolerance? 
(v) Reading from left to right the 

color bands on a resistor are 
orange, white, yellow and gold. 
What is the value and tolerance 
of the resistor? 
If a resistor is color coded 

brown, black, green and 
silver, what is its value and 
tolerance? 

(x) If a resistor is color coded 
green, blue, orange and gold, 
what is its value and toler-
ance? 
A resistor is colored red, red, 
red and silver. What is its 
value and tolerance? 

(z) In a certain piece of test equip-
ment a 100K, 1% resistor has 
burned out. You have available 
a 100K, 1/2% resistor. Can you 
use this resistor as a replace-
ment ? 

(Y) 

Resistors With Special 

Characteristics 

We have already mentioned one of 
the important characteristics of 
carbon resistors, that is the fact 
that they change resistance with 
changes in temperature. Carbon it-
self has what we call a negative 
temperature coefficient. Most ele-
ments that carry electricity have a 
positive temperature characteris-
tic. This means that if a copper wire 
is carrying a current and the tem-
perature of the wire increases the 
resistance will increase - the wire 
has a positive temperature coeffi-
cient. Carbon, as an element, does 
the opposite - if it is heated, its re-
sistance goes down; it has a nega-
tive temperature coefficient. 

Most carbon resistors have a 
negative temperature coefficient. 
However, sometimes due to the way 

the resistor is made and due to the 
type of material used as a binder to 
hold the resistor together, the re-
sistor might actually have a small 
positive temperature coefficient. 
What happens is that the carbon in 
the resistor has a negative tempera-
ture coefficient which tends to cause 
a resistance to go down with an in-
crease in temperature but the other 
material has a positive temperature 
coefficient greater than the carbon 
temperature coefficient and this 
causes the resistance to go up when 
the temperature increases. Withthe 
two fighting each other, it is hard 
to predict what will happen. Some 
resistors will go down slightly in 
resistance when they are heated, 
others will increase slightly in re-
sistance. 
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Wire-wound resistors and de-
posited-film resistors in general 
have a positive temperature coeffi-
cient. Their resistance will increase 
as the temperature is increased. 

Actually, as far as a general pur-
pose resistor is concerned, we would 
prefer to have them with a zero tem-
perature coefficient. In other words, 
we would like their resistance to re-
main constant as their temperature 
changes. Changes in resistance due 
to temperature changes often pro-
duce undesirable results in elec-
tronic equipment. However, with 
modern manufacturing techniques, 
most carbon, deposited-film and 
wire-wound resistors have such a 
low temperature coefficient that any 
change in their temperature in nor-
mal operation will not cause their 
resistance to change sufficiently to 
cause any serious problem. 

In some special applications, how-
ever, it is desirable to have a re-
sistor whose resistance value will 
change with temperature. In this 
section of the lesson we are going 
to briefly study two of these devices. 

THERDIISTORS 

A thermistor is a type of resis-
tor that is made of a material whose 
resistance value varies with changes 
in temperature. The material used 
is a form of a semi-conductor ma-
terial quite similar to the material 
used in the manufacture of transis-
tors. 

Thermistors have a negative tem-
perature coefficient. This means 
that as the temperature increases, 
the resistance of the thermistor de-
creases. The amount that the re-
sistance of the thermistor will 
change with a given change in tern-
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perature depends upon the type of 
material from which the thermistor 
is made. 
Thermistors are quite often used 

in circuits where there is liable to 
be a large current surge when the 
equipment is first turned on. An ex-
ample of this type of application is 
in the power supply of a television 
receiver that is designed for opera-
tion without a power transformer. 
When the equipment is first turned 
on, a very high surge current will 
flow for a short time. A thermistor 
placed in the circuit can limit this 
current to a safe value. As the equip-
ment starts to operate, the current 
flowing through the thermistor 
causes it to heat so that its resist-
ance value drops very rapidly and 
by the time the equipment has 
reached operating temperature and 
is ready to operate, the resistance 
of the thermistor has dropped to 
such a low value that it has very 
little effect upon the performance 
of the equipment. Thermistors of 
this type may have a resistance of 
100 ohms or more when they are 
cold, and a resistance of only a few 

Fig. 12. A typical thermistor, such as 
might be found in a TV receiver, and its 

schematic symbol. 



ohms when they have reached their 
normal operating temperature in the 
receiver. 
A photograph of a thermistor such 

as you might find in the application 
we mentioned in the television re-
ceiver is shown in Fig. 12. Notice 
that the thermistor is made in the 
form of a round disc with leads 
attached to each side of it. The sche-
matic symbol used to represent the 
thermistor is also shown in Fig.12. 
The thermistor type shown in Fig. 

12 is the type you are most likely to 
encounter in TV receivers. How-
ever, there are many other different 

types. 
ferent types is shown in Fig. 13. 

A photo of a number of dif-

Fig. 13. Thermistors are made in many dif-
ferent shapes as shown above. 

These types are often found in 
industrial electronic equipment. 
Sometimes they are used to control 
current surges, in other applications 
they are used to measure tempera-
tures. You can tell the temperature 
of the thermistor by measuring its 
resistance and thus the thermistor 
can be used for temperature meas-
uring applications. 

VARISTIORS 

Another special type of resistor 
is the varistor. This resistor is also 
called a voltage-dependent resistor. 
This means that the resistance of the 
device depends upon the voltage 

Fig. 14. A typical varistor and its sche-
matic symbol. 

across it. In other words , as the volt-
age across the varistor increases, 
the resistance of the varistor de-
creases. 

Varistors are used in circuits to 
protect components from damaging 
high voltage transients. This could 
cause componed failure. With a va-
ristor in the circuit, as the voltage 
rises the resistance of the varistor 
decreases, drawing a large current 
from the voltage source which will 
lower the voltage. 

Varistors will be found in some 
color TV receivers. A photo of a 
varistor is shown in Fig. 14 along 
with the schematic symbol used to 
identify it. You will notice that the 
varistor looks very much like a 
thermistor - as a matter of fact, it 
is sometimes difficult to tell them 
apart from their appearance alone. 

HIGH-VOLTAGE 

RESISTORS 

In some applications resistors 
will be used across circuits where 
there is a comparatively high volt-
age. Examples of this type of resis-
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tor will be found in many television 
receivers. 

High-voltage resistors must be 
made quite long in order to keep the 
voltage from jumping across the 
resistor. Usually the resistance ele-
ment is placed on a form in the 
shape of a spiral curve. An example 
of this type of resistor is shown in 
Fig. 15A. The resistor is about 2-1/2 
inches long and is used in a circuit 
in a color TV receiver where the 
operating voltage is in excess of 
6000 volts. The resistor is made by 
putting the carbon on a form shaped 
like a spiral that winds around the 
resistor from one end to the other 
as shown in the drawing in Fig. 15B. 

Resistors of this type are made 
with a spiral type element because 
they normally have a very high re-
sistance and by spiralling the re-
sistance element around the form in 
this way it is possible to get a much 
longer path, and therefore the high 
resistance needed can be obtained in 
a reasonable size. The unit shown 
in the photograph has a resistance 

r‘r, 

Fig. 15. high-voltage resistor. 

of 66 megohms. It would be difficult 
to get this much resistance in a re-
sistor of this size and type by any 
method other than the spiral-wound 
method. If you should have occasion 
to replace a resistor of this type in 
a television receiver or in any other 
device where high voltages are used, 
you must be sure to use this special 
type of high-voltage resistor. 

SUMMARY 

In this section of the lesson we 
have briefly studied three special 
types of resistors - the thermistor, 
the varistor or voltage-dependent 
resistor, and the high-voltage re-
sistor. A few years ago these three 
types of resistors were unknown to 
the electronics technician, but mod-
ern technology has developed these 
resistors and they are appearing 
more frequently in modern elec-
tronic equipment. Color TV in par-
ticular has brought these resistors 
into considerably more importance. 

If you have to replace one of these 
resistors, you should try to obtain 
an exact duplicate replacement. Not 
only is the cold resistance of a 
thermistor or varistor important, 
but also the way that the resistance 
changes either with changes in tem-
perature in the case of the thermis-
tor or changes in voltages in the case 
of the varistor is important. The 
manner in which the resistance 
changes is usually of even more im-
portance than the cold value of the 
part. 

High-voltage resistors are used 
in circuits where the length of stand-
ard resistors is so short that if you 
tried to use one the voltage would 
simply arc across the resistor. 
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These resistors are usually made by 
the spiralled-carbon ni ,thod so that 
a long path can be obtained in order 
to get a very high resistance. 

SELF-TEST QUESTIONS 

(aa) What is a thermistor? 
(ab) Where are thermistors used? 

(ac) Draw the schematic symbol 
for a thermistor. 

(ad) What is a varistor? 

(ae) Where are varistors used? 
(af) How do you tell the difference 

between a thermistor and a 
varistor? 

(ag) What is a high-voltage resis-

tor? 

Meters 
We have already mentioned that 

resistors made with tolerances of 
1% and 1/2% are used in electronic 

test equipment. Resistors made to 
these close tolerances are often 
called precision resistors. Preci-
sion resistors are used with meters 

in order to increase the usefulness 
of a given meter movement. Since 
this represents another important 
use of resistors, and since meters 
are very important, we are now 
going to present some of the basic 
fundamentals about meters. 

The meter most frequently used 
in electronics for current, voltage 

and resistance measurements is the 
d'Arsonval* meter. The meter gets 
its name from the scientist who in-
vented it. 

Basically the d'Arsonval meter 
is a current-indicating device, but 
by arranging it in suitable circuits 
it can be used to measure voltage 
and resistance as well as current. 

Let us go ahead and learn how the 

*Pronounced dar-son -val. The dar is 

I ike ar in car, son like son or sun, and 

the val like all in ball. d'Arsonval . 
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meter itself works and then we will 
see what changes we can make in the 
basic meter to make it more usable. 

THE BASIC METER 
MOVEMENT 

A simplified drawing of ad 'Arson-
val type meter is shown in Fig. 16. 
Notice that we have a permanent 
magnet and that the faces of the poles 

of the magnet have been curved.Be-
tween the poles of the magnet we 
have a coil that is wound on a very 
light frame. Usually the frame is 
made of a thin piece of aluminum. 

The frame and coil are attached 

to light-weight pivots, and these 
pivots fit into jewel bearings. The 
bearings are securely supported by 
the meter frame so that the coil and 
the pivots are held in position and 
can rotate freely between the poles 
of the magnet. Attached to each pivot 
and anchored to the meter frame is 
a spring. There is a spring on each 

pivot and these springs are arranged 
to rotate the coil into approximately 
the position shown in the figure. Also 
attached to the pivot is a pointer as 

can be seen in the drawing. When 
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Fig. 16. Ilms a d'Arsonval type of meter 
is made. 

the coil rotates this pointer will 
rotate in a clockwise direction. 

Notice that the ends of the coil 
are connected to the springs and 
the other ends of the springs are 
connected to terminals. One termi-
nal is the negative terminal and the 
other terminal is the positive ter-
minal. 
When a current flows through the 

meter coil, the coil will become an 
electromagnet. If the current enters 
the negative terminal of the meter 
and leaves the positive terminal a 
field will be set up in the electro-
magnet that will be attracted by the 
field of the permanent magnet. The 
attraction between the two fields will 
produce a force called torque that 
will try to rotate the coil. The torque 
will cause the coil to rotate in a 
clockwise direction against the force 
or torque of the springs until the 
torque in the coil is balanced by the 
opposing torque of the springs. The 

higher the current flowing through 
the coil, the more torque is pro-
duced and the more the coil will be 
able to rotate against the opposing 
torque of the springs. As the coil 
rotates, the meter pointer moves in 
a clockwise direction and moves up 
the scale of the meter, indicating 
the current that is flowing through 
the coil. 
A typical current scale is shown 

on the meter in Fig. 17. Notice that 
when the meter pointer moves all 
the way to the right side of the scale, 
the current flowing is 1 amp. We 
call this meter an ammeter because 
it measures the current in amps. 
We call it a 1 amp ammeter be-
cause a current of 1 amp gives a 
full scale deflection. If a current of 
1/2 amp flows through the meter 
coil, only half as much torque, or 
rotating force will be developed, and 
as a result, the meter pointer will 
move only halfway up the scale. If 
the current flowing through the 
meter coil is one quarter of an amp, 
then one-fourth the torque needed to 
produce a full-scale deflection will 
be produced and the meter pointer 
will move only one-quarter of the 
way up the scale. 
We mentioned earlier that the coil 

Fig. 17. A 1-amp ammeter. 
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was generally wound on a lightweight 
aluminum frame. The aluminum 
frame acts like a coil made of one 
turn of wire that is shorted. When 
a current flows through the meter 
coil and the coil begins to rotate, 
the one turn coil made up of the 
aluminum frame also rotates. As 
the aluminum frame rotates, it will 
cut through the field produced by the 
permanent magnet and a voltage will 
be induced in it. Although the voltage 
induced in the one turn coil made up 
of the frame will be low, a fairly 
high current will flow through the 
coil because it has a very low re-
sistance. This in turn sets up a 
significantly strong magnetic field 
that opposes the motion of the meter 
coil. The net effect is that this op-
position damps the movement of the 
coil. It prevents the coil from swing-
ing too rapidly in a clockwise direc-
tion - this would cause the coil to 
swing past the position it is supposed 
to reach and oscillate back and forth 
around the position it should reach. 
The field produced by the current 
flowing in the aluminum frame will 
prevent this from happening and as 
a result the pointer will move up-
scale at a reasonable speed and in-
dicate the value of current flowing 
with a minimum of oscillation back 
and forth past the correct value due 
to the coil rotating too rapidly when 
the current is first applied to it. 
The d 'Arsonval meter can be made 

very sensitive. By using a very light-
weight frame and many turns of very 
fine wire to wind the coil and keeping 
the weight of the moving part of the 
meter as low as possible, it is pos-
sible to build a meter of this type 
that will indicate a current of 50 
microamps quite easily. As a matter 

of fact, d'Arsonval meters that can 
indicate currents of only a few 
microamps can be made, tut usu-
ally the most sensitive d'Arson-
val meters used by technicians 
for routine measurements are 50 
microampere meters. More sensi-
tive meters are quite expensive and 
very delicate and are usually used 
in laboratory-type measurements 
rather than in the type of measure-
ments that the service technician 
will normally make. 

MEASURING CURRENT 

To measure the current flowing 
in a circuit, the meter is placed in 
the circuit so that the current flow-
ing in the circuit must flow through 
it. Fig. 18 shows how a meter can 
be connected in a simple series cir-
cuit to find the current flowing in 
the circuit. Notice the schematic 
symbol for the meter at B. The letter 
I, for current, may be placed inside 
of the circle as in the figure. Some-
times the letter A, meaning am-
peres, is placed in the circle and 
sometimes MA, meaning milliam-
peres, is used. A is also used to 
indicate microamps. 

Before you measure the current 
in a circuit, you need to have some 
idea of what the current might be. 
D'Arsonval meters are made in 
many different ranges. We already 
mentioned that this type of meter 
can be made very sensitive so that 
it can measure a current of only a 
few microamperes. If the meter is 
designed to measure currents in 
microamperes, it is called a micro-
ammeter. Some d'Arsonval meters 
have a scale on them that indicates 
the current in milliamperes. This 
type of meter is called a milli-
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ammeter. Still other meters are 
made to measure higher currents 
and the scale indicates the current 
in amperes; this type of meter is 
called an ammeter. All work on the 
same principle; they get their dif-
ferent names from the current val-
ues they are designed to measure. 

If you should connect a micro-
ammeter in a circuit where the cur-
rent flow is several amperes, the 
current flow through the meter would 
be so high that either you would burn 
out the meter coil or else the very 
strong current flowing through the 
coil would cause the coil to rotate 
so violently, that it would either 
bend the meter pointer by starting 
too fast or else slam the meter 
pointer up against the end of the 
scale and ruin the meter. There-
fore, as we mentioned earlier you 
need to have some idea of what the 
current flow in the circuit is so you 
can be sure to use a meter that is 
capable of measuring the current 
flowing in the circuit. If you don't 
know what the current is, you should 

1\-MITTTPrrp7 

use the highest range meter you 
have. You can always put a more 
sensitive meter in the circuit later, 
if you find that the current is small 
and will not damage a more sensi-
tive meter. 
We mentioned that meters are 

available in many different ranges. 
Actually, meter manufacturers do 
not make a large number of dif-
ferent meter movements. Instead, 
they make a few standard meter 
movements and then extend the range 
of the meter by means of shunts. 
You have already studied parallel 

circuits and you know that when two 
resistances are placed in parallel, 
part of the current will flow through 
one resistance and part through the 
other. The coil in ad 'Arsonval meter 
has a certain resistance. For ex-
ample, if you have a meter that in-
dicates a current of 10 milliamperes 
and the coil has a resistance of 100 
ohms, and if you place a 100-ohm 
resistor in parallel with the meter, 
half the current flowing in the cir-
cuit would flow through the meter 

Fig. 18. .N meter connected into a series eireuit to measure current. Pictorial of meter 

is shown at ..1.; schematic symbol, at B. 
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read current up to 10 milliamperes. 

coil and half through the resistance. 
In this case, if the total current is 
10 milliamperes, only 5 milliam-
peres will flow through the meter 
coil. The remainder will flow 
through the shunt resistor. This 
means that the meter pointer would 
move only to half-scale. 
An example of a meter used with 

a shunt is shown in Fig. 19. Here 
the basic meter movement is de-
signed to give a full-scale deflection 
with a current of 1 milliampere 
through the coil. The meter has a 
resistance of 100 ohms. A shunt has 
been placed across the meter coil 
having one-ninth the resistance of 
the coil. Now, the current divides 
so that nine-tenths of the current 
will flow through the shunt and one-
tenth through the coil. Therefore, 
it is possible to place a scale on 
the meter that indicates 10 milli-
amperes at full scale. When the total 
current flowing is 10 milliamperes, 
1 will flow through the coil and cause 
the meter to read full scale and 9 
will flow through the shunt. 

Manufacturers use shunts to pro-
vide a large number of meters with 
different ranges. The chances are if 
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you buy a 50 ma meter and a 500 ma 
meter, they will both be either 5 ma 
or 1 ma meters with suitable shunts 

inside the meter to give the higher 
ranges. 

DC VOLTMETERS 

A d 'Arsonval meter can be used to 
read voltages by connecting a resis-
tor in series with the meter. This 
resistor is called a multiplier. In 
Fig. 20 we have shown how a 
d'Arsonval meter can be used with 
a multiplier to measure voltage. The 
basic meter is a 1 milliampere 
meter. This means that at full scale 
the meter will indicate a current of 
1 milliampere. Now, you know from 
Ohm's Law that when a voltage is 
applied to a resistance a current will 
flow through the resistance and the 
value of the current will depend upon 
the voltage and on the resistance. If 
we put enough resistance in series 
with the meter so that the total re-
sistance is 1000 ohms, then it will 
take a voltage of 1 volt to cause a 
current of 1 ma to flow through the 
resistance and the meter. If we con-
nected the combination across a bat-

10,000 

OHMS 

VOLTMETER 
TERMINALS 

Fig. 20...1 de voltmeter made from a 0-1 ma 
de milliammeter and a 10,000-ohm resistor. 



tery and the battery voltage was 1 
volt, a 1 milliampere current would 
flow and the meter pointer would in-
dicate full scale. If the voltage was 
only 1/2 volt, then only half a milli-
ampere would flow in the circuit and 
the meter pointer would move up to 
half scale. 

If instead of a 1000-ohm resist-
ance we add enough resistance in 
series with the meter to give us a 
total resistance of 10,000 ohms, 
then it would take 10 volts to cause 
a current of 1 milliampere to flow 
in the circuit. Under these condi-
tions the meter pointer would again 
move up to full scale. 
With a multiplier in series with 

the meter we can calibrate the meter 
directly in volts rather than in milli-
amperes. With a total resistance of 
10,000 ohms in the circuit we can 
mark the full scale reading as 10 
volts and half scale reading as 5 
volts and so on. If the total resist-
ance in the circuit is 100,000 ohms 
then a full scale reading would be 
100 volts. 

Notice that for each volt we have 
added a resistance of 1000 ohms in 
series with the meter. If we want 
the meter to read 1 volt full scale 
then we need a total resistance of 
1000 ohms. If we want the meter to 
read 10 volts full scale then we need 
a total resistance of 10,000 ohms 
and if we want the meter to read 
100 volts full scale then we need a 
total resistance of 100,000 ohms. 
We call this type of meter a 1000-
ohms per volt meter. We say that 
the meter sensitivity is 1000 ohms 
per volt. You will see later that the 
sensitivity of the meter is impor-
tant in taking voltage measurements. 
The meter we have been dis-

cussing so far has been a 1 milli-
ampere meter. However, if instead 
of using a 1 milliampere meter as 
a voltmeter we start with a basic 
meter movement of 50 microam-
peres we will have a much more 
sensitive meter. If we convert a 50 
u amp meter to a voltmeter when 
the meter pointer reads full scale, 
it means that the current flowing 
through the meter and its multiplier 
is 50 microamperes. If we want to 
build a meter that will indicate full 
scale when a voltage of 1 volt is ap-
plied to it, we can use Ohm's Law to 
find out how much resistance we need 
in the circuit. Using 

E 
R = — 

I 

and substituting 1 volt for E and 50 
microamperes for I we get 

1  
R - 

.000050 

and we can multiply by 1,000,000 to 
convert this current to amperes and 
then we will have 

R - 1 x 1,000,000  
50 

R - 1 000' 000  
' 50 

and now cancelling one zero above 
and below the line, and dividing 5 
into 100,000 we find that 

R = 20,000 ohms 

We say that the sensitivity of this 
meter is 20,000 ohms per volt. If 
instead of a 1-volt meter we want a 
10-volt meter we need to add ten 
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times as much resistance or a total 
of 200,000 ohms. If we want a 100-
volt meter then we would have to add 
100 x 20,000 or 2,000,000 ohms in 
series with the meter. 

Since the higher sensitivity meter 
actually draws less current from the 
circuit, the meter will have less 
tendency to upset the circuit when 
voltage measurements are taken. 
This is particularly important in 
electronic circuits where the re-
sistance is high. If you use a 1,000-
ohm per volt meter to take a voltage 
measurement, the chances are that 
the meter itself will take more cur-
rent than is actually being used to 
operate the circuit. This means that 
the meter will upset the circuit so 
that the voltage reading you will 
obtain will not be the actual voltage 
that is present in the circuit when 
the meter is disconnected. On the 
other hand, a 20,000-ohm per volt 
meter has twenty times the resist-
ance; it takes far less current from 
the circuit and is much less likely 

to upset the voltages in the circuit. 

OHMMETERS 

An ohmmeter is a device used to 
measure resistance. Actually, an 
ohmmeter is nothing more than a 
d'Arsonval type meter used in con-
junction with a battery and a series 
resistor. A circuit of a typical ohm-
meter is shown in Fig. 21. 

Fig. 21. A schematic diagram of an ohm-
meter. 
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As you can see in the circuit the 
ohmmeter consists of a 4.5 volt bat-
tery, two resistors (one a fixed re-
sistor and the other a variable re-
sistor), and a 1 ma meter. The fixed 
resistor has a resistance of 4000 
ohms. The adjustable resistor has 
a resistance of 1000 ohms and under 
normal circumstances you would 
short the test probes of the ohm-
meter together and then adjust the 
variable resistor to get a full scale 
reading. If the battery voltage is 
exactly 4.5 volts, you will get a full 
scale reading, in other words, a cur-
rent of 1 ma through the meter when 
the resistance of the potentiometer 
is set at slightly less than 500 ohms. 
With this setting of the potentiome-
ter you will have a total resistance 
in the circuit of 4500 ohms. The 
potentiometer is set at a value 
slightly less than 500 ohms to make 
up for the internal resistance of the 
battery and the resistance of the 
meter. In any case, with a voltage 
of exactly 4.5 volts, the resistance 
in the circuit will be 4500 ohms. 
Now if you separate the test 

probes, the circuit will be open and 
the meter pointer will drop back to 
0. If you place a 4500-ohm resistor 
between the test probes, then the 
total resistance in the circuit will 
be 9000 ohms, and the current that 
will flow in the circuit will be .5 ma. 
In other words, you will get a half-
scale deflection on the meter. If you 
were measuring the resistance of an 
unknown value and you got a half-
scale reading, you would know im-
mediately that its resistance was 
4500 ohms. 
As a matter of fact, you can take 

any current reading that you might 
get on the meter scale and use Ohm 's 



Law to calculate the total resistance 
in the circuit. Knowing that the bat-
tery voltage is 4.5 volts, you simply 
use the formula 

R = E 

and substitute 4.5 volts for the bat-
tery voltage and the value of current 
indicated on the meter. This will give 
you the total resistance in the cir-
cuit. From this value you subtract 
4500 ohms, which is the fixed re-
sistance in the circuit and this will 
give you the resistance of the un-
known resistor. 

Instead of going through this pro-
cedure of calculating the resistance 
value each time you make a meas-
urement, these calculations can be 
worked for various current values 
and the meter calibrated directly in 
ohms. This is what is done in an 
ohmmeter. 

If you need to measure higher re-
sistances, you can use a higher bat-
tery voltage. For example, if you 
used a 45-volt battery then you have 
to put a total of 45,000 ohms in the 
circuit to get a full-scale meter 
reading. Then a center scale read-
ing would represent a resistance of 
45,000 ohms, instead of 4500 ohms 
as before. 

Another way of building a meter 
that will give higher resistance 
readings conveniently is to use a 
more sensitive meter. If you use a 
50 microamp meter, you will need 
a total resistance in the circuit of 
90,000 ohms to give you a full-scale 
reading. Thus with this type of 
meter, a center scale reading will 
indicate a resistance of 90,000 ohms. 

MULTIMETERS 

A multimeter is simply a meter in 
which a singled 'Arsonval type meter 
is arranged with a series of 
switches, resistors and batteries, 
so that by rotating the switches it 
can be used to perform a large num-
ber of functions. One switch is usu-
ally called the function switch. By 
putting this switch in the correct 
position, you can use the meter 
either to measure voltage, current 
or resistance. The other important 
switch on the multimeter is called 
the range switch. This switch con-
trols the full-scale reading that you 
will obtain on the meter. In other 
words, with the switch in one posi-
tion, when you are measuring volt-
age, a full-scale reading might in-
dicate 10 volts. With the switch in an-
other position the full-scale reading 
might indicate a voltage of 100 volts, 
and in a third position it might in-
dicate a voltage of 500 volts. 

Multimeters are widely used by 
service technicians because the 
basic d'Arsonval meter movement 
is quite expensive, and it is more 
economical to use a single meter 
with suitable switches and resistors 
to perform all types of measure-
ments than it is to have a number 
of separate meters for different 
measurements. 
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SUMMARY 

As an electronics technician, you 
will not have to know how meters 
are designed or built. You should 
understand the basic operation of a 
meter so that you will know how it 
works - this will help you use it to 
the best advantage. You must know 



that meters are very delicate and 
must be handled carefully. If you 
drop a meter or bang it hard you 
are liable to knock the pivots out of 
the jewel bearings, in which case 
the meter pointer will stick as it 
moves upscale. 
You must avoid overloading a 

meter. The coiled springs in a meter 
are made of phosphor bronze. If they 
are overloaded they overheat and 
their shape is distorted. If adjacent 
turns of a spring touch enough, fric-
tion is produced to upset the meter 
accuracy. 

Technicians seldom have to take 
current measurements, but you 
should know how to connect a meter 
in order to take a current measure-
ment. You must remember to use a 
meter that is capable of measuring 
the current in a circuit. If you have 
no idea what the current is you should 
start with the largest meter you have 
first and then work down to a smaller 
range meter after you are sure that 
the current is low enough not to 
damage it. 

Voltage measurements are prob-
ably the most important measure-
ment to the technician. You need to 
know how to take a voltage meas-
urement and you need to understand 
what effect the meter sensitivity will 
have on the accuracy of the voltage 
measurement. A meter with high 
sensitivity will take less current 
from the circuit and there will be 
less chance of the meter upsetting 
the circuit so that you will obtain 
an erroneous voltage measurement. 
When you start working on your 

kits, you will use your meter to take 
both current and voltage measure-
ments. You will learn how to read 
the scale on the meter - we will not 
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go into it in this lesson because it 
will be much easier to learn to read 
the scale when you actually have the 
meter in front of you. 

SELF-TEST QUESTIONS 

(ah) What is the name given to the 
basic meter movement most 
frequently used in voltage, 
current and resistance meas-
urements? 

(ai) What causes the pointer of a 
meter to move upscale when 
a current flows through the 
meter? 

(aj) What force must the coil in a 
meter overcome before it can 
rotate? 

(ak) What purpose, other than to 
hold the coil, does the alumi-
num frame on which the coil 
is wound serve? 

(al) How is a meter connected to 
measure current flowing in a 
circuit? 

(am) How do you connect a volt-
meter in order to measure the 
voltage across a part? 

(an) Which type of voltmeter will 
upset the circuit performance 
less, a 1000-ohm-per-volt 
meter or a 10,000-ohm-per 
volt meter? 

ANSWERS TO SELF-

TEST QUESTIONS 

(a) A series-dropping resistor 
drops the available voltage to 
the value required by the load. 
38 volts. The two 35-volt tubes 
will require a total voltage of 
70 volts in series, and the two 
6-volt tubes will require an 
additional 12 volts, giving a 
total required voltage of 82 



; 

4 

(e) 

(f) 

volts. Subtracting 82 volts 
from the 120-volt power line 
gives us a voltage of 38 volts 
which the series-dropping re-
sistor must drop. 
126.6 ohms. Using Ohm's Law 

to find the value resistor we 
have a voltage of 38 volts and 
a current of .3 amps. Using 
the formula 

E 
R = 

and substituting the values for 
current and voltage we get 

38 
R = = 126.6 ohms 

.3 

Since it would be impossible 
to obtain a resistor of this 
value you use the nearest 
standard size which is 130 
ohms. If you get 126 or 127 
ohms as your answer your an-
swer is close enough; when 
you went to buy a resistor you 
would simply have to take a 
resistor having a resistance 
as close as you could get to 
the calculated value. 
A bleeder is used to regulate 
or help maintain constant the 
voltage across a load. 
A bleeder that draws a sub-
stantial current will be more 
effective than a high-resist-
ance bleeder that draws only 
a small current. The greater 
the bleeder current in propor-
tion to the load current, the 
more effective the bleeder will 
be insofar as regulating the 
load voltage is concerned. 
The current consumed by the 

(g) 

bleeder is wasted current in-
sofar as performing any other 
useful function other than 
regulating the voltage across 
the load is concerned. Since 
the more current you draw 
from a power supply, the 
larger the components (hence 
the more expensive they must 
be), the bleeder current should 
be no larger than necessary to 
give you the regulation re-
quired. Excessive bleeder 
current with regulation better 
than is required is costly and 
can run the cost of the power 
supply substantially higher 
than necessary. 
10K ohms. You can determine 
the resistance of the series-
dropping resistor two ways. 
The easy way: if you notice 
that the voltage across the load 
is 200 volts and you have to 
drop 100 volts across the 
dropping resistor, you can see 
that the resistance of the 
dropping resistor must be half 
the resistance of the load. The 
other way is to calculate the 
current through the load re-
sistor using Ohm's Law. Once 
you have the current you can 
then calculate the size resis-
tor required as the series-
dropping resistor to drop 100 
volts. From Ohm's Law the 
current through the load will 
be 

200  
- .01 amps 

20,000 

Now to find the value of the 
dropping resistor you have to 
use the formula 
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(h) 
(i) 45 watts. You use the formula 

100 
- 10K ohms. .01 

The watt. 

(i) 

P=E XI 

and substituting 15 for E and 
3 for I we get 

P = 15 x 3 = 45 watts. 

When we say a resistor is dis-
sipating 10 watts , we mean that 
the resistor is using 10 watts 
of electrical energy. We say 
it is dissipating the power be-
cause it changes the power 
from electrical energy to heat. 
It is taking 10 watts of elec-
trical energy out of the cir-
cuit and converting it to heat. 

(k) 10 watts. To find the power 
dissipated by the resistor we 
use the formula 

Remember that E2 = E x E. 
Substituting 100 for E and 1000 
for R we have 

- 100 x 100 
P  

1000 

and cancelling three zeros 
above the line and three zeros 
below the line we have: 

P = 10 watts. 

(1) 1/2 watt. Again, to solve this 
problem we use the formula: 

Substituting 50 volts for E and 
5000 ohms for R we have 

50 x50 2500 P - watt. 5000 5000 - 1/2  

(m) 100 watts. To solve this prob-
lem we use the formula 

P = I2R 

substituting 2 for I and 25 for 
R we have 

P = 2 x 2 x 25 = 100 watts. 

(n) 10 watts. To solve this prob-
lem we must convert milli-
amps to amps and K-ohms to 
ohms and then use the for-
mula 

P = I3R 

10 ma = .01 amps. 
100K = 100,000 ohms. 

Substituting these values in the 
formula we get 

P = .01 x .01 x 100,000 
P = .0001 x 100,000. 

To multiply 100,000 by .0001 
we simply move the decimal 
point four places to the left 
thus 

P = 100,000 x .0001= 10 watts. 

(o) 3 ohms. Maximum power 
transfer will be obtained when 
the load resistance is equal to 
the battery resistance. 
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(c1) 
(r) 

(s) 

You would use a 10-ohm re-
sistor to get maximum power 
transfer to the load; resist- (v) 
ance should equal the battery 
resistance. With a 10-ohm 
load resistance, the total re-
sistance in the circuit will be 
20 ohms, and therefore the 
current flow in the circuit will 
be 

20 
I = -2-0- = 1 amp. 

The total power produced by 
the battery will be 

P =ExI 
P = 20 x 1 = 20 watts. 

The power transferred to the 
resistor can be found using the 
formula 

P = I2R 
P = 1 x 10 = 10 watts. 

4700 ohms. 
.39 megohms equals 390K-
ohms; .39 megohms is also 
equal to 390,000 ohms. 
680,000 ohms equals 680K 
equals .68 megs. 

(t) The resistor is within its rated 
tolerance. A 2200-ohm resis-
tor with a tolerance of 10% 
may vary as much as 220 ohms 
above or below its indicated 
value. Subtracting 220 from 
2200 gives us 1980 as the lower 
limit of the resistor. Since 
2000 ohms is between this 
lower limit and the indicated 
value of the resistor, the re-
sistor is within tolerance. 

(u) 10,500 ohms. 5% of 10,000 
ohms is 500 ohms. Therefore 
the maximum value that the 
resistor can have and still be 

39 

(aa) 

(ab) 

(ac) 
(ad) 

within tolerance will be10,000 
plus 500 equals 10,500 ohms. 
390,000 ohms, which is also 
equal to 390K-ohms. The tol-
erance is 5%. 
1,000,000 ohms or 1 megohm. 
The tolerance is 10%. 
56,000 ohms or 56K-ohms. 
The tolerance is 5%. 
2200 ohms or 2.2K-ohms. Its 
tolerance is 10%. 
Yes. The 1/2% resistor has a 
closer tolerance than the 1% 
resistor. This means that it 

will vary less from the indi-
cated value than the 1% re-
sistor - in other words it is 
a better resistor. You can al-
ways use a better resistor - 
one with a closer tolerance as 
a replacement. 
A thermistor is a special re-
sistor with a negative tem-
perature coefficient. In other 
words, as the resistor heats, 
its resistance will decrease. 
Thermistors are used in cir-
cuits in which high current 
surges are often obtained when 
the equipment is first turned 
on. The high cold resistance 
of the thermistor limits the 
initial current surge. As the 
thermistor heats up, the re-
sistance drops so that it has 
very little effect on the cir-
cuit performance. 
See Fig. 12. 
A varistor is a voltage-depen-
dent resistor. A voltage-de-
pendent resistor is a resis-
tor whose resistance depends 
upon the voltage applied 
across it. If the voltage in-
creases, the resistance of the 
varistor decreases. 



(ae) Varistors are used in circuits 
where sudden increases of 
voltage could damage compo-
nents or otherwise upset the 
performance of the circuit. 
With a varistor in the cir-
cuit, as the voltage increa se s, 
the resistance of the varistor 
decreases, drawing a large 
current from the voltage 
source. The increased cur-
rent drain tends to lower the 
voltage to a safe level. 

(af) Often you cannot tell the dif-
ference between a thermistor 
and a varistor simply by look-
ing at them. You should refer 
to the schematic diagram of 
the equipment in which they 
are used to identify eachtype. 

(ag) A high-voltage resistor is a 
resistor made for use in high 
voltage circuits. The resistor 
is longer than most resistors 
in order to prevent a voltage 
arc across the resistor. High-
voltage resistors are usually 
made by the spiral-wound 
carbon technique in order to 
provide a carbon path long 
enough to produce the required 
resistance. 

(ah) The d'Arsonval meter. 
(ai) The current flowing through 

the meter coil sets up a mag-
netic field. This field working 
with the magnetic field of the 
permanent magnet in the 
meter produces a torque which 
causes the coil and its frame 
to rotate. The meter pointer 
is attached to the coil frame 
and so the meter pointer 
moves upscale. 

(aj) The opposing torque of the 
springs. The springs are used 
to hold the meter coil and 
pointer in a 0 position when 
no current flows through the 
coil, and to oppose the move-
ment of the coil when current 
flows through the coil. 

(ak) The aluminum frame acts as 
a shorted turn. The motion of 
the coil in the magnetic field 
of the permanent magnet in-
duces a voltage in the coil 
which opposes the movement 
of the coil and frame. This 
tends to damp the coil move-
ment and prevent its oscil-
lating or swinging back and 
forth past the indicated value. 

(al) The meter is connected in 
series with the circuit to 
measure current flowing in the 
circuit. 

(am) You connect the voltmeter di-
rectly across the part where 
you want to measure the volt-
age. The voltmeter must be 
connected with the proper po-
larity; the negative side of the 
meter must be connected to 
the end of the part that is con-
nected closest to the negative 
terminal of the voltage source, 
and the positive terminal must 
be connected to the end of the 
part closest to the positive 
terminal of the voltage 
source. 

(an) A 10,000-ohm-per-volt meter 
will have less effect on the cir-
cuit because it will take less 
current from the circuit when 
you take a voltage measure-
ment. 
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Lesson Questions 

Be sure to number your Answer Sheet B105-1. 

Place your Student Number on every Answer Sheet. 

Most students want to know their grade as soon as possible, so they 
mail their set of answers immediately. Others, knowing they will finish the 
next lesson within a few days, send in two sets of answers at a time. 
Either practice is acceptable. However, don't hold your answers too long; 
you may lose them. Don't hold answers to more than two sets at a time 
or you may run out of lessons before new ones can reach you. 

1. Name three important kinds of wire-wound resistors. 

2. What is a series-voltage-dropping resistor? 

3. A 750-ohm load must be operated with a voltage of 75 volts. The out-
put voltage from the power supply is 125 volts. What value of series-
dropping resistor should be used to drop the power supply voltage to 
the correct value for the load? 

4. A 15-volt battery is supplying a current of 3 amps to a load. What is 
the power the battery is supplying? 

5. The voltage across a 5000-ohm resistor is 100 volts. How much power 
is the resistor dissipating? 

6. What is the purpose of a bleeder? 

7. What is a thermistor? 

8. Express the following resistance values in ohms: 

(a) 2.2K, (b) 470K, (c) 3.3 megs, (d) .17 mega. (e) .47 megs. 

9. An ammeter has a full scale reading of 1 amp and an internal resist-
ance of 1 ohm. A separate external 1-ohm shunt is connected in paral-

lel with the meter. If the meter and shunt are connected into a cir-
cuit, and the meter indicates a current of .5 amps, what current is 
actually flowing in the circuit? 

10. What do we mean when we say that a meter has a sensitivity of 1000 
ohms per volt? 



A PLAN FOR YOUR FUTURE 
In a radio interview a few minutes after a cham-

pionship heavyweight boxing match, one of the fighters 
stated his plans for the future as follows: 

"I'm going to get myself in shape, fight 
my own fights, and listen to nobody:" 

You can use these dynamite-packed words as your 
plan for the future, too. Here's the way: 

"GET MYSELF IN SHAPE." You're doing this 
right now, because the NR! Course gets you in shape 
for a career in electronics. But remember that it takes 
the complete NR! Course, with all its associated 
practical work, to get you completely in shape. 

"FIGHT MY OWN FIGHTS." In real life, the only 
person who can bring you success is YOU yourself. 
Expecting somebody else to do your work and fight 

for your success is just wishful thinking. 

"LISTEN TO NOBODY." Even friends and rela-
tives will at times ridicule your studies -- they can't 
help it, because seeing you get ahead makes them 
feel uncomfortable about their own laziness. So, 
remember human nature, and don't give anyone a 
chance to discourage you. 
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STUDY SCHEDULE 

By dividing your study into the steps given below, you can get 
the most out of this part of your NR! Course in the shortest 

possible time. Check off each step when you finish it. 

1. Introduction   Pages 1 - 3 

Here we describe how coils are used, different types of coils, 
and basic coil action. 

2. Magnetic Circuits   Pages 4 - 9 
Similarities between magnetic circuits and electrical circuits are 
brought out. 

3. Using Coils to Produce Voltage   Pages 10 - 16 
You learn how flux linkages can be changed to produce 
voltage, and you study Lenz's Law of coils. 

4. Inductance   Pages 16 - 23 
We take up the basic property of coils and learn about 
self-induced voltages and mutual inductance. 

5. Ohm's Law for Coils   Pages 24 - 36 
You learn how to find the current in an ac circuit by using 
vectors or mathematics and you also study ICirchhoffs Voltage 
Law, the importance of phase and what the Q of a coil is. 

[11 6. Answers to Self-Test Questions   Pages 36 - 40 

7. Answer the Lesson Questions. 

8. Start Studying the Next Lesson. 
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HOW COILS ARE USED 

Coils are important to the elec-
tronics technician because they are 
used in all types of electronic equip-
ment. They are used in many dif-
ferent ways to perform different 
jobs. Many different types of coils 
are used in electronic equipment - 
some coils may have only one or two 
turns whereas other coils may have 
several thousand turns. You will find 
all types of coils in industrial elec-
tronic equipment, in radio and tele-
vision receivers, and for that mat-
ter, in practically every type of elec-
tronic equipment you will encounter. 
Since you will find coils used in all 
types of electronic equipment, it is 
important for you to understand what 
they are used for and how they work. 

HOW COILS ARE USED 

During the daytime you can prob-
ably find somewhere between ten and 
twenty-five different stations op-
erating on the standard broadcast 
band on your radio receiver. During 
the evening hours you can probably 
find even more stations coming in. 
Coils are used with capacitors in 
special circuits called resonant cir-
cuits to enable you to select one sig-

nal and reject the signals from the 
other radio stations. Similarly, coils 
are used in television receivers to 
enable you to tune from one channel 
to another. The coils used for this 
purpose in radio receivers will have 
many turns on them whereas the 
coils used to select the different 
channels in a TV receiver will have 
only a few turns on them. 

Coils are used in power supplies 
to help smooth the pulsating de out-
put from a rectifier to pure dc. Coils 
used for this purpose are called 
filter chokes or simply chokes. They 
act to permit direct current to flow 
through them without any opposition, 
but offer a high opposition to ac cur-
rent or any change in the amplitude 
of the direct current. 

Coils are used to produce motion. 
You have already seen an example of 
this in the d'Arsonval meter. The 
current flowing through the coil pro-
duces a magnetic field which acts 
with the field from the permanent 
magnet to cause the coil to rotate. 
Coils are used in motors in much 
the same way; the magnetic field 
produced in a coil wound on a form 
called an armature opposes or at-
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tracts the field produced by a sta-
tionary magnet and the armature ro-
tates. Coils are also used in gen-

erators to produce electricity; ro-
tating the coil so that the turns of 
the coil cut through the magnetic 
lines of force produced by the field 
or stationary magnet of the genera-
tor results in a voltage being in-
duced in the turns of the coil. 

Coils are used in transformers. 
You already know that a transformer 
is nothing more than two or more 
coils wound on a common core. If 
ac is fed to one of the coils, which 
we call the primary coil, a voltage 
will be induced in the other coil, 
which we call the secondary coil. If 
the secondary coil has more turns 
on it Ulna the primary coil, the total 
voltage produced by the secondary 
coil will be higher than the primary 
voltage, but if the secondary coil has 
fewer turns on it than the primary 
coil, the voltage produced by the 
secondary winding will be lower than 
the voltage applied to the primary 
coil. 

TYPES OF COILS 

We have already mentioned that 
a coil used to select Lie various 
channels in a TV receiver may have 
only a few turns. In fact, a coil used 
in a UHF TV tuner is often made 
with a wire shaped something like 
a ribbon rather than a round piece 
of wire. The material is usually 
silver plated to cut down losses and 
the total coil will consist of about 
three quarters of a turn with a di-
ameter of about an inch and a half. 
On the other hand, in a long wave 
receiver (a receiver designed to re-
ceive stations lower in frequency 
than the standard radio broadcast 
band) you may find coils wound on 

a form about an inch in diameter 

and having close to one thousand 
turns. Both coils perform the same 
task - they are used along with ca-

pacitors to select one radio fre-
quency signal and reject others. 
We mentioned that choke coils 

were used in power supplies to help 
provide smooth dc. A choke coil of 
this type found in a typical color TV 
receiver will be wound on an iron 
core. The coil itself will usually 
have several hundred turns and the 
complete assembly may weigh two or 
three pounds. On the other hand, the 
choke coil used for the same pur-
pose in a large radio transmitter 
will be much larger. The iron core 
itself will be much larger and a 
much larger size of wire will be 
used because the wire will have to 
carry a heavier current. Chokes of 
this type will weigh one hundred 
pounds or more. 
You will also run into small chokes 

called radio frequency chokes (ab-
breviated rfc). A radio frequency 
choke may have only a few turns 
and may be completely self-support-
ing or it may have several hundred 
turns and be wound on some non-
magnetic type of material. The num-
ber of turns required on a radio fre-
quency choke depends on the fre-
quency at which the choke is to be 

used and how much opposition it must 
offer to the flow of radio frequency 
currents through it. Generally 
speaking, the higher the frequency at 
which the choke is to be used, the 
fewer the number of turns the choke 
will have. 

In spite of the great difference in 
the size of the coils we have de-
scribed, their operation is basically 
the same. Thus it is important for 
you to understand the basic facts 
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about how a coil works. Once you 
have learned these facts you will 
know exactly what a coil does in the 
circuit whether it is a small coil 
having two or three turns or a large 
coil with many turns wound on an 
iron core. 

COIL ACTION 

In its simplest form a coil is 
nothing more than one or two turns 
or loops of wire, usually wound in a 
circular or helical (spiral) shape. If 
the coil is self-supporting so that it 
has no core other than air, it is called 
an air-core coil. If the coil is wound 
on a cardboard, ceramic, or non-
magnetic type of material, it is also 
called an air-core coil. The card-
board form or ceramic form are 
used only to hold the turns of wire 
in place, and have no appreciable 
effect on the performance of the coil. 
On the other hand, if the coil is wound 
on a form made up of a magnetic 
type of material such as iron, it is 
called an iron-core coil. Air-core 
coils are frequently placed inside 
metal shields or housings to prevent 
their picking up interference from 
outside sources or producing inter-
ference in other circuits. These 
shields may have some effect on the 
performance of the coils, but it is 
quite different from the effect of an 
iron-core and so they are still con-
sidered as air-core coils. 
You already know that when a cur-

rent is flowing through a wire there 

is a magnetic field around the wire 
as shown in Fig. 1A. The current 
produces magnetic lines of force, 
which are also known as magnetic 
flux or flux lines. When the wire is 
bent into a loop as shown in Fig. 1B, 

the magnetic lines of force all go 
through the loop in the same direc-
tion. This concentrates the mag-
netic flux around the loop. If, in-
stead of being bent into a single 
loop, the wire is bent into a number 
of loops so that the coil has a num-
ber of turns, additional magnetic 
flux will be created, which will re-
sult in a stronger magnetic field. 

Because of the magnetic flux, the 
coil offers more opposition to the 
flow of alternating current than it 
does to the flow of direct current. 
You will see in this lesson why this 
is so. Once you understand why a 
coil offers more opposition to ac than 
to dc, you will have a good under-
standing of how a coil works. 

Since the operation of a coil de-
pends upon the magnetic flux pro-
duced by the coil, it is important 
that you know more about magnetic 
circuits. Therefore, before going 
ahead with our study of coils, we 
will study magnetic circuits. 

ELECTRON 
FLOW 
THROUGH 
WIRE 

MAGNETIC LINES 
OF FORCE 

AROUND WIRE 

MAGNETIC 
LINES OF 
FORCE ALL 4, I ELECTRON 
GO THROUGH I + FLOW 
LOOP IN SAME THROUGH 

LOOP OF 
DIRECTION WIRE 

ig. I. When current flows through a wire, 
magnetic lines of force are set up around 
the wire as at A. When the wire is bent 
into a loop, the lines of force all go 
through the loop in the same direction, as 

shown at B. 
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Magnetic Circuits 
You already know that the mag-

netic lines of force produced by a 
current flowing through a coil exist 
only as long as current flows. Once 
the current flowing through the coil 
stops, the magnetic lines of force 
will disappear. 

Another important fact is that the 
magnetic lines of force are complete 
loops, having no ends. Notice that in 
Fig. 1, the magnetic lines of force 
around the wire and around the single 
coil were represented as complete 
loops. When two turns of wire are 
placed close together, the magnetic 
lines of force form complete loops 
around the two turns as shown in 
Fig. 2. Fig. 3 shows a coil made up 
of a number of turns and shows how 
the lines of force come out of the 
left of the coil and circle around to 

BACK 
OF 
COIL 

Fig. 

FRONT 
OF 
COIL 

—LINES OF FORCE — 

2. Lines of force loop around both 
turns of the coil. 

the right end of the coil. Notice that 
all of the lines of force are actually 
complete loops. We have not tried 
to draw all the magnetic lines of 
force that exist around the coil 
having a current flow through it. The 

MAGNETIC LINES OF FORCE 

Fig. 3. When current flows through a coil, 
magnetic lines of force are produced. 
These are complete loops, passing through 

and around the coil. 

coil may have thousands of such 
magnetic lines each forming a com-
plete loop and passing through all 
or part of the coil and radiating out 
from the ends of the coil. The path 
of these magnetic lines of force is 
the magnetic circle of the coil. Al-
though most of the lines of force will 
be concentrated near the coil, some 

will extend quite some distance 
from it. 

AIR-CORE COILS 

As we mentioned previously, some 
coils are completely self-supporting 
or wound on a cardboard or ceramic 
form. The purpose of these forms is 
simply to support the turns of wire 
making up the coil. Cardboard or 
ceramic serves no useful purpose as 
far as the operation of the coil is 
concerned. The actual core of the 
coil is simply air. This means that 
the lines of force must travel through 
air. This is the basic definition of 
an air-core coil: it is a coil in which 
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the lines of force must travel through 

air or some other material that acts 
just like air insofar as the magnetic 
lines of force are concerned. 

IRON-CORE COILS 

Frequently a coil is wound on an 
iron or steel form or on a cardboard 
form with an iron or steel slug in-
side it. The iron or steel core makes 
a better magnetic circuit than air, 
and there will be a greater number 
and concentration of the magnetic 
lines of force. This means there will 
be more flux lines produced by the 
coil. This type of coil is called an 
iron-core coil. In coils designed for 
use in a power line or at audio fre-
quencies, the iron-core is made up 
of thin strips of iron or steel called 
"laminations." These pieces of steel 

LAMINATED CORE 

COIL 

Fig. .1. Iron cores are frequently made of 
thin sheets of metal bolted together. 

are fitted together to make a core, 
as shown in Fig. 4. As you can see, 
the core actually surrounds the coil 
and goes through the center as well. 
Fig. 5 shows how such a coil is con-
structed. This type of construction 
is used rather than a solid iron or 

steel core because it is more effi-

nnüii 
Fig. 5. Construction of an iron-core coil 

with laminated core. 

cient. You will learn more about 
this in a later lesson. 

In high-frequency circuits a pow-
dered iron core is often used. This 
type of core is made by pulverizing 
iron filings and mixing them with a 
binder to hold them together and to 
insulate the particles from each 

other. A core of this type, called a 
slug, is often inserted in a coil by 
means of a screw so it can be ad-
justed in and out of the coil. This 
type of coil is shown in Fig. 6. The 
schematic symbol is shown beside 
it. Two or three lines drawn beside 
a coil indicate that it has an iron 
core, and the arrow indicates that 
it is movable. A coil with this type 
of core is called a slug-tuned coil. 

SLUG -TUNED 
CO ILS 

Fig. 6. A slug-tuned coil and its schematic 
symbol. 
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NAGNETONOTIVE FORCE 

The force that sends current 
around an electric circuit is called 
an electromotive force or voltage. 
The force that sends magnetic flux 
around a magnetic circuit is called 
magnetomotive force. It exists in 
every current-carrying coil. 
The unit of magnetomotive force 

is the ampere-turn. If a coil has one 
turn and the current flowing through 
it is 1 amp, the magnetomotive force 
is 1 ampere-turn. If the coil has 10 
turns and the current flowing is 1 
amp, the magnetomotive force is the 
product of the two, or 10 ampere-
turns. If a coil has 5 turns, and the 
current flowing through it is 5 am-
peres, the magnetomotive force is 
25 ampere-turns. Thus, to find the 
magnetomotive force in a coil, you 
simply multiply the current flowing 
through it in amperes by the number 
of turns on the coil. You can increase 
the magnetomotive force of the coil 
by increasing the current flowing 
through the coil or by adding more 
turns to the coil and keeping the 
current constant. 
As an electronics technician it is 

very unlikely that you will ever have 
to calculate the magnetomotive force 
produced by a coil in a circuit. How-
ever, you should know what it is. It 
is essential to understand magnetic 
circuits in order to understand mag-
netic devices. 

RELUCTANCE 

You already know that every elec-
tric circuit has resistance. Resist-
ance is the opposition to current flow 
in the circuit. Just as there is op-
position to current flow in an elec-
tric circuit so also is there opposi-
tion to flux in a magnetic circuit. 

This opposition to flux is called 
reluctance. 
The reluctance in a magnetic cir-

cuit is distributed along the entire 
path taken by the flux. In other words, 
there is reluctance all the way 
around the path followed by each 
magnetic line of force both in the 
core and in the air. We can actually 
make a very close comparison be-
tween a magnetic circuit and an 
electric circuit. In Fig. 7A we have 
the magnetomotive force sending the 
flux around the magnetic circuit 
against the opposition offered by the 
reluctance of the circuit. In Fig. 7B, 
we have a wire connected across a 
battery. Here the electromotive 
force of the battery is forcing cur-
rent around the circuit against the 
opposition or resistance of the wire. 

Magneto-
motive 
Force 

(N 

BATTERY 

INTERNAL 
BATTERY 

RESISTANCE 

o 
RESISTANCE 
OF WIRE 

Fig. 7. Comparison between a magnetic 
circuit (A) and an electrical circuit (B). 
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LOW R 
/IN LEADS 

LOW-RELUCTANCE IRON CORE 

HIGH 

o 

HIGH-RE-
LUCTANCE 
AIR GAP 

o 

Fig. 8. In the electrical circuit at 1, most 
of the opposition (resistance) to the cur-
rent is in the resistor. The total resistance 
in the circuit is only slightly higher than 
the resistance of the resistor. In the mag-
netic circuit at B, most of the reluctance 
or opposition to the flux is in the air gap. 
The total reluctance in the circuit is only 
slightly higher than the reluctance of the 

air gap. 

We have shown the whole length of 
the wire as a resistor. Here we see 
that the magnetomotive force is the 
equivalent of the electromotive 
force, the magnetic flux the equiv-
alent of current, and the reluctance 
the equivalent of resistance. 
We have a magnetic circuit that 

is similar to an electric circuit con-
sisting of a resistor connected 
across a battery as shown in Fig. 
8A. Here most of the resistance in 
the circuit is concentrated in the re-

• sistor; the resistance of the leads 
is small compared to that of the re-
sistor. In the magnetic circuit of 
Fig. 8B, the iron core of the coil 
has an air gap. Most of the reluc-
tance is concentrated in the air gap; 
the reluctance of the iron core is 

low in comparison to the reluctance 
of the air gap. One of the choke coils 
used in the power supply of a radio 
transmitter often has an air gap like 
this. 

In an electric circuit, if we lower 
the resistance or opposition we can 
increase the current, and if we in-
crease the resistance we reduce the 
current. Exactly the same situation 
exists in the magnetic circuit. If we 
lower the reluctance or opposition 

we increase the flux, and if we in-
crease the reluctance we reduce the 
flux. 

The reluctance in a magnetic cir-
cuit can be reduced by providing a 
better path through which the mag-
netic lines of force can flow. Ma-
terials such as iron and steel have 
a low reluctance, just as copper has 
a low resistance in an electric cir-
cuit. Therefore if a coil is wound 
on an iron core shaped like the one 
shown in Fig. 9, the magnetic lines 
will flow through the core as shown 
in the drawing. Because the iron has 
a low reluctance, there will be a 
much greater flux than there would 

Fig. 9. There will be much greater flux if 
a coil is wound on an iron core like this 

than if the coil has an air core. 
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be if the same coil had an air core. 
Thus the flux in a magnetic circuit 
can be increased by providing a path 
of a magnetic material through which 
the magnetic lines of force can flow. 
Making a frame like the one shown 
in Fig. 9 of nonmagnetic material 
such as paper, glass, aluminum, or 
copper would not increase the flux, 
because these materials do not have 
a lower reluctance than air. 
There are other factors that af-

fect reluctance. Increasing the cross 
sectional area of the core will reduce 
the reluctance and increasing the 
length of the magnetic circuit will 

increase the reluctance. 

PERMEABILITY 

Silver, copper, and aluminum have 
different conductivities. Silver has 
the highest conductivity and is the 
best conductor, then copper and then 
aluminum. A copper wire has less 
resistance than an aluminum wire of 
the same size and length. 

Similarly, different magnetic 
materials have different permea-
bilities. The permeability of the core 
material determines the total re-
luctance of the coil; when the per-
meability goes up, the reluctance 
goes down and vice versa. 
The permeability of air and all 

other nonmagnetic materials is con-
sidered to have the numerical value 
of 1. Magnetic materials all have 
higher permeability values than 1, 
ranging from about 50 all the way up 
to 10,000 or even higher for certain 
special alloys. Thus if the permea-
bility of a material is 10,we can ex-
pect 10 times the magnetic flux 
through this material than we would 
have through air for the same num-
ber of ampere turns. 

MAGNETIC FLUX 

You already know that magnetic 
flux in a magnetic circuit corre-
sponds to current in an electric cir-
cuit. In an electric circuit, current 
is equal to the voltage in volts di-
vided by the resistance in ohms. In 
a magnetic circuit the flux is equal 
to the magnetomotive force divided 
by the reluctance. 

In practical magnetic circuits you 
will not have to calculate the mag-
netic flux. Even if you performed 
this calculation it would be of no 
value to you. However, it is impor-
tant that you understand what re.g-
netomotive force, reluctance, and 
magnetic flux are, and how they are 
related to each other. 
You can increase the amount of 

flux in a magnetic circuit either by 
increasing the magnetomotive force 
or by decreasing the reluctance. You 
can decrease the amount of flux 
either by decreasing the magneto-
motive force or by increasing the 
reluctance. Every change in flux is 
thus due to a change in either mag-
netomotive force or to a change in 
reluctance. 

SUMMARY 

Magnetic circuits are like elec-
trical circuits in many ways. In a 
magnetic circuit there is a force 
which is the equivalent of voltage 
in an electrical circuit. We call this 
force a magnetomotive force. This 
force produces flux or magnetic 
lines of force which travel around 
the magnetic circuit. The flux or 
magnetic lines of force have some 
opposition; the opposition is known 
as reluctance. The magnetic lines of 
force are roughly the equivalent of 
the current in an electrical circuit 
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and the reluctance is the equivalent 
of the resistance. In a circuit with 
a given magnetomotive force, if the 
reluctance is lowered, the flux in 
the circuit will increase. On the 
other hand, if the reluctance in-
creases, the flux decreases. 
Remember that the unit of mag-

netomotive force is an ampere-turn. 
A current of 1 ampere flowing 
through a coil of one turn produces 
a magnetomotive force of lampere-
turn. If we double the number of 
turns so that we have two turns and 
the current remains the same, the 
magnetomotive force produced will 
be two ampere-turns. 
Remember the term permeability. 

The permeability of a material in-
dicates the ability of the material 
to pass magnetic lines of force. The 
permeability of air is 1. Other non-
magnetic materials such as paper, 
ceramic, glass etc. also have a 
permeability of 1 - in other words 
they act just like air insofar as a 
coil is concerned. However, mag-
netic materials such as iron and 
various alloys of magnetic mate-
rials have a much higher permea-
bility than air. When we speak of 
a coil with a high permeability core 
we are talking about a coil with a 
core that has a much higher ability 
to pass magnetic lines of force than 
air. 
Make sure that you remember 

these important terms used in con-
junction with magnetic circuits.You 
will run into them many times in 
the future, and if you understand 
them now, then you'll understand 
the way in which they are used later. 
If you have any doubts about this 
section of this lesson be sure to re-
view before going on. Orce you are 

sure you have mastered the mate-
rial in the lesson, do the self-test 
questions. Again, if you have trouble 
with any of the self-test questions, 
don't hesitate to go back to the text 
and restudy it. The purpose of the 
self-test questions is to help you be 
sure you have mastered the impor-
tant points in the section of the les-
son. If there is any self-test ques-
tion you are not sure of, this indi-
cates that you need to go back and 
spend some extra time on this sec-
tion of the lesson before going ahead. 

SELF-TEST QUESTIONS 

(a) Fill in the missing word:Mag-
netic lines of force form  
loops. 
Where will most of the lines 
of force produced by a coil be 
concentrated? 
What type of coil is a coil 
wound on a cardboard form? 
What are laminations? 
What purpose does an iron-
core serve in a coil? 
What is magnetomotive force? 
What is the unit of magneto-
motive force? 

(h) If the current flowing through 
a 25-turn coil is 2 amperes, 
how many ampere-turns are 
produced? 
What is reluctance? 
Does the magnetic circuit in 
an air-core coil have a higher 
reluctance than a magnetic 
circuit in an iron-core coil? 
Which has the lowest reluc-
tance, paper, air, aluminum 
or copper? 
What is permeability? 
What is the relation between 
flux, magnetomotive force and 
reluctance ? 

(b) 

(e) 

(d) 

(e) 

) 
(g) 

(k) 

(1) 
(m) 
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Using Coils To Produce Voltage 
In most of the electronics appli-

cations of coils with which you are 
concerned, coils will be used to pro-
duce a voltage. An obvious example 
of this application is the trans-
former. In a transformer, a voltage 
is applied to one winding and this 
voltage causes a current to flow 
through this winding. This sets up 
a magnetic field, which in turn in-
duces a new and completely sepa-
rate voltage in another coil. Here 
two coils have been used to produce 
a voltage. 

Another type of device where a 
coil is used to produce voltage makes 
use of a coil placed in the field of 
a permanent magnet to take a wave 
or signal other than an electrical 
signal and produce an electrical 
signal from it. Such a device is 
called a transducer. An example of a 
transducer using this principle is a 
dynamic microphone. A dynamic 
microphone uses coils placed in a 
magnetic field to convert an audio 
signal, which is actually a wave or 
vibration in air, to an electrical 
signal, which is the electrical equiv-
alent of sound. 

If you understand how a voltage 
can be produced by a coil, you will 
have mastered the most important 
point in understanding how coils 
work. To see how a voltage can be 
induced in a coil, we must first 
learn something about flux and flux 
linkages and then see how changing 
the flux linkages of a coil will pro-
duce a voltage in a coil. 

FLUX LINKAGES 

Let us see what we mean by flux 
linkage. Suppose we have a magnet 

10 

o 
Fig. 10. How the number of flux linkages 
can be changed. In A there is one flux 

linkage; in B. ten; and in C. six. 

that produces a single magnetic line 
of force. If the magnet is brought 
near a coil having one turn such as 
shown in Fig. 10A, we will have one 
magnetic line linking with or passing 
through a one-turn coil, and we will 
have one flux linkage. If we had ten 
turns on the coil and the one mag-
netic line of force passed through 
all ten turns, then we would have 
ten flux linkages as shown in Fig. 
10B. However, if the single mag-
netic line passed through and linked 
only six turns of the 10-turn coil, 
as shown in Fig. 10C, we would have 
only six flux linkages. Thus the term 



"flux linkage" is an indication of the 
number of magnetic lines of force 
passing through and linking the turns 
on the coil. If we have a magnetthat 
produces 100 magnetic lines , and the 
entire 100 lines linked to a coil 
having 80 turns, the number of flux 
linkages would be 80 times 100, or 
8000 flux linkages. 
Changing Flux Linkages. 

Now let's look at Fig. 11A. Here 
we have a magnet with 10 magnetic 
lines of force, but actually only two 
of them are cutting through a coil 
with 5 turns on it, so we have a total 
of 10 flux linkages. As you can see, 
part of the flux is lost--it does not 
cut through the coil. This is called 
leakage flux or flux leakage. If we 
suddenly move the magnet to the 
position shown in Fig. 11B so that 

the magnet is placed inside the 
coil and all ten lines cut throughthe 
five turns of the coil, we have a total 
of 50 flux linkages.Whenthe number 
of flux linkages increases from 10 
to 50 there will be a voltage induced 
in the coil. This voltage is blown as 
an induced voltage. 

If the magnet is then moved away 
from the coil so that the number of 
flux linkages is changed from 50 back 
to 10, we will again have a voltage 
induced in the coil. 

In each of the two examples given, 
we had a change of 40 flux linkages. 
If we had a stronger magnet so that 
the number of lines of force was 
greater, and therefore the change in 
flux linkages was greater, we would 
have a greater voltage induced in the 
coil. 

In moving the magnet either to-
wards or away from the coil, the 

voltage that will be induced in the 
coil will depend upon the speed with 
which the magnet is moved. If the 

magnet is moved slowly so that the 
number of flux linkages changes 
slowly, the voltage induced in the coil 
will be small. However, if the mag-
net is moved rapidly so that the 
change in flux linkage occurs very 
quickly, the voltage induced in the 
coil will be higher. If it took one 
second to move the magnet so that 
the number of flux linkages changed 

from 10 to 50, we would get a certain 
voltage induced in the coil. The exact 
value is not important to this dis-
cussion. However, if we were to 
move the magnet so that the num-

ber of flux linkages was changed 
from 10 to 50 in 1/100th of a sec-
ond, we would get exactly 100 times 
as much voltage as before. The 

faster the rate of change in flux link-

ages, the greater the induced volt-
age will be. 

I lg. 11. In A we have 10 flux linkages; in 
11 1%e have 50 when the same magnet is 

moved inside the coil. 
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LENZ'S LAW FOE COILS 

The voltage induced in a coil al-
ways acts in a definite direction. In 
other words, the voltage has a defi-
nite polarity. This polarity at any 
given instant depends on just two 
things--on the direction of the origi-
nal flux, and on whether the flux 
linkages are increasing or de-
creasing. 
The exact relationship between 

these things is expressed by a 
famous electrical law known as 
Lenz 1S Law. The law is named after 
the man who was the first to realize 
that the direction in which an induced 
voltage will act can always be pre-
dicted before it is produced. 
When the number of flux linkages 

cutting a coil is changed, a voltage 
will be induced in the coil. This in-
duced voltage will have a polarity 
such that if the circuit is complete, 
it will send a current through the 
coil which opposes the change in 
magnetic flux. In other words, if 
the flux linkages are increasing, the 
induced voltage will tend to send a 
current through the coil that would 
produce a magnetic flux whichwould 
oppose the original coil flux to try 
to keep it from increasing. On the 
other hand, if the flux linkages are 
decreasing, the induced voltage will 
be of such a polarity that it will 
produce a current which in turn will 
produce a flux which aids the origi-
nal flux and tends to prevent the 
flux from decreasing. 

This is an extremely important 
law and can be better understood by 
referring to the circuits shown in 
Fig. 12. In Fig. 12A, we have a mag-
netic circuit with two flux lines 
cutting through a 5-turn coil, which 
gives us ten flux linkages. As the 

magnet is moved away fromthe coil, 
reducing the number of flux linkages 
as shown in Fig. 12B, a voltage will 
be induced in the coil, and current 
will flow through the coil. Current 
flowing through the coil will set up 
a magnetic field which will aid the 
flux linkages already existing. As 
long as the number of flux lines is 
changing, the induced voltage will 
be present and will cause the induced 
current to produce flux lines as 
shown. 

If, as shown in Fig. 12C, the mag-
net is moved back into the coil, the 
number of flux linkages would tend to 
increase. However, a voltage will be 
induced in the coil that will cause 

MOTION OF 
MAGNET 

MOTION OF 
MAGNET 

Fig. 12. Changing the number of flux link-
ages induces a voltage in the coil. the 
polarity of the voltage depends upon 
t‘hether the number of flux linkages is 

increasing or decreasing. 
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a current to flow in the opposite di-
rection and set up its own lines of 
force to oppose the flux lines from 
the magnet. In other words, if there 
is any change in the number of flux 

linkages through the coil, a voltage 
is induced in that coil that will cause 
a current to flow which in turn pro-
duces its own flux to oppose the 
change in flux linkages. 

If the number of flux linkages is 
decreasing, the induced voltage will 
have a polarity such that it will cause 
a current to flow to oppose this de-
crease in flux linkages; and on the 
other hand, if the flux linkages are 
increasing, then the induced voltage 
will have a polarity that will cause a 
current to flow to oppose this in-
crease in flux linkages. 

METHODS OF CHANGING 

FLUX LINKAGES 

There are three methods of pro-
ducing changes in the flux linkages 
in a coil. They are: by cutting 
through magnetic lines of force; by 
changing the reluctance; and by 
changing the current flowing in the 
coil. 
Cutting Lines ot Force. 
You have already seen an example 

of this method of producing changes 
in flux linkages when you studied 
generators in an earlier lesson. You 
learned that when a conductor is 
moved through a magnetic field it 
cuts the magnetic lines of force, 
and a voltage is induced in the con-
ductor. We get this induced voltage 
because the motion of the conductor 
changes the flux linkages as the con-
ductor passes through the magnetic 

lines of force. 
In a generator, instead of moving a 

single wire through a magnetic field, 
a coil is rotated in the magnetic 
field. As the coil is rotated, it moves 
through and cuts through the mag-
netic lines of force produced by a 

permanent magnet or an electro-
magnet, and a voltage is induced in 
the coil. The voltage induced in the 
coil will have a polarity such that 
the current that will flow when the 
coil is connected to an external cir-
cuit will set up a magnetic field in 
the coil which opposes the change in 
flux linkages producing the voltage. 
Changing the Reluctance. 

Any change in the reluctance of a 
magnetic circuit will change the 
amount of flux which passes through 
the coil, thus changing the flux link-
ages through the coil and inducing a 
voltage. Remember, whenever there 
is a change in flux linkages, a volt-
age is induced. 
An example of this method of pro-

ducing a voltage is the variable re-
luctance phono pickup used in many 
record players. A simplified draw-
ing of one is shown in Fig. 13. The 
needle, or stylus, is mounted on a 
cantilever spring, which moves be-
tween two coils. The other end of 
the cantilever spring is connected 
to the south pole of a permanent mag-
net. A T-shaped yoke connects the 
other end of the magnet to two pole 

COILS 

YO E 

PERMANENT 
MAGNET 

STYLUS ------'' CANTILEVER SPRING 

Fig. 13. A variable reluctance phono pick-
up. 
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pieces on which two coils are wound. 
The flux path goes from the magnet 
through the yoke, and the two pole 
pieces, across the air gap to the 
cantilever spring, and through it 
back to the magnet. As the needle 
follows the record grooves, it moves 
from side to side, nearer one or the 
other of the two coils. As it does so, 
the air gap on one side decreases, 
so the reluctance on that side de-
creases, and the flux increases. At 
the same time, the air gap on the 
other side becomes wider, in-
creasing the reluctance and de-
creasing the flux. Since the flux 
changes are in opposite directions, 
the voltages induced in the two coils 
will be of the opposite polarity. The 
two coils are connected in such a 
way that the two voltages are added 
in the output. The change in flux 
linkages will induce a voltage in 
the coil. 

Changing the Coll Current. 

When two coils are arranged as 
shown in Fig. 14, the flux produced 
by coil Li passes through coil L2. 
As long as the current through Li 
remains constant, the flux produced 
by this coil will remain constant, 
and there will be no change in the 
flux linkages in L2. However, if the 
current is changed by changing the 

RHEOSTAT CHANGES 

COIL CURRENT 

, 

Li 

VOLTS 

L2 

Fig. 14. %hen two coils are arranged as 
shown above, the flux produced by one 

passes through the other. 

AC POWER 
culNE 

o 

PRIMARY SECONDARY 

Fig. 15. A power transformer. The primary 
1%inding is connected directly to the power 
line. As the current through the primary 
working varies, the flux produced by Li 
will vary, resulting in a change in flux 
linkages through the secondary winding, 

inducing a voltage in the secondary. 

setting of the rheostat, there will 
be a change in the flux produced by 
Li and hence a change in the num-
ber of flux linkages in L2. This will 
induce a voltage in L2. 

Of course, this is not a practical 
way of inducing a voltage in L2 be-
cause the rheostat setting would have 
to be changed continually and at a 
rapid rate in order to produce any 
appreciable voltage in L2. A more 
practical application would be to 
apply an ac voltage to Li in place 
of the battery and the rheostat. 

Since the ac voltage is continually 
changing, this means that the flux is 
constantly changing, which in turn 
will result in there being a voltage 
continually induced in L2. 
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A practical application of this 
principle is in the power trans-
former as shown in Fig.15.We have 
already mentioned the transformer 
several times before and you are 
aware that a transformer is simply 
two coils wound on a common 
core. In the transformer shown in 
Fig. 15, the one winding called the 
primary is connected directly to the 
ac power line. The ac voltage which 
is a varying voltage will cause a 
varying current to flow through the 
primary winding. As the current 
varies, the flux produced by the pri-
mary will change, resulting in a 
change in the flux linkages cutting 
the secondary winding. This change 
in flux linkages will induce a volt-
age in the secondary winding. As 
we pointed out before, whether this 
voltage is higher or lower than the 
primary voltage will depend upon 
whether the secondary winding of 
the transformer has more or fewer 
turns than the primary winding. 

SUMMARY 

There are several important facts 
that you should remember from this 
section of the lesson. First, remem-
ber that a voltage is induced in a 
coil when the number of flux link-
ages changes. Either an increase in 
the number of flux linkages or a de-
crease in the number of flux linkages 
will induce a voltage in the coil. 

Lenz 's Law of coils is important. 
It states that the induced voltage al-
ways acts in such a direction that 
it tends to oppose the original change 
in flux linkages. 

Changes in flux linkages can be 
produced by cutting through mag-
netic lines of force, by changing 
the reluctance in the magnetic cir-

cuit or by changing the current flow-
ing through the circuit. 

In the next section of this lesson 
you will learn more about coils. You 
will learn how the electrical char-
acteristics of coils are expressed 
and also see why the opposition that 
a coil offers to the flow of ac 
through it is much higher than it 
is to dc. However, before going ahead 
with the next section of the lesson, 
it is important that you understand 
the material covered in this section. 
Therefore you should review this 
section if necessary and then an-
swer the self-test questions. Be sure 
you are able to answer all of the 
following self-test questions before 
you go ahead with the next section 
of the lesson. 

SELF-TEST QUESTIONS 

(n) 

(0) 

(P) 

(q) 

What is meant by flux link-
ages? 
If three magnetic lines of flux 
cut through four turns of a coil, 
how many flux linkages have 
we? 
If one hundred flux linkages 
cut through a coil, and this 
number of flux linkages does 
not change, what will the volt-
age induced in the coil be? 
According to Lenz 's Law, if a 
change in the number of flux 
linkages cutting a coil occurs, 
will the voltage induced in the 
coil produce a current, which 
in turn will build up a mag-
netic flux that will aid or op-
pose the original change in 
flux linkages? 

(r) When the number of flux link-
ages cutting a coil is reduced, 
will the field produced by the 
induced voltage aid or oppose 
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the original lines of force? 
(s) Name three methods of chang-

ing flux linkages. 
(t) Give a practical example 

where changing the reluctance 

in a magnetic circuit is used 
to produce a voltage. 

(u) Give a practical example of 
where changing the coil cur-
rent produces a voltage. 

Inductance 

In the preceding section of this 
lesson you learned that if the num-
ber of flux linkages cutting the turns 
of a coil changes, there will be a volt-
age induced in the coil. The exact 
amount of voltage that will be in-
duced in the coil will depend upon 
how great the change in flux linkages 
is, and how rapidly it occurs. 'twill 
also depend upon the coil itself. The 
property of the coil that will_gov-ern 
or determine the voltage induced in 
the coil T1 called- Inductance. The 
inductance of a coil will depend upon 
the number of turns of wire on the 
coil and upon the permeability of the 
core material. Saying that a coil has 
inductance is just about the same as 
saying a resistor has resistance. In-
ductance is a basic property of a 
coil and it indicates how much volt-
age will be induced in the coil for 
a given change in flux linkages. Be-
fore we go further with this idea of 
inductance, you should learn some-
thing about self-induced voltages. 

SELF-INDUCED VOLTAGES 

When a coil is brought near a mag-
netic field and the strength of the 
field is suddenly changed, there will 
be a change in the number of flux 
linkages through the coil. You know 
that this will result in a voltage 
being induced in the coil. 
However, now let us consider a 

coil that is completely removed from 
any external magnetic field. If a volt-
age source is connected to the coil, 
current will flow through the coil 
and this current will set up a mag-
netic field. The magnetic field pro-
duced by the coil will produce lines 
of flux. These lines of flux will link 
through the turns of the coil as shown 
in Fig. 16. 

If the current flowing through the 
coil is suddenly changed, the 
strength of the magnetic field will 
change and this will result in there 
being a change in the number of flux 
linkages passing through the turns 
of the coil. This will have exactly 
the same effect as changing the flux 

Fig. 16. If a voltage source is connected 
to a coil. current %%ill flo%% through the coil 

and a magnetic field %%ill he set up. 

16 



linkages produced by an external 
magnet will have. There will be a 

voltage induced in the coil and this 
voltage will be such that it will tend 
to oppose the change produced. In 
other words, the induced voltage will 
cause a current to flow in such a di-
rection as to produce a magnetic 
field which tends to oppose the 
change in the magnetic field. The 
voltage induced in this manner is 
known as self-induced voltage. 

It is important for you to realize 
that an induced voltage in a coil al-
ways opposes the change producing 
It. For example, in the circuit shown 
In Fig. 16, if the voltage is reduced 
to lower the current and hence the 
number of flux linkages, the self-
induced voltage induced in the coil 
will have a polarity that both aids 

the applied voltage and tries to keep 
the current constant so that the num-
ber of flux linkages will not change. 
On the other hand, if the applied 
voltage is suddenly increased, then 
the voltage induced in the coil will 
oppose the applied voltage to, once 
again, try to keep the current flow-
ing through the coil constant and 
hence the number of flux lines con-
stant. 
The induced voltage in a coil obeys 

Lenz's Law. Its polarity is suchthat 
it tries to oppose the change that 
produced it. 

UNITS OF INDUCTANCE 

For a given change in flux link-
ages, the voltage that will be in-
duced in a coil will depend upon the 
inductance of the coil. The unit of 
inductance is the henry. It is named 
after Joseph Henry, an outstanding 
scientist who did a great deal of ex-
perimenting with coils. 

There are a number of scientific 
ways of defining the henry, but these 
are of no importance to the elec-
tronics technician. One simple defi-
nition of the henry that can be used 
is as follows: if the voltage induced 
in a coil is 1 volt when the strength 
of the current flowing through the 
coil changes at a rate of 1 ampere 
per second, the coil has an induc-
tance of 1 henry. In other words, if 
a coil has an inductance of 1 henry, 
a current change of 1 ampere per 
second will induce a voltage of 1volt 
in the coil. 

Large iron-core coils frequently 
have quite high inductances.You will 
find iron-core coils in electronic 
equipment having inductances of 20 
or 30 henrys. In some cases you may 
find iron-core coils having induc-
tances ranging as high as 1000 
henrys. 

Most air-core coils have a very 
small inductance. For convenience 
in specifying inductance values of 
air-core coils and some small iron-
core coils, two other units are used, 
the millihenry and the microhenry. 
Just as the milliampere is one thou-
sandth of an ampere, the millihenry 
is one thousandth of a henry; just 
as a microampere is one millionth 
of an ampere, the microhenry is one 
millionth of a henry. The unit milli-
henry is usually abbreviated mh and 
the microhenry is abbreviated _J.h. 
To convert from henrys to milli-

henrys or microhenrys you use ex-
actly the same procedure as in con-
verting amperes to milliamperes or 
microamperes. To convert henrys 
to millihenrys, you multiply by 1000 
or simply move the decimal point 
three places to the right. To con-
vert henrys to microhenrys you mul-
tiply by 1,000,000 or move the deci-
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mal point six places to the right. To 
convert millihenrys to microhenrys, 
you multiply by 1000 or move the 
decimal point three places to the 
right. 
To convert from microhenrys to 

henrys, you divide by 1,000,000, or 
move the decimal point six places 
to the left. To convert from milli-
henrys to henrys, you divide by 1000 
or move the decimal point three 
places to the left. To convert from 
microhenrys to millihenrys you di-
vide by 1000 which is the same as 
moving the decimal point three 
places to the left. If you have no dif-
ficulty converting from amperes to 
milliamperes and microamperes 
and back again to amperes you should 
have no problem converting be-
tween henrys, millihenrys and 
microhenrys . 

FACTORS AFFECTING 
INDUCTANCE 

There are several factors that 
affect the inductance of a coil. As 
you might expect, one of the chief 
factors is the number of turns on 
the coil. You can expect a coil having 
200 turns to have a higher inductance 
than a coil having 100 turns would on 
the same type of core. 
The inductance of a coil is also 

affected by the shape and size of the 
coil. As an example, an air-core 
coil wound on a round form six inches 
in diameter will have a higher induc-
tance than a coil with the same num-
ber of turns wound on a form one 
inch in diameter. In the coil with 
the smaller diameter, many of the 
lines of flux will escape or cut 
through only a few turns of the coil; 
in other words there will be con-
siderable flux leakage. On the other 
hand, in the larger coil more flux 

lines will cut through each turn of 
the coil, resulting in a greater num-
ber of flux linkages, which in turn 
will give the coil a greater induc-
tance. 
The inductance of a coil is affected 

by the core material. If a magnetic 
material is placed in the core of a 
coil, the magnetic path will have a 
much lower reluctance; there will be 
more flux and a much greater num-
ber of flux linkages thanthere would 
be in a similar coil without an iron-
core. The exact material placed in-
side the coil also affects the induc-
tance. The higher the permeability 
of the core material, the greater the 
inductance of the coil will be. 

Before leaving this section of the 
lesson it should be pointed out that 
inductance is not limited to coils 
alone. Even a straight wire has some 
inductance, because when a current 
flows through the wire, a magnetic 
field is set up around the wire and 
the wire will be cut by magnetic 
lines. Of course, the inductance of 
a straight wire is much lower than 
it would be if the wire were wound 
into a coil, but nevertheless every 
piece of wire does have inductance. 
In most cases this inductance is so 
low it has no effect on the circuit 
performance, but in some ultra-
high-frequency electronic equip-
ment straight wires or tubing are 
actually used as "coils." 
Because the most important prop-

erty of a coil is its inductance, elec-
tronics men often call coils "induc-
tors" or "inductances." The term 
inductance not only includes coils, 
but in the case of ultra-high-fre-
quency equipment may include a 
straight piece of tubing that is to 
be used as the inductance in one of 
the circuits. 
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INDUCTIVE REACTANCE 

You have learned that when a coil 
is connected to a voltage source as 
In Fig. 16, and the voltage is changed, 
there is a voltage induced in the coil 
that opposes the change in voltage. 
Now let us consider what happens 
when a coil is connected to an ac 
voltage source as in Fig. 17. Here 
the voltage is continually changing. 

IRON-CORE 
COIL 

Fig. 17. A coil connected to an ac voltage 
source. 

During the first quarter cycle 
when the ac voltage is increasing and 
has the polarity shown in Fig. 17, the 

polarity of the induced voltage will 
be as shown so it will oppose the ac 
voltage as it tries to increase. Thus, 
the induced voltage acts to oppose 
and limit the change in current in the 

coil. If there were no voltage induced 
in the coil, the current would in-
crease as the voltage increased, and 
the actual value of current flowing 
at any instant would depend only on 

the voltage applied and the de resist-
ance of the coil. However, since the 
induced voltage is of the opposite po-
larity to the applied voltage, the in-

duced voltage has the effect of op-
posing the applied voltage and limit-
ing the current change in the coil. 
This self-induced voltage is known 

as "counter" or "back" emf (electro-
motive force). It is the induced ac 

voltage that appears across the coil. 
This ac voltage drop is just the same 
as the voltage drop across a resis-
tor caused by current flowing 
through a resistor. In other words, 
the counter emf is the ac voltage 
drop across a coil caused by the 
opposition that the coil offers to the 
alternating current. This opposition 
that the coil offers is not the same 

as resistance because it affects only 
ac, and not dc. The opposition is 
known as inductive reactance and it 
is measured in ohms. 
The amount of voltage induced in 

a coil will depend upon how rapidly 
the change in flux linkages occurs. 
When an ac voltage is applied to a 

coil, the speed with which the num-
ber of flux linkages changes depends 
upon the frequency of the ac voltage. 
Thus the change in flux linkages 

occurs more rapidly if the frequency 
is 100 cycles than it would if the fre-

quency were only 10 cycles. There-
fore an ac current with a frequency 

of 100 cycles flowing through a coil 
will induce more voltage than a cur-
rent of the same strength but a fre-
quency of only 10 cycles. This means 
that the inductive reactance depends 
upon the frequency. 

The inductive reactance of a coil 

can be determined by multiplying the 
inductance of the coil in henrys times 
6.28 times the frequency in cycles. 

Electronics technicians use sym-
bols to provide a short convenient 
way of expressing this relationship. 
The symbol used for reactance is X. 
A small capital letter L following 
the X and written X, is used to in-
dicate inductive reactance. The 
letter f is used to represent fre-
quency, and the letter L is used to 
represent inductance. Thus the ex-
pression for inductive reactance of a 
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coil in ohms can be written: 

X, = 6.28 xfxL 

The number 6.28 is two pi. Pi is 
the Greek letter y (pronounced pie) 
which represents the number 3.14. 
You have probably seen this num-
ber before--it is used to find the 
area of a circle. Remember that the 
area of a circle is Tr times the radius 
squared. 27r is 6.28, which is a num-
ber that appears in many electrical 
formulas. Sometimes you will see 
the expression for inductive re-
actance written: 

XL = 27rfL 

Now let's see how we use this for-
mula to find the inductive reactance 
of a coil. 
Example 1: Suppose we want to 

know the inductive reactance of a 
50-henry choke at 100 cycles. The 
formula is: 

XL =6.28 xfxL 

Substituting 100 for f and 50 for L 
gives: 

XL = 6.28 x 100 x 50 

Multiplying these numbers gives us 
31,400 ohms. This is the inductive 
reactance of the coil at a frequency 
of 100 cycles. At a frequency of 50 
cycles, the inductive reactance 
would be half this figure, and at a 
frequency of 200 cycles per second, 
the inductive reactance would be 
twice this figure. We say that the in-
ductive reactance of a coil varies 
directly as the frequency varies. If 
the frequency increases, the re-
actance increases, and if the fre-

quency decreases, the reactance 
also decreases. 
Example 2: Suppose we want to 

know the inductive reactance of a 
10-henry choke at a frequency of 
100 cycles. Substituting 100 for f and 
10 for L gives us: 

XL = 6.28 x 100 x 10 

Multiplying this gives us: 

XL = 6280 ohms. 

Notice that this is less than in the 
case of the 50-henry coil. Thus the 
inductive reactance also varies di-
rectly as the inductance of the coil 
varies. Reducing the inductance re-
duces the reactance and increasing 
the inductance increases the re-
actance. 
As an electronics technician you 

will seldom have to work on a prob-
lem of this type. However, it is im-
portant for you to remember that 
the inductive reactance of a coil 
varies directly both with the fre-
quency and with the inductance of a 
coil. 

You might wonder what the induc-
tive reactance is of a small coil 
consisting of only a few turns. At low 
frequencies of a few hundred cycles, 
the reactance is so low that in most 
cases it can be ignored. However, 
when small coils are used in high-
frequency circuits, their inductive 
reactance can be appreciable. Let's 
take as an example a 10-microhenry 
coil used at a frequency of 100 mega-
cycles. 

10 microhenrys is .000010 henry, 
and 100 megacycles (abbreviated 
me) is 100,000,000 cycles. 

XL =6.28 xfxL 
XL = 6.28 x 100,000,000 x .000010 = 

6280 ohms. 

ii 
% 
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Thus, even though the inductance of 
the coil is quite small, at the fre-
quency of 100 mc it has as high an 
inductive reactance as the 10-henry 
coil had at 100 cycles. 
We mentioned previously that in-

ductive reactance is the opposition a 
coil offers to the flow of ac current 
through it. A coil has no inductive 
reactance to dc. You can see that 
this must be true from the formula 
for inductive reactance. The fre-
quency of dc is zero and so if we 
substitute zero in the formula for 
inductive reactance, then we have 
6.28 x 0 x L. Whenever you mul-
tiply anything by 0, no matter how 
large it is, the result is 0, so the 
inductive reactance is 0. The only 
opposition a coil will offer to the 
flow of de through it is due to the 
resistance of the wire used to wind 
the coil. The wire will have a certain 
resistance, and this resistance will 
oppose the flow of de through the coil 
in just the same way as it would if it 
were one long piece of wire and we 
tried to pass dc through it. The ac 
reactance of a coil, on the other 
hand, is an entirely different thing; 
it is the opposition the coil offers 
to the flow of ac through it due to 
the inductance of the coil, and it 
will be much higher than the de re-
sistance of the coil. 

MUTUAL INDUCTANCE 

When two coils are placed near 
each other so that some of the flux 
produced by one coil will cut through 
the turns of the other coil, the coils 
are said to be mutually-coupled 

through their magnetic fields. The 
coils might actually be wound on the 
same iron core or they might simply 
be placed near each other. When 
coils are placed so they are mutually 

coupled, any change in the flux in one 
coil will induce a voltage in the other 
coil. 

Mutual inductance is measured in 
henrys, just as the inductance of a 
single coil. The mutual inductance is 
usually represented in formulas by 
the letter M. The greater the value 
of mutual inductance, the greater 
will be the voltage in one coil when 
the current through the other 
changes. 
Mutual inductance is defined in the 

same way as inductance - when a 
primary current changes at a rate 
of 1 ampere per second, if the volt-
age induced in the secondary coil is 
1 volt, the mutual inductance is 1 
henry. 

Mutual inductance depends upon 
the size of both coils, the number of 
turns of each coil and how many flux 
linkages from one coil cut the turns 
of the other coil. 

COILS IN SERIES 
AND PARALLEL 

When we consider coils connected 
in series or in parallel, there are 
two different cases to consider. The 
first and simplest is if the coils are 
located some distance from each 
other so that their magnetic fields 
do not affect each other. When the 
coils are connected in series as 
shown in Fig. 18A, the combined in-
ductance is the sum of the individual 
inductances. In other words, the total 
inductance is obtained simply by 
adding the inductances of the indi-
vidual coils. This should be easy to 
remember because in this respect 
coils are like resistors. 
When coils are connected in paral-

lel as shown in Fig. 18B, the total 
inductance will be less than the in-
ductance of the smallest coil in the 
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o LI L2 L3 

o LI L2 D L3 

Fig. 18. Coils connected in series (A); 

coils connected in parallel (B). 

group. Again, this is Just like re-
sistors connected in parallel - re-
member that when resistors are 
connected in parallel, the total re-
sistance is always less than the re-
sistance of the smallest resistor. 

It is easy to see why coils con-
nected in parallel act this way. For 
example, looking at Fig. 18B, if Li 
has an inductive reactance of 100 
ohms and is connected across a 100-
volt source, an ac current of 1 amp 
would flow through the coil. If the 
second coil of equal inductance is 
connected in parallel with it, an ac 
current of 1 amp will also flow 
through it. Now we have a current 
of 2 amps flowing in the circuit and 
therefore, the opposition or induc-
tive reactance must have decreased. 
This means that the total inductance 
of the two coils in parallel must 
have decreased. In fact, with two 
equal coils, the effective inductance 
of the two in parallel will be equal 
to one half the inductance of either 
coil. 
When coils connected in series 

are placed close together so that 
some mutual inductance exists, 
there is interaction between the 
coils, and the combined inductance 
can no longer be figured simply by 
adding the inductances of the indi-

vidual coils. In this situation, we 
must consider the mutual induc-
tance in the circuit and also how 
the coils are connected together. 

Let us look at the first case, where 
the two coils are connected in series 
so that the flux from one coil aids 
the flux from the other. In other 
words, the magnetic lines are flow-
ing in the same direction. Here if 
the inductance of the two coils is 
represented by Li and L2 and the 
mutual inductance by M, the total in-
ductance (LT) of the two coils con-
nected in series will be equal to: 

LT = Li + L2 + 2M 

If the connections to one of the 
coils are reversed, its magnetic 
field will oppose the magnetic field 
of the other. Under these circum-
stances the total inductance of the 
two coils connected in series will 
be: 

LT = Li + L2 - 2M 

SUMMARY 

You have studied a great deal of 
important material about coils in 
this section and it would be worth-
while to read the section over sev-
eral times to be sure that you have 
understood everything covered. 
You have learned that the elec-

trical property that describes coils 
is called inductance, and that induc-
tance is measured in henrys. A coil 
has an inductance of 1 henry when a 
current change of 1 amp per second 
induces a voltage of 1 volt in the 
coil. 
You learned that when the current 

flowing through a coil changes, there 
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is voltage induced in the coil that op-
poses the change that produces it. 
This voltage is a self-induced volt-
age and is called counter emf or 
back emf. 

Coils have a property called in-
ductive reactance. Inductive react-
ance is the opposition that a coil 
offers to the flow of ac through it. 
Inductive reactance is measured in 
ohms and is somewhat similar to 
resistance inasmuch as it opposes 
the flow of ac through the coil. 
When two coils are placed near 

each other, the flux lines of one coil 
will cut through the other coil, and 
the coils are said to be mutually-
coupled. The amount of coupling 
is determined by the nearness of the 
coils to each other and by the shape 
and size of the coils. This coupling 
is called mutual inductance. The 
mutual inductance of two coils is 
measured in henrys. 
When coils are connected in 

series, the total inductance is equal 
to the sum of the individual induc-
tances, and when they are in parallel, 
the total inductance is less than the 
inductance of the smallest coil. When 
mutually-coupled coils are connec-
ted in series, the total inductance is 
Li + L2 + 2M when the magnetic 
field of the two coils aid each other, 
and Li + L2 - 2M when the magnetic 
fields oppose each other. 

SELF-TEST QUESTIONS 

(v) What is the name given to the 
property of a coil which will 
determine the voltage induced 
in it? 

(w) What is a self-induced volt-
age? 

(x) If the voltage applied to a coil 

is suddenly increased, will the 
self-induced voltage produced 
in the coil aid or oppose the 
applied voltage? 

(y) What is the unit of inductance? 
(z) How is the unit of inductance 

defined? 
(aa) Name three factors which af-

fect the inductance of a coil. 
(ab) What is the inductive react-

ance of a coil? 
(ac) What is the unit in which the 

inductive reactance of a coil 
is measured? 

(ad) What is the inductive react-
ance of a 10-henry coil at a 
frequency of 60 cycles? 

(ae) What is meant by mutual in-
ductance? 

(af) If two coils, one having an in-
ductance of 6 henrys and the 
other having an inductance of 
8 henrys are placed some dis-
tance apart so that there is no 
mutual inductance between 
them, what will the total in-
ductance of the two coils be if 
they are connected in series? 

(ag) Two coils, one having an in-
ductance of 4 henrys and the 
other having an inductance of 
3 henrys have a mutual induc-
tance of 2 henrys. If the coils 
are connected in series aiding, 
what will the total inductance 
be? 
If an 8-henry coil and a 7-
henry coil that have a mutual 
inductance of 3 henrys are 
connected in series opposing, 
what will the total inductance 
of the two coils be? 

(ai) Convert 2.2 henrys to milli-
henrys. 

(aj) Convert 100 microhenrys to 
henrys. 

(ah) 
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Ohm's Law for Coils 

You will remember from earlier 
lessons that the current that will 
flow in a circuit depends upon the 
voltage applied and upon the resist-
ance of the circuit. This rule can 
be applied to ac circuits as well as 
de circuits, but in an ac circuit, you 
substitute the total opposition of-
fered to the flow of current for the 
resistance. In an ac circuit, the total 
opposition to current flow is called 
impedance and is represented by the 
letter Z. In this section of this les-
son, you will study Ohm's Law for 
coils, you will learn what impedance 
is and how to find impedance in ac 
circuits, and you will learn about 
another important thing in ac cir-
cuits which is called phase. 

PHASE 

Before you can understand why 
impedance is important in ac cir-
cuits you must understand what we 
mean by phase. Phase is important. 
It is something that you will run in-
to all the way through your study in 
electronic circuits. Time and time 
again you will see the expressions, 
"in phase", "out of phase" and "phase 
shift." Since phase is so important, 
learning what it is now will simplify 
your studies later. 

In a circuit made up only of re-
sistance, if we increase the volt-
age, the current will increase im-
mediately. Changes in current can 
be produced instantly by changing 
the voltage in the circuit. In other 
words, the current follows the volt-
age changes instantly. If the voltage 
increases, the current increases in-

stantly; if the voltage decreases,the 
current decreases instantly. The 
current is in phase with the voltage. 
This idea simply means the change 
in the voltage will produce the same 
change in the current flowing in the 
circuit. 

This is not true of circuits con-
taining coils. If you have a constant 
de voltage connected across a coil, 
the current that flows depends only 
on the de resistance of the coil; in 
other words, the resistance of the 
wire used to wind the coil. If you 
suddenly increase the voltage ap-
plied to the coil, there is immedi-
ately a change in the number of flux 
linkages cutting the various turns of 
the coil. This induces a voltage in 
the coil, and the induced voltage op-
poses the change in applied voltage. 
When the current changes because 
of the increase in applied voltage, 
it will be limited by the induced volt-
age as well as the resistance. The 
inductance of the coil opposes the 
change in current through the coil - 
this effect is called inductive re-
actance. Gradually the current will 
increase from the value that it was 
originally if the voltage were in-
creased. As the current increases, 
it finally reaches its new value; the 
self-induced voltage in the coil de-
creases until finally when the cur-
rent becomes constant, the self-
induced voltage in the coil will dis-
appear. 
Now let us look at the circuit 

shown in Fig. 19. Here we have a 
resistor and a coil connected in 
series and the two are connected 
across an ac generator. We are 
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Fig. 19. A coil and resistor connected in 
series across an ac source. 

going to examine the ac current 
flowing through the circuit to see 
what happens to the voltage across 
the resistor and the voltage across 

the coil, as the current goes through 

its cycle. 

In Fig. 20A we have shown a single 
current cycle from the generator in 

G 

Fig. 20. Generator current is shown at A, 
resistor voltage at B and coil voltage at 

C. 

Fig. 19. At the present, we are not 
worried about the voltage across the 
generator, we are simply concerned 
with the current. Remember that the 
ac voltages and current waveforms 
from the generator will be sine 
waves. The start of the sine wave 
cycle is marked point A. Let's con-
sider that at this instant current is 
just starting to flow from terminal 

1 of the generator around the cir-
cuit towards terminal 1 of the re-
sistor. At the instant the cycle starts 
at terminal A, the current is in-
creasing at its maximum rate of 
change. Notice that as the cycle 
moves from point A to point B, the 
curve is flattening out until finally 
at point C the current is neither de-
creasing or increasing, it is at a 
constant value for just an instant. 
From point C to point D the current 
begins to decrease. The rate at which 
it decreases is increasing from C 
to D and it continues to change at an 
even more rapid rate until it reaches 
point E at which instant the current 
is at 0 for just a moment. However, 
even though the current is at 0 for 
an instant at point E, the rate of 
change is very rapid; the instant 
before it reaches point E it is flow-
ing in one direction, exactly at point 
E it drops to 0 and then at the instant 
it passes point E and starts towards 
point F, it begins to flow in the op-
posite direction. As the cycle moves 
from E to F, the rate at which the 
current is changing begins to de-
crease until finally at point G, once 
again while the current is flowing 
at its maximum value, the rate at 
which it is changing for just an in-
stant at point G drops to O. From 
point G to point H, the current again 
starts to drop to 0 and the rate at 
which it is dropping to 0 begins to 
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increase from point G to point H 
and continues to increase until it 
reaches its maximum rate of change 
at point I. 
Now let us see what happens as 

this current cycle flows around the 
circuit. Let us consider the voltage 
across the resistor R first. As the 
current flows from terminal 1 to 
terminal 2 of resistor R, the volt-
age that will be produced across the 
resistor will depend upon the cur-
rent flowing through the resistor. 
As the current wave builds up from 
point A to point B and then to point 
C as shown in Fig. 20A, a voltage 
wave will be built up as shown in 
Fig. 20B. Point A represents Ovolt-
age and point C represents maxi-
mum voltage. Maximum voltage at 
point C on the curve B will be 
reached at exactly the same instant 
as the maximum current flow is 
reached at point C on curve A. As 
the current through the resistor be-
gins to decrease and finally reaches 
0 at point E on curve A, the voltage 
across the resistor will follow curve 
B reaching 0 at the same instant or 
at point E on curve B. As the cur-
rent goes through the other half 
cycle and flows in the opposite di-
rection, a voltage with the opposite 
polarity will be produced across the 
resistor. When the current reaches 
its maximum value at point G on 
curve A, the voltage will reach its 
maximum value with the opposite po-
larity at point G on curve B. As the 
last quarter of the cycle is com-
pleted and the current curve A drops 
from G to I, the voltage curve B will 
also drop from G to I. 

Notice that throughout the entire 
cycle the voltage across the resis-
tor was exactly in step with the cur-
rent flowing through it. We say that 

the current and voltage are in phase. 
Now let us consider what happens 

across the coil. We already men-
tioned that in curve A at point A, 
the current is changing at its maxi-
mum rate. Current is leaving ter-
minal 1 of the generator and flowing 
around the circuit back to terminal 
2. This means the current will try 
to flow through the coil from ter-
minal 1 to terminal 2. The instant 
the current tries to build up through 
the coil a voltage will be induced in 
that coil which will oppose the change 
in current through it. The amplitude 
of the voltage will depend on the rate 
at which the current is trying to 
change. Since at point A on curve A, 
the change in current is at its maxi-
mum value, the maximum voltage 
will be built up across L. The po-
larity of the voltage will be such 

that it will oppose the current flow-
ing in the circuit. This means that 
we could get the same effect by 
putting a battery in the circuit that 
would prevent the current from flow-
ing through the coil. In order to do 
this we would have to connect the 
battery so that terminal lwas nega-
tive and terminal 2 positive; this 
would oppose the current trying to 
flow around the circuit. 

In Fig. 20C we have represented 
the voltage at the beginning of the 
current cycle as A. Notice that the 
voltage is at its maximum value be-
cause the rate of change of current 
as shown on curve A is at its maxi-
mum value at point A. 
As the current in the circuit in-

creases from A to B, the rate at 
which it is changing decreases. This 
means that the voltage induced in 
the coil will decrease until the cur-
rent cycle has reached point B on 
curve A, and the voltage will have 
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reached point B on curve C. Finally, 
when the current shown on curve A 
reaches point C where its rate of 
change has dropped to 0, the voltage 
will have dropped to point C on 
curve C and since the rate of change 
of current is 0 the voltage induced 
in the coil will be 0. 

At point C on the current curve, 
the current begins to decrease in 
value. The rate at which it decreases 
begins to increase from point C to 
point D and reaches its maximum 
value at point E. Since the current 
is decreasing, the voltage induced 
in the coil will have the opposite 
polarity because it will try to prevent 
this decrease. It will reach maxi-
mum value at point E where the rate 
of current change is at a maximum. 
This is shown by the voltage wave-
form between points C. D and E on 
curve C. From point E to point G 
the current is still changing in the 
same direction, but its rate of change 
is decreasing from E to F until fi-
nally when it reaches G, its rate 
of change is 0. The voltage induced 
in the coil is represented by the por-
tion of the curve between point E, 
F and G on curve C. Notice that once 
again when the current wave has 
reached point G where its rate of 
change is 0, the voltage waveform 
will also be at G. Notice that it is 
the rate of change of current which 
controls the voltage induced in the 
coil, not the actual value of the cur-
rent flowing in the coil. 
From point G to I on the current 

waveform shown in Fig. 20A, the 
current begins to change and the rate 
of change increases until it reaches 
its maximum value at point I. The 
voltage waveform is shown at C and 
the amplitude of the voltage in-
creases from point G where the rate 

of current change is 0 to the maxi-
mum value at point I where the rate 
of current change is at a maximum. 
From examining curves A and C, 

we can see that the changes in cur-
rent and voltage across the coil do 
not occur at the same instant. As a 
matter of fact, since the current 
waveform from A to I represents 
one complete cycle, from A to E and 
from E to I represents a half cycle. 
We also refer to this as 180°. (There 
are 360° in a circle and half a circle 
is 180° .) From point A to C is one 
quarter cycle as is from C to E, 
from E to G and from G to I. Notice 
that the voltage waveform is identi-
cal to the current waveform except 
that it is one quarter of a cycle ahead 
of the current waveform. In other 
words, as the current starts at point 
A to build up to a maximum value at 
point C, the voltage is already at its 
maximum value at point A and starts 
to drop to its minimum value at point 
C. During the next quarter cycle 
when the current drops from its 
maximum value with one polarity at 
point C to point E, the voltage is 
ahead of it by one quarter of a cycle 
and goes from 0 to its maximum 
value with the opposite polarity at 
point E. We say that the current and 
voltage are out of phase. We refer 
to this as one quarter of a cycle or 
90° phase difference. Since the volt-
age is ahead of the current we say 
that the voltage leads the current by 
90° or one quarter cycle. 
Summarizing what we have seen 

from Fig. 20, we notice that in the 
case of a resistance the voltage and 
current are in phase, but in the case 
of a coil the voltage leads the cur-
rent by 90°. In any pure inductance, 
the voltage will always lead the cur-
rent by 90° - this is an extremely 
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Important point; be sure that you re-
member it. We can also say that the 
current lags the voltage by 90° - 
this is the same thing as saying the 
voltage leads the current by 900; 
the voltage is ahead of the current, 
therefore, the current must be be-
hind or lagging the voltage. 
Now what about the generator volt-

age - so far we have considered only 
the generator current. What is the 
phase relationship between the gen-
erator voltage and the generator 
current? 
To simplify our problem let us 

assume that R has a resistance of 
1000 ohms and that L has an induc-
tive reactance of 1000 ohms. There-
fore, any current flowing through R 
and through L will produce equal 
voltages across them. The voltage 
across the resistor will be IR and 
the voltage across the coil will be 

1XL. • 
The waveforms in Fig. 20 tell us 

that the voltage across the coil is 
not in phase with the voltage across 
the resistance. This means that the 
two do not have their maximum val-
ues of voltage at the same instant 
nor do they have their minimum val-
ues at the same instant. Therefore, 
since the voltages are ac voltages 
and are not occurring at the same 
time, we can't simply add them to-
gether to find the total voltage across 
the two. For example, when the volt-
age across the resistor is at its 
maximum value as shown at point 
C and G in Fig. 20B, the voltage 
across the coil will be at 0. Simi-
larly, when the voltage across the 
coil is at its maximum value as 
shown at point A, E and I in Fig. 
20C, the voltage across the resist-
ance is 0. 
The relationship between the cur-

rent, resistor voltage, coil voltage 
and generator voltages can be shown 
by means of a diagram called a 
vector diagram. The first step in 
drawing a vector diagram is to draw 
a vector to represent the current. We 
usually draw a horizontal line with 
an arrow on it and label it I to repre-
sent the current. 
We know that the voltage across 

the resistor is in phase with the cur-
rent and therefore we draw a vector 
E, to represent the resistor voltage 
and this vector will fall on top of the 
current vector as shown in Fig.21A. 
We can select any arbitrary length 
for this vector since we do not know 
the generator voltage or the current 
flowing in the circuit. 
We know that the voltage across 

the coil will lead the current by 90°. 
Therefore, we draw another vector 
EL which is rotated 90° counter-
clockwise from the current vector 
as shown in Fig. 21A. Since the value 
of the resistance of R is equal to the 
inductive reactance of L, the volt-
age across the coil will be equal to 
the voltage across the resistor, 
therefore, we draw EL the same 
length as ER. The diagram shown in 
Fig. 21A represents the voltage 
across the resistor and the voltage 
across the coil. 
To find the generator voltage we 

complete the vector diagram as 
shown in Fig. 21B. In this diagram 
we have drawn a dotted line from 
the end of the vector E, parallel to 
vector EL. We have drawn another 
dotted line from the end of vector 
EL parallel to vector ER. The point 
at which the two vectors intersect 
gives the value and phase relation-
ship between EG and I. Since EL and 
E, are equal, the angle between E, 
and I will be a 45° angle, and the 
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length of Ea will be 1.4 times the 
length of either EL or E,. This means 
that the generator voltage will be 1.4 
times the voltage across either the 
coil or the voltage across the re-
sistor. 

Perhaps you noticed an apparent 
contradiction between what we have 
learned about the voltages in the cir-

cuit shown in Fig. 19 and Kirchhoff's 
Voltage Law. You will remember 
that Kirchhoff's Voltage Law stated 
that the sum of the voltage drop in 
a closed circuit is equal to the source 
voltage. If this is true for ac cir-
cuits then the voltage drop across R 
plus the voltage drop across L must 
be equal to the generator voltage. Yet 
in Fig. 21 we found that the genera-
tor voltage was only 1.4 times 
either E, or E,. At first glance you 
might think it should be twice E, 
or EL. However, remember that E, 
and EL are not in phase. This means 
that if you add these voltages at any 

EL 

EL 

ER 0 

o 
 > I 
ER 

Fig. 21. Vector diagrams showing relation-
ship between current, generator voltage, 
coil voltage and resistor voltage of the 

circuit shown in Fig. 19. 

Instant their sum will be equal to 
the generator voltage. 

IMPEDANCE 

In Fig. 19, we considered the coil 
as a pure inductance. We treated the 
resistance of the wire used to wind 
the coil as 0; the only opposition the 
coil offered was inductive reactance. 
Of course the wire will have resist-
ance as well as certain other re-
sistive effects to the ac current. The 
ac resistance of the coil is the sum 
of the resistance of the wire plus 
these other losses which increase 
the resistance. The impedance of the 
coil is the total opposition to cur-
rent flow. It is made up of the op-
position due to the inductive react-
ance of the coil and the opposition 

due to the ac resistance of the coil. 
The practical way of studying how 

a coil behaves in an ac circuit is to 
consider the coil as being made up 
of a pure inductance with a resistor 
in series with it. This is essentially 
the type of circuit used in Fig. 19. 
Here you see that in the circuit the 
current lags behind the generator 
voltage. Where the resistance was 
equal to the inductive reactance,the 
phase difference was 45°. In actual 
practice, the resistance will usu-
ally be much smaller than the in-
ductive reactance so that the phase 
difference will approach 90°. The 
higher the ratio of inductive react-
ance to resistance, the closer the 
phase difference will approach 90°. 

In studying a complete circuit in 
which there is a coil and a resist-
ance in the circuit, you can simply 
lump together the resistance of the 
resistor and the coil resistance and 
consider this the resistance in the 
circuit and then treat the inductance 
of the coil separately. However, if 
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you are interested in finding the volt-
age across the coil, then you have 
to keep the resistance of the coil 
separated and use it with the induc-
tive reactance of the coil since both 
will have an effect insofar as de-
veloping voltage across the coil is 
concerned. 

FINDING THE CURRENT 

IN AN AC CIRCUIT 

If you want to find the current 
flowing in this type of circuit when 
an ac voltage is applied, you must 
find the impedance of the circuit. The 
impedance is the total opposition to 
the ac current flow in the circuit. 

There are several ways of finding 
the total flow of ac current in the 
circuit. We have already briefly 
started to introduce one in Fig. 21. 
We will go through this procedure 
in detail now and then show you an-
other method. You may use which-
ever way is easier for you. 
As an example, let us find the cur-

rent flowing in the circuit shown in 
Fig. 22. Here we have a coil with 
an inductance of 2 henrys. This coil 
is connected in series with a 1000-

500 V 

II 2 HENRYS 
1000 

Fig. 22. There are two ways to find the 
current in the circuit shown above: by 
using vectors or by using a mathematical 

solution. 

ohm resistor. The two are connected 
across a 60-cycle generator having 
an output voltage of 500 volts. The 
resistance of the coil is so small, 
that compared to the 1000-ohms in 
the circuit, it is insignificant so we 
can ignore it. The problem is to find 
the current that will flow in the 
circuit. 

Vector Solution. 
First, we must find the inductive 

reactance of the coil. To do this we 
use the formula: 

XL = 6.28 xfxL 

and substituting 60 for f and 2 for 
L we get: 

XL = 6.28 x 60 x 2 

which equals 753.6 ohms. Since this 
is a practical problem, we simply 
call it 750 ohms. 
Now we know that the inductive 

reactance of the coil is 750 ohms 
and the resistance in the circuit is 
1000 ohms. You might at first think 
that we can obtain the total opposi-
tion to the ac current flow simply 
by adding these two together. How-
ever, this is not true--you cannot 
simply add inductive reactance and 
resistance. Let us see why. We know 
that when voltage is applied to an 
inductance, the current that flows 
will be out of phase with the applied 
voltage. When voltage is applied to 
the re sista.nce , the current that flows 
will be in phase with the applied volt-
age. The inductance and the resist-
ance have different effects on 
current. 

Adding the effect of the two to-
gether can be done by means of vec-
tors. 
You have already seen how vectors 
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can be used to indicate phase differ-
ences in quantities having the same 
frequency. Now we will see how they 
can be used to add similar quantities 
having the same frequency but a dif-
ference in phase. 

As before, the angle between the 
vectors represents the phase differ-
ence between the quantities. The 
arrows are all drawn to the same 
scale, so that the length of the arrows 
indicates the amplitudes of the quan-
tities to be added. 

For example, suppose we wanted 
to show the relationship between two 
60-cycle ac voltages A and B. A is 
30 volts, and B is 40 volts, and they 
are 90° out of phase with each other. 

u) 

o 

o 
rn 

A 

90° 

40 VOLTS 
  B 

Fig. 23. In this diagram, the lengths of the 
arrows show the amount of voltage and the 
angle between them shows their phase re-
lationship. They are considered to rotate 

counterclockwise. 

A is leading B. Fig. 23 shows how 
we would draw this, using a scale 
of 1/2-inch equals 10volts.We draw 
B 2 inches long, and we draw A, 
1-1/2 inches long. Since A is leading 
B by 90°, we draw it 90° counter-
clockwise from B. 
Now, suppose we wanted to find 

the sum of these voltages. We could 
not simply add 30 and 40, because 

3
0
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A 
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Fig. 24. How to find the vector sum of two 
ac voltages differing in phase. 

of the difference in phase. This is 
where the vector diagrams will help 
us. We can add these two voltages, 
taking into account the phase differ-
ence as shown in Fig. 24. We say 
we are finding the "vector sum" of 
the two. 
To do this, we complete a rec-

tangle by drawing lines parallel with 
the two vectors. Then we draw in a 
diagonal to the point where the two 
lines intersect. This diagonal repre-
sents the vector sum of voltages A 
and B. When we measure it, we see 
it is 2-1/2 inches long. Since we used 
the scale of 1/2 inch to 10 volts, we 
see that the vector sum is 50 volts. 
Now let us see how we can apply 

this principle to find the total op-
position or impedance in the circuit 
we have been studying. As we have 
already mentioned, when consider-
ing phase in a circuit, the phase of 
the current is always used as a ref-
erence. The current vector is drawn 
horizontally and pointing to the right, 
and voltage vectors are drawn in the 
positions corresponding to their 
phase relationship to the current. So 
the first thing we do is to draw an 
arrow to represent the current, as 
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Fig. 25. The current vector is drawn hori-
zontally and used as a reference point for 

the other vectors. 

shown in Fig. 25. We do not know 
what the current is, so its length 
does not matter, but we do know it 
should be drawn horizontally and 
pointing to the right. The next step 
in our procedure depends upon an 
important fact--that the voltage 
across the resistor will be indirect 
proportion to its resistance. We also 
know that the voltage across the re-
sistor will be in phase with the cur-
rent, and the voltage across the coil 
will be 90° ahead of the current. 
Therefore, we can draw two vectors, 
one on top of the current vector to 
represent the voltage across the re-
sistor, and one 90° ahead of (coun-
terclockwise from) the current vec-
tor to represent the voltage across 
the coil. We do not know what these 
voltages are, but since the voltage 
is in direct proportion to the resist-
ance and reactance, we can draw 
the arrows using a scale that is in 
proportion to the ohmic values of the 
resistance and reactance and label 
the vectors R and X,. 

Fig. 26. The voltage across a resistor is in 
phase with the current, so the vector for 
the resistor voltage is drawn on top of the 

current vector. 

First we draw a vector to repre-
sent the voltage across the resist-
ance. If we use the scale of an inch 
to 500 ohms, the vector representing 
the voltage across the resistor will 
be 2 inches long. Since the current 
flowing through the resistor will be 
in phase with the voltage, we draw 

the resistance voltage vector and 
mark it R as shown in Fig. 26. Here 
you should notice that it is drawn 
right on top of the current vector. 
The current vector is not drawn to 
scale, but the resistance voltage 
vector is drawn 2 inches long. 

Next, we draw the vector for the 
voltage drop across the coil. Since 
we have a reactance of 750 ohms, 

this vector should be 1-1/2 inches 
long. Since the coil voltage is 90 
degrees out of phase with the re-
sistor voltage, this vector is drawn 
as shown in Fig. 27 and labeled XL. 

Now we have a vector diagram that 
represents the voltage across the 
resistance and the reactance in the 
circuit shown in Fig. 22. To get the 
impedance, we draw dotted lines as 
shown in Fig. 28 to complete the 
rectangle. The vector representing 
the voltage across the impedance 
is drawn in as shown in Fig. 28 to 
the point where these lines meet, 
and the impedance is obtained by 
measuring the length of this vector. 
On the diagram we have drawn, the 
impedance voltage vector is 2-1/2 
inches long. Since we have used the 
scale of 500 ohms to the inch, the 
impedance in the circuit must be 
2-1/2 times this value, or 1250 
ohms. This is the total impedance 
or opposition to current flow in the 
circuit. Now that we have this fig-
ure, we can quickly determine the 
current that will flow. 
To find the current we use Ohm's 

Law for coils. The current is equil 
to the voltage divided by the imped-
ance. The letter Z is usually used 
to represent impedance. This can 
be expressed 

E 
I = — 

Z 
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XL 

 am- R 

Fig. 27. The vector for the voltage across 
the inductance is drawn in at right angles 

to the resistor voltage vector. 

Substituting 500 volts for E and 1250 
ohms for Z we get: 

500 
I = 1250 - .4 amp 

Mathematical Solution. 
Another method of solving for the 

impedance in an ac circuit is by 
means of the formula: 

Z = /R2 + 

XL 

Fig. 
age 

18. The vector representing the volt-
across the impedance is the vector 

sum of the other two. 

The mathematical sign means 
to find the square root. Therefore, 
you square the resistance and the 
reactance, add the two together, and 
then take the square root of the sum. 
Once you have the impedance, pro-
ceed as before to get the current. 
Again,this is not the type of prob-
lem that the technician will have to 
solve, but it is important to remem-
ber the general method of obtaining 
the impedance in a circuit of this 
type. If you know how to do square 
root problems, the mathematical 
solution is the simpler; if you don't, 
the graphical solution is the one to 
use. It is particularly important to 
realize that you cannot obtain the 
impedance simply by adding the 
resistance and the reactance to-
gether. The impedance in a circuit 
will always be somewhat less than 
the sum of the two because of the 
difference in phase. 

KIRCHHOFF'S VOLTAGE 

LAW 

You will remember that Kirch-
hoff's voltage law stated that the sum 
of the voltage drops in a complete 
circuit is equal to the source volt-
age. Now let's see how this applies 
to an ac circuit consisting of induc-
tance and resistance. 

Using the same example as before, 
we have already calculated the re-
actance of the coil at 750 ohms and 
we kepw the resistance of the resis-
tor is 1000 ohms. We can use Ohm's 
Law in the form: 
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E=IxR 

to find the voltage drop across the 
resistor. In the case of the coil, the 
voltage drop is: 

E = I x XL 



To find the voltage drop across the 
coil, we simply multiply 750 by the 
current, which we have already de-
termined as .4 amp. 750 x .4 = 300. 
Therefore the voltage across the coil 
is 300 volts. The voltage across the 
resistor is 1000 x.4 =400volts.Now 
look at Fig. 29 where we have indi-
cated the voltages. We have 300 volts 
across the coil and 400 volts across 
the resistor, but our source voltage 
is only 500 volts. These are the read-
ings we would actually obtain if we 
had meters connected as shown: 

500 
VOLTS 

300 
VOLTS 

400 
VOLTS 

Fig. 29. With a source voltage of 500 
volts, we have 300 volts across the coil, 
and 400 volts across the resistor, hut 

they are not in phase. 

This may appear to be a contra-
diction of Kirchhoff's Voltage Law, 
but actually it is not. You must re-
member that the voltage across the 
resistor will be in phase with the 
current, but the voltage across the 
coil will not be in phase with the 
current flowing through it. The volt-
ages that we have just determined 
are effective voltages. At any given 
instant the sum of the voltage across 
the coil plus the voltage across the 
resistor will be equal to the voltage 
across the generator. However, the 
effective voltage across the coil and 
the resistor if they are simply added 

together would give us more than 
500 volts. 
To add these two voltages we must 

again resort to vectors. The vector 
addition of these two voltages using 
a scale of 200 volts equals 1 inch is 
shown in Fig. 30. Notice that the vec-
tor representing the voltage across 
the resistor is drawn 2 inches long, 
and the one representing the voltage 
across the coil is drawn 1-1/2 inches 
long. When we complete the vector 
diagram to find the sum, as before, 
we obtain a vector which is equal to 
the generator voltage of 500 volts. 
The mathematical solution that we 

used before can also be used to obtain 
the source voltage. If we let the sym-
bol E, equal the source voltage we 
have: 

Ea =/E-7 ---4- EL2 

If we substitute 400 for E„ ER2 
equals 160,000. Similarly EL 
squared equals 90,000. Adding the 
two together we get 250,000; the 
square root of 250,000 is 500, so as 
before we find that E, = 500 volts. 
Importance of Phase. 

A general knowledge of phase and 
vector diagrams helps you to under-
stand the action of coils and capaci-
tors in ac circuits and will make you 
a better-than-average technician. 
You will understand why you do cer-
tain things when making adjustments 
or repairs instead of just blindly 
following instructions. It is the men 
who know the "How" and the "Why" 
who command the highest salaries 
in the modern world of electronics. 

Later in your course, you will 
learn that the opposition of a coil, 
which we have called inductive re-
actance, can be balanced or can-
celled by the opposition of a capad -
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Fig. 30. Finding the vector sum of ER and 

EL. 

tor, which is called capacitive re-
actance, because the two are of op-
posite phase. You will see the im-
portance of phase in many other 
practical examples. Phase, how-
ever, is not a subject you can grasp 
in one lesson; you will understand 
it better and better with each suc-
ceeding lesson. 

Q OF A COIL 

We mentioned that since a coil is 
wound of wire and wire has resist-
ance, there is no such thing as a 
perfect inductance. All coils have 
both inductance and resistance. 
As you might expect, when manu-

facturers make a coil, they usually 
try to keep the resistance as low as 
possible. Generally, the lower the 
resistance is in proportion to the in-
ductive reactance of a coil, the bet-
ter the coil. The relationship be-
tween inductive reactance and re-
sistance is called the Q of the coil. 
This is represented by the formula: 

= XL 
R 

A high-Q coil is a coil in which the 
value of the inductive reactance is 
much higher than that of the resist-
ance. Coils with a Q of 100 or more 
are quite common. 

Since the reactance of a coil in-
creases with frequency, you might 
expect the Q to increase with fre-
quency. This is true up to a certain 
point, but R is the ac resistance of 
a coil and it increases with frequency 
also. As long as X, increases with 
frequency faster than R, the Q of the 
coil will increase, tut if R increases 
faster than X, the Q of the coil will 
decrease as the frequency increases 
so the coil cannot be used at high 
frequencies. 
Q is particularly important in 

tuned circuits when coils are used 
with capacitors. You will see why 
this is so later when you study these 
circuits. 

SUMMARY 

This section of your lesson is al-
most too important to try to sum-
marize. However, to help you to re-
view, here are the important things 
you should understand. 
You should have a general under-

standing of what we mean by phase. 
When the current in an ac circuit is 
increasing exactly in step with the 
voltage, and reaches the maximum 
value at the same time as the volt-
age reaches the maximum value and 
reaches its minimum value at the 
same time as the voltage reaches its 
minimum value, we say that the cur-
rent and voltage are in phase. In a 
circuit consisting of a pure induc-
tance the current will lag the voltage 
by 90 degrees. This means that it is 
one-quarter of a cycle behind the 
voltage. 
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Impedance is the vector sum of 
resistance and reactance. The im-
pedance in a circuit will be greater 
than the resistance or the reactance 
alone. Impedance cannot be deter-
mined simply by adding the resist-
ance and the reactance. 
The voltage across a component 

in an ac circuit can be found by 
Ohm's Law. The sum of the indi-
vidual voltage drops in an ac circuit 
is equal to the source voltage, pro-
viding we add these voltages vec-
torially. We cannot add them by 
means of simple arithmetic and ex-
pect their sum to be equal to the 
source voltage. If we could measure 
the source voltage and the voltage 
across each of the parts in the cir-
cuit at any instant, we would find 
that the sum of the voltage drops at 
that instant would be equal to the 
source voltage. 

SELF-TEST QUESTIONS 

(ak) What do we mean when we say 
that the voltage and current in 
a circuit are in phase? 

(al) What is the phase relationship 
between the voltage and cur-
rent across a resistor? 

(am) What is the phase relationship 
between the voltage and cur-
rent across a coil? 

--(an) At what point in an ac cycle is 
the current changing at its 
maximum rate? 

(ao) What is meant by impedance? 
(ap) An ac generator with an out-

put voltage of 250 volts is con-
nected across a 1.5-henry coil 
and a 900-ohm resistor in 
series. The frequency of the 
generator is 100 cycles. Find 
the current flowing in the cir-
cuit. 

(aq) In the preceding problem, find 
the voltage across the coil and 
the voltage across the resis-
tor. 

LOOKING AHEAD 

You have now finished the study 
of the basic facts of resistors and 
coils. When you complete a similar 
study of capacitors in the next les-
son, you will have a basic knowledge 
of these three important parts. In a 
later lesson you will learn more 
about how these three parts work to-
gether and what effect they have on 
ac signals. Remember that the ac 
supplied by the power company, 
audio signals, and radio frequency 
signals are all ac signals differing 
only in frequency and in some cases 
in wave shape. The important facts 
you learned about ac and coils in 
this lesson apply to all ac signals 
regardless of their frequency. 
Most students are anxious to go 

ahead as quickly as possible with 
their course, particularly in the 
early lessons. However, do not be so 
anxious to go ahead with later les-
sons that you leave the earlier les-
sons without completely understand-
ing them. The information given in 
these early lessons is basic and is 
information that you will use over 
and over again in more advanced 
lessons. If you do not understand how 
basic parts such as resistors, coils, 
and capacitors affect circuit per-
formance, you will not be able to 
understand some of the later 
lessons. 

ANSWERS TO SELF-TEST 
QUESTIONS 

(a) Magnetic lines of force form 
complete loops. 
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(b) Near the coil. 

(c) An air-core coil. The card-
board form merely supports 
the turns of the coil; it has no 
appreciable effect on the op-
eration of the coil. 

(d) Laminations are thin strips 
of iron or steel used to pro-
duce an iron core for a choke 
or transformer. 

(e) An iron core provides a better 
path for the magnetic lines of 
force. We say it has a lower 
reluctance. 

(f) Magnetomotive force is the 
force that sends magnetic flux 
around a magnetic circuit. 

(g) The ampere-turn. 

(h) 50 ampere - turns. 

(I) Reluctance is the opposition 
to flux in a magnetic circuit. 
It is the equivalent of resist-
ance in an electrical circuit. 

(j) Yes. The reluctance in the 
magnetic circuit of an iron-
core -coil is much lower than 
the reluctance of the magnetic 
circuit in an air-core coil. 

(k) They all have the same reluc-
tance. Non-magnetic mate-
rials have the same reluctance 
as air. 

(1) The permeability of a material 
indicates the ability of the 
material to pass the magnetic 
lines of force. The higher the 
permeability of the material, 

the less reluctance it will offer 
to magnetic lines of force. 

(m) In a magnetic circuit the flux 
is equal to the magnetomotive 
force divided by the reluc-
tance. 

(n) A flux linkage is a magnetic 
line of flux cutting through a 
single turn of a coil. If the 
magnetic line of flux cuts 
through two turns then we have 
two flux linkages, and if it cuts 
through five turns then we have 
five flux linkages. 

(o) Twelve. A magnetic line of 
flux cutting through a single 
coil produces one flux linkage. 
Therefore three lines cutting 
through four turns produces 
3 x4= 12 flux linkages. 

(P) 

(q) 

Zero. If the number of flux 
linkages cutting a coil does 
not change, there will be no 
voltage induced in the coil. 

The induced voltage will pro-
duce a current which will in 
itself produce a magnetic field 
which will oppose any change 
in flux linkages. 

(r) It will aid the original lines of 
force. ff the field is reduced, 
the induced voltage produced 
in the coil will cause a cur-
rent to flow in such a direc-
tion that the magnetic field 
produced will tend to prevent 
the number of flux linkages 
from decreasing. In order to 
do this it must aid the original 
field. 
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(s) (1) cutting lines of force, (2) 
changing the reluctance (3) 
changing the coil current. 

(t) The variable reluctance phono 
pickup. In this type of pickup 
the needle moves between two 
coils. As the needle follows 
the record groove it moves 
from side to side decreasing 
the air gap on one side so that 
the reluctance on that side de-
creases and the flux increases. 

(u) The transformer. Varying ac 
applied to the primary of the 
transformer causes a varying 
current to flow. This current 
in turn causes a varying flux; 
the varying flux cutting the 
secondary induces a voltage 
in the secondary of the trans-
former. 

(v) Inductance. 

(W) A self-induced voltage is a 
voltage induced in a coil that 
is caused by a change in the 
current flowing through the 
coil. The changing current 
causes a change in magnetic 
flux. The change in magnetic 
flux produces a self-induced 
voltage which tends to produce 
a current which in turn will 
produce a magnetic field op-
posing the original change. 

(x) It will oppose the applied volt-
age. The self-induced voltage 
will try to keep the current 
constant so that the flux will 
remain constant. To do this 
it must oppose the applied 
voltage. 

(y) The henry is the unit of in-

ductance. 

(z) If the voltage induced in a coil 
is 1 volt when the strength of 
the current flowing through the 
coil changes at a rate of 1 am-
pere per second, the coil has 
an inductance of 1 henry. 

(an) 

(ab) 

(1) the number of turns on the 
coil, (2) the diameter of the 
coil, (3) the permeability of 
the core material. 

The inductive reactance of a 
coil is the opposition the coil 
offers to the flow of ac through 
it due to the inductances of the 
coil. 

(ac) The inductive reactance of a 
coil is measured in ohms. 

(ad) 3768 ohms. To find the induc-
tive reactance of a coil you 
use the formula: 

XL = 6.28 xfxL 

and substituting 60 for f and 
10 for L we have: 

XL = 6.28 x, 60 x 10 
XL = 3768 ohms. 

(ae) When two coils are placed near 
each other so that the flux from 
one coil cuts through turns of 
the other coil, any change in 
the flux from one coil will in-
duce a voltage in the other 
coil. We call this coupling be-
tween the two coils mutual in-
ductance. 

(af) 14 henrys. When two coils that 

38 



are not mutually coupled to-
gether are connected in 
series, the total inductance is 
simply the sum of the two in-
inductances. 

(ag) 11 henrys. To find the total 
inductance of the two coils we 
use the formula: 

LT = Li + L2 + 2M 

and substituting 4 henrys for 
Li and 3 henrys for L2 and 
2 henrys for M we get: 

LT = 4 + 3 + (2 x 2) 
LT = 11 henrys. 

(ah) 9 henrys. To find the induc-
tance of the two coils we use 
the formula: 

LT = Li + L2 - 2M 

and substituting 8 henrys for 
Li, 7 henrys for L2 and 3 
henrys for M we get: 

LT = 8 + 7 - (2 x 3) 
L1 = 9 henrys. 

(ai) 2200 millihenrys. To convert 
henrys to millihenrys you 
just multiply by 1000 which is 
the same as moving the deci-
mal point three places to the 
right. 2.2 x 1000 =2200. 

(4) .0001 henry. To convert mi-
crohenrys to henrys you di-
vide by 1,000,000 or move the 
decimal point six places to the 
left. Moving the decimal point 

(ah) 

six places to the left requires 
that we add three zeros to the 
left of 1 and then simply move 
the decimal point. 

When we say that the voltage 
and current are in phase we 
mean that any change in volt-
age produces a corresponding 
change in current. In other 
words, an increase in voltage 
causes an instant increase in 
current or a decrease in volt-
age causes an instant decrease 
in current. 

(al) The voltage and current 
across a resistor are in phase. 

(am) The voltage across a coil will 
lead the current by 90°. An-
other way of expressing the 
same thing is to say that the 
current lags the voltage by 
90°. 

(an) The current is changing at 
its maximum rate when the 
current wave is going through 
0. 

(ao) Impedance is the total opposi-
tion to current flow. It is made 
up of the reactive opposition 
and the resistive opposition to 
current flow. 

(ap) XL = 6.28 x 100 x 1.5 
= 942.0 ohms 

Z =/R2 -1- •-•XL2 

=/900 

= / 810,000 + 887,364 

= /1,697,364 

39 



= 1303 ohms 

E 250 
/ = T = 1303 = '19 amps 

(aq) ER = IR 
= .19 x 900 = 171volts 

EL = IXL 
= .19 x 942 = 179 volts 
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Lesson Questions 
Be sure to number your Answer Sheet B106. 

Place your Student Number on every Answer Sheet. 

1. If the reluctance of a magnetic circuit is increased, what will happen 
to the flux? 

2. If the number of flux linkages cutting a coil decreases, a voltage will 
be induced in the coil that will cause a current to flow, which will 
produce magnetic flux that will tend to prevent the original flux from 
decreasing. Is this statement true or false? 

3. Explain what inductive reactance is. 

4. What is the inductive reactance of a 1-henry coil at a frequency of 100 
cycles? 

5. If two 15-henry coils have a mutual inductance of 5 henrys, what is the 
total inductance when they are connected in series if the flux of one 
coil aids the flux of the other? 

6. Explain what is meant when we say "the voltage and current are out 
of phase." 

7. What do we mean by the impedance of a circuit? 

8. What is the impedance of the circuit shown? 

9. If the frequency of a voltage source connected to a circuit consisting 
of a coil and resistor in series is increased, will the current flowing 
in the circuit increase, decrease, or remain the same? 

10. If the current flowing in the circuit shown is 1 amp, find: 

(1) the voltage across the coil 
(2) the voltage across the resistor. 



SINCERE APPRECIATION PAYS 

Have you ever watched a dog respond to a friendly 
pat as a reward for obedience? Have you noticed 
how a child glows with joy when praised for good 
behavior? Have you ever felt your own brain cells 
respond with increased effort when you praise them 
by saying, "That's a fine piece of work, even if I did 
do it myself:" 

Yes, everyone responds to sincere and merited 
praise. It is a tonic to both giver and receiver. It 
brings greater praise and appreciation back to you. 
It costs nothing more than a smile and a few sincere 
words, bet it can truly achieve miracles in happiness 
and success, and put real money in your pocket. 

Time spent in figuring how to give sincere and 
deserved praise is well worth while. Let people know 
that you appreciate their fine work, and watch the 
breaks come your way. 
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STUDY SCHEDULE 
By dividing your study into the steps given below, you can get 
the most out of this part of your NRI Course in the shortest 
possible time. Check off each step when you finish it. 

u 

(II 

Li 

u 

o 

I. Introduction   Pages 1 - 3 
This section gives a brief picture of what a capacitor is and the 
different types in use. 

2. How Capacitors Store Electricity   Pages 4 - 12 

You learn about charging a capacitor, the factors affecting 
capacity, and the voltage rating of capacitors. 

3. Typical Capacitors   Pages 13 - 23 
You study variable capacitors and paper, mica, ceramic, and 
electrolytic fixed capacitors. 

4. Capacitors in AC Circuits   Pages 24 - 28 
You learn how ac flows in capacitive circuits, and you study 
the effect of connecting capacitors in series and in parallel. 

5. Simple R-C Circuits   Pages 29 - 36 

Here we take up time-constants, phase, voltage distribution, 
and impedance in resistor-capacitor circuits. 

D 6. Answers to Self-Test Questions   Pages 36 - 40 

E 7. Answer the Lesson Questions. 

D 8. Start Studying the Next Lesson. 
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HOW CAPACITORS ARE USED 

Of the three major electronic cir-
cuit parts, resistors, coils and ca-
pacitors, it would be impossible to 
pick the one that is the most essen-
tial. All three parts are extremely 
important. In many circuits all three 
are used together; in some circuits 
two of the three are used together. 
When used in combination, these 
parts are able to perform jobs that 
one cannot do alone. 

In the preceding two lessons, you 
studied resistors and coils. In this 
lesson you will study capacitors in 
detail. After you have completed 
this lesson, you should have a good 
understanding of how these three 
basic parts work. Later, you will see 
how they are used together. 

In many respects a capacitor is 
the opposite of a coil. You will re-
member that in an ac circuit with a 
coil in it, the current flowing in the 
circuit will lag or follow the applied 
voltage by 90 degrees. If instead of 
a coil we put a capacitor in the cir-
cuit, the current would lead the volt-
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age by 90 degrees; in other words 
we would have just exactly the op-
posite effect. You will see more of 
this later in this lesson and also 
find out exactly why it is that in a 
capacitive circuit the current leads 
the voltage. For the present, let's 
start this lesson by learning a little 
about what a capacitor is and some 
of the fundamentals of how it works. 

WHAT IS A CAPACITOR? 

In its simplest form, a capacitor, 
or condenser, as many old-timers 
call it, consists of nothing more than 
two pieces of metal separated 
either by air or by some other non-
conducting material placed between 
them. The material between the two 
plates, whether it is air, a liquid, or 
a solid, is called the dielectric. If 
there is nothing between the plates 
but air, we say the capacitor has an 
air dielectric. 
The electrical size of a capacitor 

is called its capacity. A large ca-



PLATE A 

PLATE 8 

Fig. 1. A simple capacitor is nothing but 
two pieces of metal separated from each 

other. 

pacitor has a large capacity. There 
are a number of things that affect 
the capacity of a capacitor, which 
you will study in a little while. 

HOW A CAPACITOR WORKS 

A simple capacitor made of two 
metal plates with an air dielectric 
between them is shown in Fig. 1. To 
see how a capacitor works, let's see 
what will happen when we connect 
this capacitor to a battery as shown 
in Fig. 2. 

SURPLUS OF 
ELECTRONS 

- 111111+  

0,000 
0 0000 

o 

SHORTAGE OF 
ELECTRONS 

o 
o 

Fig. 2. Whet' a capacitor is connected to a 
battery, a surplus of electrons is accumu-
lated on one plate. This forces electrons 
off the other plate. leaving it with a posi-

tive charge. 

When the plates of the capacitor 
are connected to the battery, elec-
trons flow from the negative termi-
nal of the battery into the plate of 
the capacitor connected to the nega-
tive terminal. There will be a sur-
plus of electrons built up on this plate 

of the capacitor. 
You know that one of the charac-

teristics of an electron is that it re-
pels other electrons. Remember the 
rule of charges, like charges repel. 
Therefore, the surplus electrons on 
the one plate of the capacitor will 
repel electrons from the other plate 
back to the positive terminal of the 
battery. At the same time, the posi-
tive terminal of the battery attracts 
electrons and pulls them from the 
plate connected to it, leaving a short-
age of electrons on this plate, giving 
it a positive charge. This positive 
charge will attract electrons from 
the negative terminal of the battery 
to the plate connected to it. Thus, 
there will be a surplus of electrons 
on one plate and a shortage of elec-
trons on the other. The electron flow 
will continue until plate A is just as 
negative as the negative battery ter-
minal, and plate B is just as positive 
as the positive battery terminal. 
When this condition exists we say the 
capacitor is charged. 

If we suddenly disconnect the ca-
pacitor from the battery, the condi-
tion of unbalance that has been set 
up on the capacitor plates will re-
main. We will have a surplus of elec-
trons on one plate and a shortage of 
electrons on the other. Thus, we 
have electricity stored in the capaci-
tor. 
You will remember that one of the 

characteristics of a charged object 
is that it tries to give up its charge 
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in order to become neutral as quickly 
as possible. Therefore, if we con-
nect a wire from one plate of a ca-
pacitor to the other, the electrons 
will flow from the side having a sur-
plus of electrons over to the side 
having a shortage of electrons until 
the number of electrons on the two 
plates is balanced, and there is no 
longer a charge on them. 

This is a very brief explanation 
of how a capacitor works, how it is 
charged, and how it can store elec-
tricity. We will look into this more 
thoroughly in the next section of this 
lesson, but this is enough to give you 
a general idea of how a capacitor 
works. Keep in mind that a capaci-
tor can store electricity. Before 
touching the leads of a large capaci-
tor you should short the leads to-
gether with a screwdriver or similar 
object to be sure the capacitor is 
discharged, otherwise you may dis-
charge the capacitor and receive an 

unpleasant and possibly dangerous 
shock: 

TYPES OF CAPACITORS 

Capacitors can be divided into two 
types, according to what type of 
material (called the dielectric) 
separates the plates. One type has 
an air dielectric, and the other has 
a solid or liquid dielectric. When 
we say a capacitor has an air dielec-
tric, we simply mean that there is 
nothing but air between the plates of 
the capacitor. When we say a ca-
pacitor has a solid or liquid dielec-
tric we mean that some insulating 
material other than air has been 
inserted between the plates. 
You will see typical examples of 

all these types of capacitors later; 
you will learn more about them, what 
they look like, and where they are 
used in electronic circuits; but first 
let us learn more about how they 
work. 
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How Capacitors Store Electricity 

In considering a capacitor, you 
may at first wonder how a capaci-
tor can be used in an electronic cir-
cuit because there is no complete 
circuit through the capacitor. In the 
sketch of the simple capacitor shown 
in Fig. 1 you can see that the two 
plates of the capacitor do not touch 
each other. There is a space be-
tween the two plates so that the elec-
trons on one plate cannot normally 
flow from one plate to the other. 
When we connected a battery to a 

capacitor we saw that the plates of 
the capacitor became charged, one 
plate picking up a surplus of elec-
trons and the other losing electrons 
so that it had a shortage. 
The usefulness of a capacitor de-

pends upon its ability to store elec-
tricity or to hold a charge. Let's 
learn a little more about how a ca-
pacitor is charged, so we can better 
understand some of its more im-
portant uses. 

CHARGING A CAPACITOR 

A capacitor cannot be charged in-
stantly. It takes time for the charge 
to build up after the electrons start 
to flow from the negative terminal of 
the battery into one plate of the ca-
pacitor and from the other plate to 
the positive terminal of the battery. 
The length of time that it takes de-
pends upon two things, the size of 
the capacitor and the amount of re-
sistance in the circuit. 
You might think that there was no 

resistance in the circuit we have 
shown in Fig. 2. However, this is 
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not the case. There is resistance in 
the leads used to connect the capaci-
tor to the battery, and in addition 
there is the internal resistance of 
the battery itself. These two resist-
ances will limit the rate at which 
the capacitor can charge. 

Because it does take sometime to 
charge a capacitor, there will be a 
current flowing in the circuit shown 
in Fig. 2 when the capacitor is first 
connected to the battery. This cur-
rent will flow as long as the battery 
is charging the capacitor. The longer 
it takes the battery to charge the ca-
pacitor the longer there will be a 
current flowing in the circuit. 
Therefore, you can see that even 
though the electrons cannot cross 
from one plate of the capacitor to 
the other plate there is a current 
flow in the circuit, at least for the 
short time it takes to charge the 
capacitor. 
A question that sometimes comes 

up when considering a charged ca-
pacitor is whether or not the capaci-
tor has any more electrons than it 
has in the discharged state. The an-
swer to this question is no--the ca-
pacitor will have the same number 
of electrons whether it is charged 
or discharged. The only difference 
is that when a capacitor is dis-
charged there is no charge on any 
of the atoms making up the metal on 
either plate. In other words, each 
atom has enough electrons to exactly 
neutralize the charge in its nucleus. 
However, when the capacitor is 
charged, some of the electrons are 
moved off one plate so there is a 



shortage of electrons on that plate, 
and the same number of extra elec-
trons are forced onto the other plate, 
so there is a surplus of electrons 
on it. Thus the total number of elec-
trons in the material making up the 
capacitor does not change. 

-4 The Amount of Charge. 
The charge on a capacitor de-

pends upon the battery voltage used 
to move electrons onto one plate and 
away from the other. A battery with 
a higher voltage can exert more 
force on the atoms making up the 
capacitor plates and thus move more 
electrons than a battery with a lower 
voltage could. However, there are 
other things that affect the charge 
we can store in a capacitor. The 
electrical size of the capacitor is 
just as important as the charging 
voltage. The electrical size of the 
capacitor is called the capacity of 
the capacitor. Now let's see what 
we mean by capacity. 

CAPACITY 

The term capacity is used to de-
scribe the electrical size of a ca-
pacitor. It is used in the same way 
as inductance is used to describe 
the electrical size of a coil, and 
resistance is used to indicate the 
electrical size of a resistor. 

Just as the henry is the unit of in-
ductance and the ohm is the unit of 
resistance, the "farad" (pronounced 
FAIR-ad) is the unit of capacity. It 
was named after the scientist 
Michael Faraday, who did a great 
deal of the early work with capaci-
tors. The capacity of a capacitor is 
a measure of its ability to store 
electricity. A capacitor with a high 
capacity can store more electrons 
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than a capacitor with a lower ca-
pacity. Thus the capacity of a ca-
pacitor indicates its electrical size 
to the technician just as the resist-

ance of a resistor indicates the elec-
trical size of the resistor. 
We can express the capacity of a 

capacitor in terms of charge and 
voltage. The capacity of a capacitor 
is equal to the charge it will take 
divided by the voltage used to put 
that charge on the capacitor. The 
amount of charge is expressed in 
units called "coulombs." A cou-
lomb represents a certain quantity 
of electrons. If a current of 1 am-
pere flows in a circuit for one sec-
ond, the number of electrons moving 
past a given point in the circuit 
represents one coulomb of elec-
tricity. If when we connect a one-
volt battery across a capacitor we 
can store a charge of 1 coulomb in 
the capacitor, its capacity is 1 farad. 
If the capacitor would take a charge 
of 2 coulombs with an applied volt-
age of 1 volt, the capacity would be 
two farads. The farad actually 
represents an extremely large ca-
pacity. It is so large in fact that it 
is never used in electronics. Let us 
look at the smaller units of capacity 
that are used. 
Unite of Capacity. 

Since the farad is so large a unit, 
capacity in electronic circuits is 
usually expressed in smaller units, 
which are fractions of a farad. They 
are: 

1. The microfarad, which is equal 
to one-millionth of a farad. Micro-
farads are abbreviated in several 
ways; the most common abbrevia-
tions are u.f, mf, and mfd. 

2. The picofarad, which is equal 
to 1-millionth of a microfarad. It 



is abbreviated pf. In addition to the 
picofarad you will also run into the 
micro-microfarad, which is also 
equal to 1-millionth of a microfarad. 
The micro-microfarad was used for 
many years to designate a millionth 
of a microfarad, but in recent years 
the picofarad has replaced it. If you 
should be looking at a diagram of a 
modern radio or TV receiver the 
chances are you'll find that the ab-
breviation pf has been used to indi-
cate picofarads but if you are work-
ing on an older set then you will find 
micro-microfarad used. The abbre-
viations used for micro-microfarad 
are uuf, mmf, and mnifd. 
Because all seven abbreviations 

are frequently found in electronics, 
you should learn them all. The Greek 
letter u is the Greek letter "mu" 
which is pronounced MEW. 
You should have no difficulty in 

remembering that the prefix micro 
means one millionth, because you 
have run into this several times pre-
viously. The microfarad is simply 
one millionth of a farad. Actually, 
you will not be dealing with farads 
at all because this is such a large 
unit and for practical purposes you 
can consider that the unit of capacity 
in electronics is the microfarad. The 
smaller unit, which you will have to 
deal with, is the picofarad, which is 
a millionth of a microfarad. 
Sometimes it is necessary to 

change from microfarads to pico-
farads and vice-versa. To change 
from microfarads to picofarads, you 
simply multiply by one million or 
move the decimal point six places to 
the right. In other words, a capaci-
tor that has a capacity of 5 micro-
farads has a capacity of 5,000,000 
picofarads. You simply add six 
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zeros. A capacitor that has a ca-
pacity of .0005 microfarads has a 
capacity of 500 picofarads. You 
simply move the decimal point six 
places to the right. 
To convert from picofarads to 

microfarads you divide by one mil-
lion, and this can be done by moving 
the decimal point six places to the 
left. To do this, you can add zeros 
to the left. Thus 100 picofarads,can 
be written 000,000,100 picofarads. 
All the zeros to the left of the 1 
have no meaning. To convert this 
value to mie rota rads, move the deci-
mal point six places to the left and 
you get 000.0001 microfarad. The 
zeros preceding the decimal point 
have no meaning, so they can be 
dropped, and you have .0001 micro-
farad or .0001 mfd. 

Since the micro-microfarad is 
also equal to one millionth of a 
microfarad - in other words it is 
equal to a picofarad - if you should 
run into an older receiver where the 
values are given in micro-micro-
farads and you want to convert the 
value to microfarads you use ex-
actly the same procedure as used 
in converting picofarads to micro-
farads. 
No doubt as you are reading the 

preceding section you noticed how 
long the words microfarad and pico-
farad are. Technicians have short-
ened these words. The word micro-
farad is frequently abbreviated to 
"mike". Thus if you went to a whole-
saler to buy a 2-microfarad capaci-
tor you would probably simply say, 
"I want a 2-mike capacitor". Tech-
nicians have shortened picofarad to 
simply the abbreviation pf. Thus if 
you were ordering a 100 picofarad 
capacitor you would probably order 



it as a 100-pf capacitor rather than 
pronouncing the entire word. 

Another abbreviation is as fol-
lows: instead of saying decimal 
point, 0, 0, 1 microfarad to identify 
a .001 trifd capacitor technicians 
usually say "point double oh one 

4 mike". Similarly for .00025 mfd they 
would say "point triple oh two five 
mike". 

FACTORS AFFECTING 
CAPACITY 

If you have ever looked into tne 
back of a radio receiver you have 
probably noticed what we call a 
variable capacitor. A variable ca-
pacitor consists of a set of fixed 
plates and a set of plates that can 
be rotated. As the receiver is tuned 
across the broadcast band the rotat-
ing plates will move into position 
and mesh between the fixed plates. 
The actual capacitor in the receiver 
might have been made of two or three 
separate capacitors all connected 
together so that the rotating plates 
all rotate at the same time. A ca-
pacitor with two sections is called 
a 2-gang capacitor and one with three 
sections is called a 3-gang capaci-
tor. This type of capacitor is called 
a variable capacitor because its ca-
pacity is varied as you rotate the 
movable plates and mesh them be-
tween the stationary plates. When 
the plates are completely meshed 
the capacitor has its maximum ca-
pacity and when they are rotated 
so that they are separated as far 
as possible the capacitor has its 
minimum capacity. 
There are a number of factors 

that affect the capacity of a capaci-
tor. So you will understand how the 
capacity of a variable capacitor is 
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changed and also help you to under-
stand the other capacitors you will 
encounter in electronics work, we 
will now discuss some of the factors 
affecting capacity. 
1. Arabia of Plato.. 

The capacity of a capacitor de-
pends upon the area of the plates. 
Thus, if the area of each plate of a 
simple capacitor such as the one 
shown in Fig. 1 is doubled, the ca-
pacity would be doubled. 
There are other ways in which the 

area can be increased in order to in-

Fig. 3 Wiling plates to a capacitor in-
creases the capacity. 

crease the capacity. For example, 
look at the capacitor shown in Fig. 
3A. Notice that instead of a simple 
capacitor made up of two plates as 
we had in Fig. 1, here we have three 
plates. Two of the plates, marked 
Al and A2, are connected together. 
If we start off with a capacitor having 
the two plates Al and B, and then add 
the plate A2 to the capacitor, we 
would double the capacity. You can 
see why this is so when you consider 
what happens to the area of the plates 
when we add plate A2. Let's assume 
that each plate has an area of one 
square inch. Thus the area of plate 



Al opposite plate B is one square 
inch. When we add plate A2, we will 
have the areas of Al and A2 exposed 
to both sides of B. Thus the effective 
area of the plates is doubled and 
therefore the capacity is doubled. 

Additional plates can be added as 
shown in Fig. 3B. Adding additional 
plates to a capacitor actually in-
creases the area of the plates, which 
in turn increases the capacity. 

In considering the area of the 
plates, we must consider only the 
overlapping area. For example, if 
we have a capacitor made up of two 
plates each having an area of 1 
square inch, and positioned as shown 
in Fig. 4A, we will have a certain 
capacity. However, if without chang-
ing the size of the plates we move 
them as shown in Fig. 4B, the ca-
pacity will be reduced, because the 
overlapping area of the plates is re-
duced. The part of plate A that is 
not directly opposite part of plate B 
will have little or no effect on the 
capacity. Similarly, the part of plate 
B that is not opposite part of plate 
A will have little or no effect. 

-;11-- o 
OVERLAPPING 

AREA 

Fig. 4. Only the overlapping areas of the 
plates affect the capacity of a capacitor. 

This is the principle that is used 
in variable capacitors. Here a num-
ber of plates are arranged so that 
one section of plates is movable and 
can be made to overlap more or less 
of the other section, thus exposing 

larger or smaller areas of the two 
sections to each other. 
2. Spacing. 
The distance between the plates of 

a capacitor will also affect the ca-
pacity. Capacity is inversely pro-
portional to the spacing between 
plates. For example, if the spacing 
is reduced to one half, there will be 
twice the capacity. If it is reduced 
to one quarter, there will then be 
four times as much capacity. Also, 
if you double the space between the 
plates you will have one half of the 
capacity; if you triple the space you 
will have one third of the capacity. 
This is due to the fact that when the 
repelling effect of the electrons on 
one plate and the attracting force of 
the shortage of electrons on the other 
plate must act over a greater dis-
tance, they are not able to drive as 
many electrons out of the one plate 
of the capacitor and pull as many 
onto the other plate. As a result, 
the capacitor is not able to store as 
great a charge. You already know 
that the capacity of a capacitor is 
equal to the charge in coulombs di-
vided by the voltage required to give 
that charge. Thus, if the charge a 
capacitor can hold is reduced, the 
capacity will go down. Moving the 
plates farther apart will reduce the 
charge that you can get on a capaci-
tor for a given applied voltage. Con-
versely, bringing the plates closer 
together will increase the charge 
you can get on a capacitor for a 
given applied voltage. 
3. Dielectric. 
We have already mentioned that 

the type of dielectric used between 
the plates of the capacitor has an 
effect on the capacity. If instead of 
air between the plates we place a 
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piece of mica, paper, or ceramic 
material, the capacity will be in-
creased. As a matter of fact, if we 
slide a piece of mica between the 
plates of a capacitor so that the mica 
exactly fills up the space we will 
find that the capacity will increase 
somewhere between 6 and 8 times. 

DIELECTRIC CONSTANT 

In the preceding section we men-
tioned that inserting a piece of mica 
between the plates of a capacitor 
would increase the capacity some-
where between 6 and 8 times. The 
amount that a certain material will 
increase the capacity when used as a 
dielectric, compared to the capacity 
when air is used, is called the "die-
lectric constant" of the material. In 
other words, the dielectric constant 
tells us the number of times that the 
capacity will be increased by insert-
ing a certain material between the 
plates of a capacitor. Actually, the 
dielectric constant is based on the 
number of times the capacity would 
be increased over the capacity we 
would have if the dielectric were a 
perfect vacuum. However, air be-
tween the plates affects the capacity 
very little. The capacity is practi-
cally the same with an air dielectric 
as it would be with a perfect vacuum 
between the plates so we say 
that the dielectric constant of air is 
1; in other words it is the same as a 
vacuum between the two plates. 

Different materials have different 
dielectric constants. Paper has a di-
electric constant of somewhere be-
tween 1.5 and 3, depending upon the 
grade of paper. Mica has a dielectric 
constant between 6 and 8. Different 
types of oil have dielectric constants 
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from about 2 up to about 10. The 
ceramic materials used in ceramic 
capacitors have a wide range of di-
electric constants going up to as 
high as about 1500. You can see from 
this why it is possible to make ce-
ramic capacitors with large capaci-
ties in small physical sizes. 
We already mentioned that the ef-

fect of a dielectric is to increase the 
capacity of the capacitor. If there 
were a perfect vacuum between the 
plates of a capacitor, electrons flow-
ing into one plate of the capacitor 
would place a negative charge on this 
plate and electrons flowing from the 
other plate would place a positive 
charge on it. 
However when we place any di-

electric material, which of course 
includes air, between the plates of 
the capacitor, the electrons on the 
negative plate of the capacitor dis-
tort the atoms of the material be-
tween the plates. Before the plates 
of the capacitor are charged, the 
atoms in the dielectric will be in 
their normal state with the electrons 
revolving around the nucleus as 
shown in Fig. 5A. However, when the 
electrons flow onto the negative plate 
of the capacitor, they will tend to 
repel the electrons in the dielectric. 
Since the dielectric is an insulator, 
the electrons are not free, but are 
bound to the atoms; however the re-
pelling effect of the electrons onthe 
negative plate will shift the path of 
the electrons in the dielectric so 
that the path around the nucleus will 
be like that shown in Fig.5B.Notice 
that the electrons are pushed away 
from the negative plate and towards 
the positive plate. As these elec-
trons move closer to the positive 
plate, they tend to repel the electrons 



CAPACITOR 
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DIELECTRIC 
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MOVEMENT OF 
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Fig. 5. Electrons in the dielectric are 
bound to their atoms, but their paths are 
shifted when a battery is connected across 
the capacitor, so that they come closer to 
the positive plate, thus transferring the 
effect of the extra electrons on the nega-

tke plate. 

on the positive plate. Because the 
electrons from the atoms in the di-
electric move over towards this 
plate of the capacitor, the dielectric 
has the effect of reducing the space 
between the plates. This places the 
negative charge very close to the 
positive plate and drives many more 
electrons off the positive plate of 
the capacitor than could be removed 
if the two plates were in a vacuum. 
As we mentioned, air acts almost 

like a perfect vacuum. There is very 
little of this effect occurring when 
the dielectric is air. However, with 
materials of a higher dielectric con-
stant this effect is more pronounced. 
This is particularly true in the case 
of ceramic materials where there is 
considerable distortion of the atoms 
in the dielectric so that the net effect 
is to get the same result as you would 
get by having the plates of the ca-
pacitor practically touching. Of 

course, in a practical case you can't 
have the plates practically touching, 
because they would probably short 
together and then the capacitor would 
be of no value. However, by using 
the right dielectric we get just as 
much capacity as we would with the 
plates practically touching and at 
the same time the dielectric between 
the plates holds the plates rigid and 
reduces the possibility of the plates 
accidentally shorting together. 

VOLTAGE RATINGS 

We mentioned previously that the 
charge that can be placed on a ca-
pacitor depends upon the electrical 
size or the capacity of the capacitor 
and also on the voltage used to place 
the charge on the capacitor. You 
might think from this that you could 
put more and more charge on a ca-
pacitor simply by increasing the 
voltage higher and higher. However, 
this is not the case because there is 
a limit to how much voltage can be 
applied to a capacitor. 

Manufacturers design capacitors 
with a certain spacing between 
plates. If the plates are put very 
close together, you cannot put a 
very high voltage on the capacitor, 
because the electrons forced onto the 
one plate of the capacitor would jump 
right across the space between the 
plates to reach the other plate of the 
capacitor which has a shortage of 
electrons. Once this happens cur-
rent will flow across the point where 
the capacitor breaks down, at least 
until you eliminate the short by 
shutting off the power. Sometimes 
when the electrons jump across the 
capacitor in this way the capacitor 
is permanently damaged. 
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Working Voltage. 

When a manufacturer designs a 
capacitor he designs it for use in a 
circuit with a certain maximum op-
erating voltage. The voltage is 
marked on the capacitor and is usu-
ally called the working voltage. The 
capacitors you will find in small 
pieces of electronic equipment such 
as radio and TV receivers will usu-
ally have a working voltage some-
where between 200 and 600 volts. 
Some of the capacitors in a TV re-
ceiver may have a working voltage 
as low as 200 volts. These capaci-
tors are used in circuits where the 
operating voltage does not exceed 
200 volts. Others used in higher volt-
age circuits may have a working 
voltage of 400 volts and still others 
used in circuits with an even higher 
voltage may have a working voltage 

of 600 volts or more. 
One point to keep in mind when 

servicing electronic equipment is 
that the manufacturer of the equip-
ment usually uses as low a working 
voltage as possible in order to keep 
the cost of the equipment low. How-
ever, there is no reason why a ca-
pacitor with a higher working volt-
age cannot be used providing there 
is room to do so. 
Peak Voltage. 

Sometimes you will find a capaci-
tor with two voltage markings on it. 
It may be marked "working voltage 
450 volts, peak voltage 525 volts". 
This type of marking is usually found 
on an electrolytic capacitor designed 
for use as a filter capacitor in a 
power supply. Here you know that 
the output of the rectifier in the 
power supply is pulsating dc. Thus 
the actual voltage at the output of the 
rectifier is not constant. If the de 
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output voltage from the power supply 
is 450 volts, during part of the time 
when the pulses from the rectifier 
tube reach their peak, the voltage 
will exceed this value. As long as 
this voltage peak does not exceed 
525 volts, a capacitor marked with 
a 450-volt working voltage and a 
525-volt peak voltage will work 
satisfactorily. 

Some manufacturers do not mark 
electrolytic capacitors in this way. 
They simply mark them with the 
working voltage with the assumption 
that the peak voltage will not exceed 
a safe value. 

SUMMARY 

There are a number of important 
points that you should remember 
from this section of the lesson. 
First, remember that the basic 
action of a capacitor depends upon 
its ability to store an electric 
charge. Also remember that there 
is no complete circuit through a ca-
pacitor, but current will flow in a 
circuit in which a capacitor is con-
nected while the capacitor is being 
charged and while it is being dis-
charged. Remember that a capacitor 
is not charged instantly, but there is 
some time involved in charging a 
capacitor. The actual time it takes 
to charge a capacitor fully will de-
pend upon the capacity and the re-
sistance in the circuit. 
Remember that the electrical size 

of a capacitor is measured in farads, 
but the farad is such a large unit 
that the practical values are the 
microfarad, which is a millionth of 
a farad, and the picofarad, which is 
a millionth of a microfarad. 
The capacity of a capacitor de-



pends upon the area of the plates, 
the spacing between the plates, and 
the dielectric between the plates. 

The dielectric constant of the ma-
terial is a number which tells you 
the number of times the capacity of 
a capacitor will be increased when 
this type of material is placed be-
tween the plates of the capacitor. 
Different materials have different 
dielectric constants; one of the high-
est is ceramic, which has a di-
electric constant as high as 1500. 
The voltage rating of a capacitor 

tells you the maximum safe voltage 
that you can apply to a capacitor. 
Capacitors having a higher voltage 
rating can always be used in re-
placing a defective capacitor in a 
piece of electronic equipment if 
there is room. 

SELF-TEST QUESTIONS 

(a) What do we mean when we say 
a capacitor is charged? 
What two factors affect the 
length of time it takes to 
charge a capacitor? 
Does a capacitor have any 
more electrons on its plates 
when it is charged than when 
it is discharged? 

(d) What factor determines the 

(h) 

(c) 

amount of charge a capacitor 
can hold for a given applied 
voltage? 

(e) What is the basic unit of ca-
pacity? 
What two practical units are 
used in electronics to indicate 
the capacity of a capacitor? 
Convert .0033 mid to pico-
farads. 
Convert 680 pf to mid. 
Name the three factors that 
affect the capacity of a capaci-
tor. 

(j) If you cut the spacing between 
the plates of a capacitor in 
half, will this double the ca-
pacity of the capacitor or will 
it cut the capacity of the ca-
pacitor in half? 
What is the dielectric constant 
of a material? 
What is the dielectric constant 
of air? 
What type of material has the 
highest dielectric constant? 
Why does a material with a 
dielectric constant greater 
than air have the effect of in-
creasing the capacity of a ca-
pacitor? 

(o) A capacitor is marked .02 
microfarads, 400 volts; what 
does the marldng 400 volts 
mean? 

(k) 

(1) 

(m) 

(f) 

(g) 

(h) 
(i) 

(h) 
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Typical Capacitors 

Capacitors can be divided into two 
types, fixed capacitors and variable 
capacitors. A fixed capacitor is a 
capacitor which has a fixed capacity 
- in other words, the capacity of the 
capacitor cannot conveniently be 
varied. A variable capacitor, on the 
other hand, is a capacitor that is 
designed so that its capacity can be 
varied. 

Capacitors can be further divided 
into types depending upon the di-
electric material used. Most vari-
able capacitors have an air dielec-
tric and therefore are also referred 
to as air capacitors. Some variable 
capacitors have a mica dielectric 
and these are referred to as vari-
able mica capacitors. 

Most fixed capacitors use some 
dielectric other than air. Many ca-
pacitors use a paper dielectric and 
these are usually referred to as 
paper capacitors. Some capacitors 
of this type are dipped in a mylar 
coating to seal the capacitor and 
these are sometimes called paper 
mylar capacitors. Some fixed ca-
pacitors use a mica dielectric and 
these are called mica capacitors. 
Mica capacitors might also be sealed 
in a mylar case and these are some-
times called mylar-dipped mica ca-
pacitors. 
Ceramic is widely used in capaci-

tors as the dielectric and this type 
of capacitor is called a ceramic 
capacitor. 

Large capacitors used in power 
supplies are called electrolytic ca-
pacitors. These capacitors use an 
electrolyte which forms a film that 

acts as the dielectric.You will study 
these capacitors in detail shortly 
and learn more about them at that 
time. 

All capacitors, regardless of 
type, can store a charge. Of course, 
some capacitors can store more 
charge than others because they have 
a greater electrical size. In this sec-
tion you will see that there is a rea-
son for having these different types 
of capacitors, and also you will learn 
more about the common types of ca-
pacitors that you will encounter in 
electronics work. 

VARIABLE CAPACITORS 

A typical variable capacitor is 
shown in Fig. 6. This capacitor is 
actually two capacitors coupled by 
a common shaft, and as you know this 
type is called a two-gang capacitor. 
In some receivers you will find 3-
gang capacitors, and in some old 
sets and in some communications 

Fig. ‘ariable capacilor. 
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SHADED AREAS INDICATE ACTIVE SURFACES 

Fig. 7. iim% a variable capacitor %%ith 

o o 

receivers you will find 4-gang ca-
pacitors. Sometimes all sections are 
identical; sometimes you will find 
that one section has smaller plates 
than the others. 

Each section of a variable capaci-
tor is made up of two sets of plates. 
The one set of plates that do not 
move are all connected together and 
insulated from the capacitor frame. 
These plates are called the stator 
plates, in other words, the stationary 
plates. The other set of plates are 
connected directly to the shaft and 
to the capacitor frame. These plates 
rotate and hence are called the rotor 
plates. Since these plates are con-
nected directly to the capacitor shaft 
and to the frame, if you mount the 
capacitor on a metal chassis, the 
plates are automatically connected 
to the chassis. This does not present 
any problem, because in most cir-
cuits where a capacitor of this type 
is used, it is desirable to connect 
one set of plates to the chassis.The 
chassis acts as a ground or common 
connection for all rf (radio fre-
quency) circuits. 

o 

STATOR 
ROTOR / 
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straight-line capacity plates %%olio,. 

There are two different types of 
plates found in variable capacitors. 
One type of plate is called the 
straight-line capacity type; the other 
is called the straight-line frequency 
type. An example of the straight-
line capacity type of plate is shown 
in Fig. 7. Notice that in A of Fig. 7 
the plates are completely separated 
so that the capacity is at a minimum. 
Actually there will be some capacity, 
because even though the plates are 
not meshed, the ends of the plates 
of the rotor have a certain capacity 
to the ends of the plates of the stator. 
In B the capacitor plates have been 
rotated through one eighth of a turn 
and the overlapping area of the two 
sets of plates is one quarter of the 
total area. We now have approxi-
mately one quarter of the total ca-
pacity. As the capacitor is turned 
another eighth of a turn, from posi-
tion B to position C, so that it has 
completed a quarter turn, one-half 
of the area of the plates is over-
lapping and we have one half of the 
total capacity. Similarly, when the 
capacitor has been moved to three 

Fg. 8. llov% a variable capacitor ‘sith straight-line frequency plates %%orks. 

o 
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eighths of a turn, three-quarters 
of the area is overlapping and we 
have three quarters of the total ca-
pacity, and finally with a half turn 
the entire two areas are completely 
overlapping and we have maximum 
capacity. 

There is another type of plate that 
is called the straight-line frequency 
type. Here the plates are shaped as 

shown in Fig. 8. Now when the plates 
are moved from position A to posi-

tion B, less than a quarter of the area 
is overlapping even though the ca-
pacitor has gone through an eighth 
of a turn and we have less than a 
quarter of the total capacity. 

Similarly when it is moved to posi-
tion C, although the capacitor has 
been turned through a quarter of a 
turn, less than half of the two areas 
are overlapped and we will have less 
than half the total capacity. How-
ever, the increase in capacity ob-
tained by rotating the capacitor from 
B to C is greater than was obtained 
in rotating it from A to B because 
the increase in overlapping area is 
greater. Similarly we get a still 

greater increase in capacity in going 
from C to D and an even greater in-
crease in capacity in going from D 
to E. 

The reason for this type of capaci-
tor is that capacitors are used in 
conjunction with coils in the tuning 
circuits of radio and TV receivers, 
to select one station and reject 
others. For example, in a radio de-
signed for the standard broadcast 
band you will find a coil and a ca-
pacitor used to select the desired 
station and reject the others. At the 
high end of the broadcast band it 

takes a smaller change in capacity 
to get a given frequency change than 

it does at the low end of the broad-
cast band. Therefore if you use the 
straight-line capacity type of ca-
pacitor, stations at the high-end fre-
quency of the dial will be squeezed 
together and stations at the low-
end frequency will be spread out. 
This makes it difficult to tune sta-
tions at the high frequency end of the 
dial. With the straight-line fre-
quency type, however, the different 
frequencies are spread evenly 

Fig. 9. A single-section variable capacitor 
of the transmitting type. 

across the dial of the receiver so 

that it is just as easy to tune in a 
station at the high end of the dial 
as one at the low end of the dial. 
Most modern broadcast receivers 

use the straight-line frequency type 
of capacitor because it is somewhat 
easier to tune the receiver. 
A single-section tuning capacitor 

such as might be found in a radio 
frequency transmitter or any other 
device where a variable capacitor is 
needed and high voltage is present is 
shown in Fig. 9. Notice that this ca-
pacitor is basically similar to one 
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section of the capacitor shown in Fig. 
6. The big difference is that the spac-
ing between the plates is greater. 
The greater spacing is needed in 
high-voltage circuits to avoid arcing 
between the plates. Arcing is simply 
a flash-over that occurs where the 
voltage is so high that the electrons 
are able to jump from one plate of 
the capacitor to the other. 
Trimmer Capacitors. 

Trimmers are small variable ca-
pacitors, so called because they are 
used to trim or adjust resonant 
circuits whose main tuning capacitor 
is much larger. 

Most ganged variable capacitors 
are equipped with trimmers so each 
ganged section can be individually 
adjusted. These trimmers use a 
mica dielectric, and the movable 
plate is of spring material which 
tends to stay away from the fixed 
plate, as shown in Fig. 10. A screw 
electrically insulated from the mov-
able plate draws it closer to the 

fixed plate when tightened, thus in-
creasing the capacity. 

In some cases the trimmer is a 
miniature air dielectric capacitor, 
just like a single tuning capacitor. 

ADJUSTING SCREW 

MOVABLE PLATE 

ADJUSTING SCREW 

RIVET 

INSULATING BASE 

Fig. 10. A typical trimmer capacitor. 

AIR SPACE 

MICA 

FIXED PLATE 

o 
PLATE I 

PLATE I 

V 

WAXED 
---PAPER 

PLATE"; o PLATE 2E) 
Fig. 1 l. How a paper capacitor is made. 

PAPER CAPACITORS 
A paper capacitor is made by tak-

ing two sheets of tinfoil and placing 
a sheet of paper between them as 
shown in Fig. 11A. The tinfoil and 
the paper are then rolled as shown 
in Fig. 11B until they are shaped 
like Fig. 11C. Wire leads are then 
attached to the foil sheets that pro-
trude from each end of the capacitor. 

After the leads have been attached 
to the capacitor it is then encased 
in a suitable container. In older radio 
and TV receivers you will find ca-
pacitors of this type that have been 
encased in a cardboard case with 
wax or some other sealing compound 
poured into both ends. However, this 
type of capacitor frequently caused 
trouble and is seldom used in modern 
electronic equipment. Modern paper 
capacitors are completely encased 
in a molded ceramic type of mate-
rial or are encased in a mylar type 
of material. Either type completely 
seals the capacitor so that moisture 
cannot seep into it. Capacitors of 
this type are referred to as molded 
capacitors, molded paper capaci-
tors, mylar capacitors or mylar 
paper capacitors. 
A photo of two typical paper ca-
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Fig. 12. T>pical paper capacitors. 

pacitors is shown in Fig. 12. Notice 

that in one capacitor the leads come 
out the ends. This type of lead ar-
rangement is referred to as axial 
leads. In the other type of capacitor 
the leads come out the side and this 
is referred to as a radial-lead type. 
Capacitors with radial leads are 
frequently used in electronic equip-
ment in which printed circuitry is 
used. This type of capacitor is very 
convenient for mounting in this type 
of construction. However, axial lead 
capacitors can also be used in the 
same application simply by bending 
the leads at right angles to the body 
of the capacitor. 
Paper capacitors are made in a 

wide range of capacities. You will 
find paper capacitors as small as 
.0005 mfd and as large as 1 mfd or 
2 mfd. Paper capacitors can be made 
in a larger size, but it is usually 
more economical to make other 
types when the capacity needed in a • 
circuit exceeds about .5 mfd. 
Defects. 

Since you are training as an elec-
tronics technician, one of your chief 
concerns with capacitors will be the 

defects that occur in them. There 
are a number of different types of 
defects that can occur in paper ca-
pacitors. As we mentioned earlier, 
in older receivers you will find paper 
capacitors encased in a cardboard 
case. Moisture can seep into this 
type of capacitor, resulting in leak-
age from one plate to the other or 

an eventual breakdown in the paper 
insulation, so that for all practical 
purposes one plate is touching the 
other. Of course, when this happens 
the capacitor can no longer store a 
charge and acts as though there were 
a wire connected between the two 
leads of the capacitor. 

Occasionally in a molded or a 
mylar type of capacitor the mate-
rial encasing the capacitor will 
crack, particularly around the point 
where the leads are brought out. 
When this happens moisture can seep 
into this type of capacitor and you 
get exactly the same effect as moist-
ure in the cardboard-encased ca-
pacitor. 

It is usually not too difficult to 
identify a completely shorted ca-
pacitor, but one that has a high leak-
age may cause almost as much trou-
ble as a shorted capacitor and it is 
much more difficult to find. There 
is no such thing as a perfect capaci-
tor. There is some leakage between 
the plates of all capacitors. How-
ever, a good paper capacitor will 
usually have a leakage resistance of 
several thousand megohms. When 
the leakage resistance drops below 
this figure it is a sign that the ca-
pacitor is deteriorating. hi some 
circuits a leakage resistance as low 
as 2 or 3 megohms can be tolerated 
and the circuit may work perfectly, 
but in other circuits a capacitor with 
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a leakage resistance as high as 10 
or 20 megohms may be totally un-
usable. It is too early for you to try 
to distinguish between these cases; 
the important thing for you to re-
member at this time is that leakage 
between the plates and direct shorts 
between the plates of capacitors are 
two defects that paper capacitors can 
develop. 

Another defect found in paper ca-
pacitors is an open. The open is usu-
ally where one of the leads breaks 
loose from the tinfoil. Sometimes the 
lead will pull right out of the ca-
pacitor, and of course this is easy 
to spot because you can see it. But 
In most cases the break will be in-
side the capacitor so you cannot see 
it and you will have to rely on the 
way the circuit performs to give you 
a clue that this is a possible cause 
of trouble. 

Another defect found in paper ca-
pacitors is an intermittent defect. 
Part of the time the capacitor will 
operate normally, but other times it 
may short or it may open. Again, 
we do not expect you to be able to 
find these defects at this time; the 
important thing is to remember that 
these types of defects can and do 
occur. 

MICA CAPACITORS 

Mica capacitors are somewhat 
larger physically than paper capaci-
tors of equal capacity. However, 
mica is used in some capacitors that 
are to be used in high-frequency cir-
cuits. Mica capacitors are also used 
in the rf signal circuits of trans-
mitters. Mica capacitors are made 
with capacities ranging from a few 
picofarads to approximately 10,000 

SHEET 
MICA 

WIRE LEAD 

NT-OVER FOIL 

MOLDED 
BAKELITE 

Fig. 13. 11cos a mica capacitor is made. 

pf. Some mica capacitors found in 
transmitters are designed for op-
eration in circuits where the volt-
ages are extremely high; capacitors 
with working voltages of 5000 volts 
are quite common. 
The construction of a mica capaci-

tor is shown in Fig. 13. Notice that 
there are simply two sets of plates, 
and that the plates are separated by 
thin sheets of mica placed between 
the metal plates. Because mica is 
brittle, this type of capacitor can-
not be rolled into a tube like a paper 
capacitor and therefore most mica 
capacitors are rectangular in shape. 
The plates and the mica are enclosed 
in a ceramic or Bakelite case that 
is molded over the unit. 
Mica capacitors seldom cause 

trouble. About the only defect that 
they ever develop is a short. Oc-
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casionally one of the leads will pull 
loose and the capacitor will open, 
but it is very rare to find any defect 
at all in a mica capacitor. 

In spite of the fact that mica ca-
pacitors are almost trouble-free, 
they are not used too often in radio 
or TV receivers because they are 
more expensive than ceramic ca-
pacitors. However, in some critical 
circuits you will still find mica ca-

pacitors. You may find them used in 
the tuners of TV receivers or in 
critical sections of color TV re-
ceivers. They are still used almost 
exclusively in transmitting equip-
ment. 
As with paper capacitors, mica 

capacitors are available with both 
types of leads. Leads coming out of 
the end which are called axial leads 
are probably more common, but 
mica capacitors that have been 
dipped in mylar or some similar 
sealing compound are available with 
radial leads coming out of the side 
of the capacitor. 

CERAMIC CAPACITORS 

There are three types of ceramic 
capacitor found in electronic equip-
ment. One type is the tubular, an-
other is the disc. The third type is 
the feed-through. All three types 
are shown in Fig. 14. 

Tubular ceramic capacitors are 
made in sizes ranging from less 
than 1 pf to about 1500 pf. They can 
be made to rather close tolerances 
and at one time were quite widely 
used in electronic equipment where 
small electrical size capacitors 
were needed. Most modern equip-
ment, however, uses disc capaci-
tors, because they are more econ-
omical than tubular capacitors and 

can also be made to quite close 
tolerance s. 

The feed-through capacitor is a 
special type of ceramic capacitor 
used exclusively as a bypass ele-
ment, particularly at very high and 
ultra high frequencies. The unique 
construction of the feed-through ca-
pacitor, shown physically and sche-
matically in Fig. 14, makes it a 
particularly effective bypass capa-
citor for filament, bias, age and B+ 
leads in UHF and VHF TV tuners. 
One lead of the tubular feed-through 
capacitor connects directly to 
ground, whereas the fed through 
lead forms the other lead of the 
capacitor. The capacitor leads, 
therefore, are very short, making 
the capacitor extremely effective at 
UHF and VHF. 
Disc capacitors are made with ca-

pacities from about 1 pf up to almost 
1 mfd. These capacitors are made 
with different tolerances. Common 
tolerances are± 5%, or ±10% or± 20%. 

Fig. IL Three types of ceramic capacitor. 
(A) Tubular; (B) Disc; (C) Feed-Through. 
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Sometimes the tolerance is indicated 
by a letter rather than by the actual 
tolerance figure. The letter Jis used 
to represent a 5% tolerance, K a 

10% tolerance and M a 20% tolerance. 
Ceramic capacitors are also made 
with a tolerance of +100% or -0. The 
letter P is used to represent this 
tolerance, and with a tolerance of 
+80%, -20% the letter Z is used. 
Many types of ceramic capacitors 

change capacity with changes in tem-
perature. For example, a capacitor 
that is labelled Z5U is a ceramic 
capacitor designed for operation be-
tween 10° and 85°C. The Z5 gives 
you this information. The letter U 
indicates that the capacity may 
change as much as +22% or -56% over 
that temperature range. In many cir-
cuits where ceramic capacitors are 
used a change in capacity is not 
particularly important and therefore 
you will find many capacitors used 
as bypass capacitors with the label 
Z 5U. 

Ceramic capacitors are made with 
lower temperature coefficients. For 
example, a capacitor labelled Z5F 
has a temperature coefficient of only 
±7.5%. Z5P indicates a temperature 
change of 10% within the operating 
range. 
When you have to replace a ce-

ramic capacitor you can use one 
with the same temperature coeffi-
cient or one with a better tempera-
ture coefficient. The letter A indi-
cates the smallest temperature 
coefficient, a change of ± 1%; the 
letter V is the poorest temperature 
coefficient. When you have to replace 
a ceramic capacitor, use one having 
the same temperature coefficient or 
a coefficient indicated by a letter 
closer to the letter A - this will be 
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a better or closer tolerance tem-
perature coefficient. 
Ceramic capacitors normally 

have a voltage rating of at least 500 
volts. Many have a voltage rating of 
1000 volts. However, some will have 
a voltage rating as low as 100 volts 
where size is an important consider-
ation. High-voltage ceramic capaci-
tors having a voltage rating of 6000 
volts or more are also available. 
Usually if the voltage rating is higher 
than 1000 volts or less than 500 volts, 
the voltage rating will be stamped on 
the capacitor. 

Defects. 
Occasionally a lead will break off 

a ceramic capacitor, but other than 
this they seldom open. Ceramic ca-
pacitors do short sometimes, but a 
shorted capacitor is usually not too 
difficult to locate. A low resistance 
reading across any capacitor indi-
cates either that there is something 
directly across the capacitor 
causing the reading or else the ca-
pacitor itself is defective. 

ELECTROLYTICS 

There are two types of electrolytic 
capacitors, dry and wet. In the wet 
electrolytic capacitor a liquid called 
an electrolyte is used whereas in 
the dry electrolytic capacitor the 
electrolyte is in a paste form in-
stead of a liquid. Wet electrolytic 
capacitors are no longer used. 
Modern electrolytic capacitors are 
all of the dry type. 
A dry electrolytic capacitor is 

made of two plates with an electro-
lyte in paste form placed between 
the two plates as shown in Fig. 15. 
The anode plate is treated chemi-
cally before the capacitor is as-
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Fig. 15. !low dry eleetrolyties are made. 

sembled to produce a coating of oxide 
on the surface of the plate. The oxide 
then acts as the dielectric and the 
paste electrolyte acts as the other 
plate of the capacitor. The plate 
marked the cathode is the means of 
making contact to the paste. 
Most electrolytics that you will 

encounter in commercial electronic 
equipment are made with aluminum 
plates. These capacitors are re-
ferred to as aluminum electrolytic 
capacitors. However, in some spe-
cial applications, particularly where 
small size is important, the capaci-
tor may be made with tantalum 
plates. This type of capacitor, how-
ever, is seldom found in radio or 
television receivers, because the 
tantalum plate electrolytic capacitor 
is much more expensive than an 
aluminum plate capacitor. 
Polarity. 

Electrolytic capacitors have po-
larity. This means that they can be 
used only in circuits having de or 
pulsating de. The plate called the 
anode must always be connected to 
the positive side of the voltage 
source and the plate called the 
cathode must always be connected to 
the negative side of the voltage 
source. If an electrolytic (techni-
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clans frequently shorten electrolytic 
capacitor to "electrolytic") is con-
nected into the circuit backwards it 
will act as a low resistance, and a 
high current will flow through the 
capacitor, destroying it. 
Dry electrolytic capacitors may 

be rolled into a tubular form and 
look very much like large paper ca-
pacitors. Flexible leads are brought 
out of the ends of the capacitor and 
the polarity of the leads is shown 
either by marking one end with a + 
sign and the other end with a - sign, 
or by using a wire of one color as 
one lead and a wire of another color 
as the other lead. The polarity is 
thus identified by the color of the 
lead. Usually a black wire 18 used to 
identify the negative lead and a red 
wire is used to identify the positive 
lead. 

In some capacitors of this type 
there may actually be two electro-
lytic capacitors in the one container. 
The capacitor might be made with a 
common negative lead; in other 
words one negative lead for the two 
capacitors and separate positive 
leads so that there are only three 
leads coming from the capacitor or 
it can be made with separate posi-
tive and separate negative leads so 
that there are four leads brought out 
of the capacitor. The type with three 
leads, where a common negative lead 
is used, is found far more frequent-
ly than the type with the four sep-
arate leads. 
Dry electrolytics are also some-

times placed inside a metal can. 
The can is the negative terminal of 
the capacitor and the positive termi-
nal is brought up through an insulated 
wafer at the bottom of the capacitor. 
Sometimes there may be several 



separate capacitors in the one can. 
The can will be the common nega-
tive terminal and the separate posi-
tive leads will be brought out the 
bottom wafer. Symbols such as a 
small triangle, a half-moon or a 
square are cut into the wafer near 
the terminals to identify the various 
sections of the capacitor. An ex-
ample of a can type electrolytic ca-
pacitor with four separate capaci-
tors in the one container is shown 
In Fig. 16A. Fig. 16B shows a bot-
tom view of the capacitor; you can 
see the symbols near the terminal 
lugs. The symbols identify the vari-
ous terminals of the capacitor; the 
code used to identify the symbols is 
stamped into the metal capacitor 
can. 

Defects. 
As we mentioned previously, most 

electrolytic capacitors manufac-
tured today are dry electrolytic ca-
pacitors. These capacitors deteri-
orate, particularly if they are not 
put into use. An electrolytic capaci-
tor that has been unused for six 
months or more should be formed 
before the capacitor is put into serv-
ice. An electrolytic can be formed 
by placing a low voltage on the ca-
pacitor and gradually increasing the 
voltage until it is equal to or slightly 
exceeds the rated working voltage of 
the capacitor. If a 450-volt capacitor 
that has been sitting around unused 
for six or seven months is simply 
installed in a circuit, and has a full 
450 volts applied to it without first 
being formed, the chances are that 
it will short and the capacitor will 
be destroyed. 

Electrolytic capacitors also dete-
riorate with use. The moisture in the 
electrolytic will slowly escape from 

Fig. 16. typical four-section electrolytic 
capacitor. 

the capacitor and when all the mois-
ture has escaped the capacitor will 
really be dry and it will no longer 
work. Electrolytic capacitors also 
develop leakage. Leakage in an elec-
trolytic capacitor can be detected 
quite easily; you will notice that the 
capacitor starts to get hot. In nor-
mal operation there is some leakage 
through an electrolytic capacitor and 
this will cause the capacitor to get 
warm, but if you notice that an elec-
trolytic is getting extremely hot, it 
is a sign that the leakage through the 
capacitor is too high, and the ca-
pacitor should be replaced. 
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SUMMARY 

In this section of the lesson you 
learned that there are a number of 
different types of capacitors. There 
are two types of variable capacitors, 
those with an air dielectric and those 
with a mica dielectric such as com-
pression-type trimmers. You also 
learned that there are paper, mica, 
ceramic, and electrolytic capaci-
tors. You are likely to run into all 
types, tut you will probably have 
more to do with electrolytics than 
the other types because electrolytic 
capacitors cause more trouble than 



the others. 
It is not important that you re-

member how the various types of 
capacitors are made; the important 
thing to remember is that capaci-
tors can open, they can short, or 
they can develop intermittent de-
fects. A low resistance reading 
across a capacitor indicates that the 
capacitor is shorted or has de-
veloped excessive leakage. Exactly 
how low a resistance can be tolerated 
through the capacitor depends upon 
the type of capacitor and the circuit 
in which it is used. 

SELF-TEST QUESTIONS 

(I)) 

(q) 

What two types of dielectrics 
are found in variable capaci-
tors such as trimmer capaci-
tors? 
What is the disadvantage of 
using a variable capacitor with 
straight-line capacity plates 
as a tuning capacitor in a radio 
receiver ? 

(r) Which type of capacitor plate 
is best suited for use in a 
tuning capacitor in a radio re-
ceiver? 
What is the main difference 
between a variable capacitor 
such as might be found in a 
radio receiver and a variable 
capacitor that might be found 
in a broadcast transmitter? 
What is the name given to the 
leads that come off the ends 
of a paper capacitor? 

(8) 

(u) Why are paper capacitors 
molded in a ceramic type of 
material or dipped in a mylar 
type of material? 

(v) If the resistance of a paper 
capacitor is 100,000 ohms, 
would you replace the capaci-
tor or is it satisfactory for 
continued use? 
Why are mica capacitors not 
more widely used in radio and 
television receiving equip-
ment? 

(x) In what type of circuits would 
you expect to find mica capaci-
tors used? 

(y) What two types of ceramic ca-
pacitors are used in electronic 
equipment? 

(z) What does Z5F stamped on a 
ceramic disc capacitor indi-
cate? 

(aa) What are the two types of elec-
trolytic capacitors, and which 
type is used in modern elec-
tronic equipment? 

(ab) What do we mean when we say 
that an electrolytic capacitor 
has polarity? 

(ac) If you notice that an electro-
lytic capacitor in a TV re-
ceiver is getting very hot, what 
should you do? 

(ad) If you have a replacement 
electrolytic on hand that you 
have had for about a year, what 
should you do with it before 
installing it in a piece of equip-
ment ? 

(w) 
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Capacitors in AC Circuits 
Capacitors actually have very 

little use in circuits where there is 
nothing other than pure dc. Once a 
capacitor is placed in a de circuit 
and charged, there will be no further 
current flow in the circuit. The chief 
importance of a capacitor comes 
from the way in which it works in 
ac circuits, and in circuits where 
there are ac and de mixed together. 
Capacitors are used in all types of 
ac circuits found in electronic equip-
ment ranging from the low frequen-
cies found in power supplies and 
audio equipment up to the very high 
frequencies found in microwave 
equipment. Microwave equipment is 
that used at frequencies of 3000 mc 
(megacycles) and higher. The im-
portance of the capacitor in ac cir-
cuits depends upon its ability to store 
an electrical charge. Because a ca-
pacitor can store a charge, it can 
be used in an ac circuit. 

HOW AC FLOWS IN CIRCUITS 

USING CAPACITORS 

In Fig. 17 a simple circuit is shown 
in which a capacitor is connected 
across an ac generator. In this type 
of circuit there will be a current 
flow. The exact amount of current 
flowing will depend upon the voltage 
of the generator, its frequency, and 
the capacity of the capacitor. 
When the terminal of the genera-

tor marked 1 is negative and the ter-
minal marked 2 is positive, elec-
trons will flow from terminal 1 into 
the side of the capacitor marked A 
and force electrons out of the side 
marked B to terminal 2 of the gen-

erator which will attract these elec-
trons because it is positive. During 
the next half cycle when the polarity 
of the generator reverses, electrons 
that have been piled up on the side 
of the capacitor marked A will be 
pulled out by terminal 1 which is 
positive, and electrons will be forced 
into side B of the capacitor by ter-
minal 2 of the generator, which is 
negative. Extra electrons will be 
forced on this side of the capacitor 
so the side marked B will become 
negative and side marked A will be-

come positive. 
This action continues as the gen-

erator goes through first one half 
cycle and then the other. Electrons 
will flow back and forth in the cir-
cuit. They will flow first into one 
side of the capacitor and force elec-
trons out of the other side and then 
electrons will flow out of the side on 
which they built up a surplus and into 
the side on which there was a short-
age. It is important that you notice 
that electrons do not flow through 
the capacitor. You will remember 
that the plates of the capacitor are 
separated by a dielectric and the 
dielectric is a non-conducting ma-
terial. However, because the capaci-
tor can store a charge, we have the 
effect of a current flowing in the cir-
cuit. 
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The action inside the capacitor can 
be seen in more detail In Fig.18. At 
the start of the ac cycle when the 
voltage of the generator is zero, 
there will be a certain number of 
electrons on both plates of the ca-
pacitor. The electrons in each atom 
of the dielectric will be revolving 
around the nucleus as shown in Fig. 
18A. However, when electrons be-
gin to move into one plate, as shown 
In Fig. 18B, and out of the other 
plate, the electrons in the dielectric 
will be forced out of their normal 

Fig. 18. When ac is applied to a capacitor, the bound electrons in the dielectric move 
first one way, then the other, so in effect, alternating current flows through the ca-

pacitor. 

path as shown. Thus, although the 
electron flowing into plate 1 does 
not reach plate 2, it does force an-
other electron in the dielectric over 
near plate 2, and this in turn forces 
an electron out of plate 2. 
As the ac voltage decreases and 

finally drops to zero, the electrons 
in the dielectric will return to the 
normal position as shown in Fig. 
18C. During the next half cycle, 
when the polarity of the generator 
reverses, electrons will be forced 
into plate 2 and they in turn will 
force the electrons in the dielectric 
out of their normal positions and 
they will push electrons out of plate 
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1. Thus we have the effect of current 
flowing through the capacitor in the 
opposite direction, although the 
electrons flowing into the one plate 
never do get through the dielectric 
into the other plate of the capacitor. 
You can see that there is a back 

and forth motion of the electrons in 
the conductors connected to the ca-
pacitor. The electrons in the dielec-
tric will move back and forth and 
therefore we are justified in saying 
that ac current flows "through" a 
capacitor, even though the electrons 

never get through the dielectric into 
the other plate. Because of this ef-
fect, capacitors can be used in ac 
circuits. They are very useful in cir-
cuits where we have both ac and de. 
The capacitor can be used to block 
de, while at the same time allowing 
ac to flow through the capacitor. 
The action of a capacitor in allow-

ing electrons to flow back and forth 
is a good demonstration of what ac 
Is. The actual movement of each 
electron is very small; however, 
there may be a large number of elec-
trons moving back and forth over a 
very short distance. The distance 
of the electron's travel is unimpor-



tant; the important thing is the num-
ber of electrons in motion. If we 
have a large number of electrons 
in motion, we have a large current. 
The capacitor does not allow elec-

trons to move back and forth without 
offering opposition. Capacitors do 
offer opposition to the flow of ac cur-
rent through them and this opposition 
is called capacitive reactance. 

CAPACITIVE REACTANCE 

Since work must be done to move 

the electrons in the dielectric back 
and forth to permit ac current to 
flow, in a capacitive circuit there 
is opposition to the flow of current. 
This opposition is called capacitive 
reactance. This opposition is meas-
ured in ohms, just as the inductive 
reactance of a coil is measured in 
ohms. However, there is a great 
deal of difference between inductive 
reactance and capacitive reactance. 

Capacitive reactance is repre-
sented by the symbol Xe. It can be 
expressed by the formula: 

1  
Xc - 6.28 xfxC 

In this formula the frequency f is 
the frequency expressed in cycles 
and C is the capacity in farads. We 
can write this formula in another way 
by expressing C in microfarads. To 
do this, we divide 6.28 into 1 and 
multiply this result by 1,000,000. 
We get: 

159,000  
Xc - f xC 

In this expression f is the fre-
quency in cycles per second, and C 
is the capacity in microfarads. 

From this formula there are sev-
eral important things that you can 
see. First of all, let us consider 
the effect of a change in frequency 
on the reactance of a capacitor. Let 
us find the reactance of a 1-mfd ca-
pacitor at a frequency of 10 cycles 
per second. Using the formula: 

159,000  
Xc = f x C 

and substituting 10 for f and 1 for 
C we get: 

159, 000  
Xc - 10x 1 - 15,900 ohms 

When the frequency is 100 cycles, 
we get: 

159,000  
Xc = 100 - 1,590 ohms x 1  

Notice that at the higher frequency, 
the capacitive reactance is lower. 
As the frequency increases, the 

capacitive reactance decreases. In 
an inductive circuit we had just the 
opposite effect; if the frequency in-
creased, the inductive reactance in-
creased. 
We have the same situation when 

the capacity is increased. If the ca-
pacity is made larger, the capacitive 
reactance decreases. We can see 
this if we find the reactance of a 1-
mfd capacitor at a frequency of 100 
cycles per second and then find the 
reactance of a 10-mfd capacitor at 
100 cycles per second. We already 
know that the 1-mfd capacitor has a 
reactance of 1590 ohms. To find the 
reactance of the 10-mfd capacitor 
we use: 
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159,000  
Xc - 100 x 10 - 159 ohms 



Notice that this is one tenth the re-
actance of the 1-mfd capacitor at 
100 cycles per second. Therefore in 
a capacitive circuit, we have exactly 
the opposite effect to what we had in 
an inductive circuit. We can say that 
the capacitive reactance varies in-
versely with the frequency and the 
capacity. This simply means that if 
the frequency or capacity increases, 
the reactance decreases, and if the 
frequency or capacity decreases, 
the capacitive reactance increases. 

While we are discussing capaci-
tive reactance it might be well to 
point out that the reactance of even 
a small capacitor becomes quite 
small if the frequency is made high 
enough. For example, a 100-pf ca-
pacitor has a reactance of 1590 ohms 
at a frequency of 1 megacycle. One 
megacycle is not a high radio fre-
quency; as a matter of fact this fre-
quency falls in about the middle of 
the standard radio broadcast band. 
At a frequency of 10 megacycles, 
which is in the short-wave bands, 
the reactance is only 159 ohms, and 
at a frequency of 100 megacycles, 
which is in the FM broadcast band, 
the reactance is only 15.9 ohms. 
Even a 1-mmf capacitor has a re-
actance of only 1590 ohms at a fre-
quency of 100 megacycles. Thus, if 
the frequency is made high enough 
even small capacitors have a com-
paratively low reactance. 
Capacitors in Parallel. 

When two capacitors are con-
nected in parallel we have two ca-
pacitive reactances in parallel. If 
the capacitive reactance of each ca-
pacitor is 100 ohms, we have the 
same effect as we would have with 
two 100-ohm resistors in parallel. 
The reactance would be only 50 

ohms. This effect is the same as 
connecting a capacitor twice as large 
as either capacitor into the circuit. 
To find the total capacity of ca-

pacitors connected in parallel you 
simply add the capacities. In other 
words, if a 4-mfd capacitor is con-
nected in parallel with a 6-mfd ca-
pacitor, the total capacity in the cir-
cuit is 10 mfd. The reactance in the 
circuit would be exactly the same 
as you would obtain by connecting a 
10-mfd capacitor in the circuit. 
This is an important rule to re-

member—to find the total capacity 
of parallel-connected capacitors you 
simply add the capacitors together. 
The working voltage that can be ap-
plied to the parallel combination is 
the lowest working voltage of the ca-
pacitors connected in parallel. 
Capacitors in Series. 

When capacitors are connected in 
series, we have two reactances in 
series. The total capacitive react-
ance in the circuit is equal to the 
sum of the two reactances, just as 
the total resistance in a circuit made 
up of resistors connected in series 
is equal to the total resistance in the 
circuit. Thus connecting capacitors 
in series increases the total react-
ance in the circuit. If the reactance 
in the circuit increases, then the ca-
pacity must decrease. 
When two capacitors are con-

nected in series, you can find the 
total capacity by using the formula: 
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Cl x C2  
C T - 

Cl + C2 

When three or more are in series, 
use the formula: 

1 
C T - 1 1 1 

+-+-- + • • • 
Cl C2 C3 



When capacitors are connected in 
series, the total capacity is always 
less than the capacity of the smallest 
capacitor. 
You will seldom actually have to 

calculate the value of series and 
parallel-connected capacitors. How-
ever, it is important for you to re-
alize that connecting capacitors in 
series results in a lower total ca-
pacity, while connecting them in 
parallel results in a higher total 
capacity in the circuit. 

SUMMARY 

There are several important 
things that you should remember 
from this section of the lesson. 
First, remember that although cur-
rent does not actually flow through 
a capacitor, the effect produced in 
the circuit is the same as though 
current does flow through the ca-
pacitor. Thus we say that an ac cur-
rent flows through a capacitor. 
Remember that we call the op-

position offered to current flow in 
an ac circuit by a capacitor the 
capacitive reactance, and the ca-
pacitive reactance is measured in 
ohms. The capacitive reactance is 
equal to: 

159,000 
Xc -  f x C 

where f is in cycles per second and 
C is in microfarads. 

Increasing the capacity or the fre-
quency in the circuit will result in a 
lower capacitive reactance and de-
creasing the frequency or capacity 
will result in a higher capacitive 

reactance. 
When capacitors are connected in 

parallel, the total capacity is equal 
to the sum of the capacities. When 
capacitors are connected in series, 
the total capacity is always less than 
the capacity of the smallest ca-

pacitor. 

SELF-TEST QUESTIONS 

(ae) When a capacitor is connected 
across an ac generator, does 
current flow from the gen-
erator? 

(af) When a capacitor is connected 
across a generator, does cur-
rent flow through the capaci-
tor? 

(ag) What is the name given to the 
opposition that a capacitor 
offers to the flow of ac? 

(ah) What is the formula used to 
determine the capacitive re-
actance of a capacitor? 

(ai) What is the capacitive react-
ance of a .02 mfd capacitor 
at a frequency of 150 cycles 
per second? 

(aj) What is the total capacitance 
of a .1 mfd and a .22 mfd ca-
pacitor connected in parallel? 

(ak) A 27 pf capacitor and a 56 pf 
capacitor are connected in 
series. What is the total ca-
pacity of the series-connected 
capacitors? 

(al) In what unit is capacitive re-
actance measured? 

(am) Complete the following state-
ment: Increasing the capacity 
or the frequency in a circuit 
will result in a ca-
pacitive reactance and a de-
crease in frequency or ca-
pacity will result in a  
capacitive reactance. 
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Simple RC Circuits 

An RC circuit is a circuit con-
taining resistance and capacity. 
These circuits are found in alltypes 
of electronic equipment. RC circuits 
are used to shape signals. We can 
apply a signal with one type of wave 
shape to an RC circuit and get a sig-
nal having a different wave shape at 
the output. RC circuits are used to 
feed signals from one stage to an-
other in electronic equipment. There 
are many applications of RC cir-
cuits, but before you can understand 
how these circuits are used, you 
must learn something about the 
fundamentals of the circuit. 
You already know that when a ca-

pacitor is connected across a voltage 
source it does not charge instantly, 
but takes a certain length of time to 
charge. The length of time depends 
upon the size of the capacitor and 
the resistance in the circuit. The 
length of time it takes to charge up 
to a certain value is called the time 
constant. Time constant is an im-
portant consideration in circuits 
using resistance and capacitance. 
Let's learn a little more about it. 

TIME-CONSTANT 

When a resistor is connected in 
series with a capacitor and the two 
are connected across a battery as 
shown in Fig. 19, current begins to 
flow in the circuit to charge the ca-
pacitor. At the first instant that the 
resistor and capacitor are connected 
across the battery, a rather large 
current flows because there is no 
charge on the capacitor. The size 

of the resistor will limit the amount 
of current that can flow for any given 
voltage source. At this instant, al-
though the current flowing in the cir-
cuit is high, the voltage across the 
capacitor is zero. In other words, 
when the current flowing into the 
capacitor is at a maximum, there 
is no voltage across it. 

Gradually the capacitor is charged 
and as the capacitor charges, the 
voltage across the capacitor builds 
up and the current flowing in the cir-
cuit decreases. This is due to the 
fact that the actual voltage driving 
electrons in the circuit is equal to 
the source voltage minus the voltage 
across the capacitor. As the volt-
age across the capacitor increases, 
the voltage forcing electrons through 
the circuit goes down. In other words 
the current flowing into the capacitor 
decreases as its voltage increases. 

If We draw a graph showing the way 
in which a capacitor charges, it 
would look like Fig. 2 O. In this graph, 
time is measured along the hori-
zontal axis. The extreme left of this 
axis represents the instant we con-
nect the capacitor and resistor 
across the source. Notice that at this 
instant there is no voltage across 
the capacitor, but the voltage starts 
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Fig. 19. A resistor and a capacitor con-
nected in series across a battery. 
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Fig. 20. How a capacitor charges. The 

time-constant is the time it takes for the 
capacitor to charge to 63% of the total 

voltage. 

to build up rapidly. Then, as the 
charge on the capacitor increases, 
the rate of charge decreases so that 
when the capacitor is almost charged 
to a value equal to the source voltage, 
the rate of charge becomes very 
slow. 
When we speak of the time-con-

stant of an RC circuit, we mean the 
time it takes the capacitor to charge 
up to about 63% of the total source 
voltage. This value is shown on Fig. 
20. The time-constant of any RC cir-
cuit in seconds can be found by mul-
tiplying the resistance of the resis-
tor in megohms times the capacity 
of the capacitor in mid. Thus, if a 
2-mfd capacitor is connected in 
series with a 1-megohm resistor, 
the time-constant will be 2 x 1 =2 
seconds. This means that it will take 
two seconds for the capacitor to 
charge up to 63% of the source volt-
age. 

One important thing to note is that 
the source voltage has nothing to do 
with the time-constant of the circuit. 
In other words, whether a resistor-
capacitor combination is connected 
across a 10-volt battery or a 100-

volt battery, the time-constant is the 
same. If a certain resistor and ca-
pacitor are connected across a 10-
volt battery and the time-constant 
is one second, the capacitor will 
charge up to 63% of 10 volts, or 6.3 
volts in one second. On the other 
hand, if the same resistor-capaci-
tor combination is connected across 
a 100-volt battery, the capacitor will 
charge up to 63% of 100 volts, or 63 
volts, in one second. The voltage 
across which the resistor-capacitor 
combination is connected does not 
determine the time-constant; the 
only factors that affect the time-con-
stant are the resistor and capacitor 
values. 

If a .05-mfd capacitor is connected 
in series with a 100,000-ohm resis-
tor, the time-constant will be .05 x 
.1 (100,000 ohms = .1 meg) = .005 
second. Thus, you can see that the 
time-constant of the combination 
using a smaller capacitor and re-
sistor is much shorter than the 
time-constant of the combination of 
the two-mid capacitor and the one-
megohm resistor. Decreasing the 
size of either the resistor or the 
capacitor decreases the time-con-
stant of the circuit, and increasing 
the size of either the resistor or 
the capacitor increases the time-
constant of the circuit. 

VOLTAGE-CURRENT PHASE 

In the preceding example, you will 
notice that when the capacitor and 
resistor combination is first con-
nected across the battery, a very 
high current flows in the circuit. 
However, at this first instant when 
they are connected across the bat-
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tery, there's no voltage across the 
capacitor. Here we have a situation 
where the current is at a maximum, 
and the voltage across the capacitor 
is at a minimum or zero voltage. 
As the voltage across the capaci-

tor builds up, the current flowing in 
the circuit decreases until finally, 
when the capacitor is fully charged 
to a value equal to the battery volt-
age, the current drops to zero, be-
cause the source voltage is unable 
to force any additional electrons 
onto the one plate of the capacitor 
or pull electrons off the other plate. 

Essentially the same situation 
exists when a capacitor is used in 
an ac circuit. When the ac voltage 
across the capacitor builds up, the 
current decreases until, by the time 
the capacitor is fully charged, the 
current has dropped to zero. When 
the voltage across the capacitor be-
gins to decrease, then current must 
flow in the opposite direction in 
order for the electrons to remove 
the excess electrons from the plate 
of the capacitor having a surplus of 
electrons and to replace the missing 
electrons on the plate of the capaci-
tor having a shortage of electrons. 
During the second half of an ac cycle, 
as the capacitor voltage drops from 
a maximum value to zero, the dis-
charge current flowing in the circuit 
increases until, at the time the volt-
age reaches zero and begins to 
change polarity, the current flowing 
in the circuit is at maximum. As the 
voltage across the capacitor builds 
up in the opposite direction, the cur-
rent begins to decrease until, at the 
instant when the capacitor is fully 
charged with the opposite polarity, 
the current flowing in the circuit 
has dropped to zero again. 

I I 

I VOLTAGE 

VOLTAGE 

o 

o 

o 
CURRENT 

Fig. 21. The phase relationship between 
current and voltage in a capacitive circuit. 

In Fig. 21 the relationship be-
tween the current and voltage in a 
capacitive ac circuit is shown. No-
tice that in Fig. 21A two cycles of 
an ac sine wave are drawn.Immedi-
ately beneath the voltage sine wave, 
in Fig. 21B, the current that will flow 
at the corresponding instant is 
shown. The voltage and current 
waves are superimposed in Fig.21C. 

In this circuit the effect is exactly 
opposite to that obtained when a coil 
is used. You will remember that in 
inductive circuits the current lags 
behind the voltage. Here, in a ca-
pacitive circuit, the current is lead-
ing the voltage. In a circuit contain-
ing only capacity, the current will 
lead the voltage by 90 degrees. In a 
circuit containing both resistance 
and capacity, the current will lead 
the voltage by a value somewhat less 
than 90 degrees; the actual phase dif-
ference between the voltage and cur-
rent will depend upon the size of the 
capacitor and resistor in the circuit. 

Thus, you have now seen two im-
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portant examples of phase. In an in-
ductive circuit, the current lags the 
voltage by 90 degrees. In a capacitive 
circuit, the current leads the voltage 
by 90 degrees. 

VOLTAGE DISTRIBUTION 

If we connect a capacitor in series 
with a resistor and connect the two 
across a de voltage source, we will 
eventually have the situation shown 
in Fig. 22A. Here, all the voltage 
appears across the capacitor and 
there is no voltage across the re-
sistor. Since there is no voltage 
across the resistor, we know im-
mediately that there is no current 
flowing in the circuit. Of course, 
you know that at the instant the re-
sistor and capacitor in series are 
connected across the voltage source, 

0 VOLTS 

60 VOLTS 

116 
VOLTS 

116 
VOLTS 

Fig. 22. When a resistor and a capacitor 
are connected in series across a dc source 
as at A, there is no current flow in the 
circuit. when the resistor and capacitor 
are connected in series across an ac gen-
erator as at II, there is current flowing, 
and hence there are voltage drops across 

R and C. 

there will be a current flow while 
the capacitor is charging. However, 
once the capacitor is charged, there 
is no further current flow inthe cir-
cuit and the meters would read like 
those shown in Fig. 22A. 

If the same resistor and capacitor 
are connected across a 115-volt ac 
source and the meters are replaced 
by ac voltmeters, we might en-
counter the situation shown in Fig. 
22B. Here we have 98 volts across 
the capacitor and 60 volts across the 
resistor. 98 plus 60 adds up to 158 
volts, which is more than the source 
voltage. It is obvious that we cannot 
add these two voltages in order to 
get the source voltage, because we 
know that the sum of the voltage 
drops in a circuit must be equal to 
the source voltage. The reason for 
the apparent contradiction is that 
the voltmeters indicate the FtMS or 
effective voltage appearing across 
the capacitor and across the resis-
tor. These voltages are not in phase 
and hence cannot be added by simple 
addition. You will remember that we 
encountered exactly the same thing 
when a resistor was connected in 
series with a coil. We found that we 
could not simply add the voltages 
appearing across the two and get the 
source voltage, but instead had to 
add the two by means of vectors. 
Let us see how we can do the same 
thing with these two voltages. 

First, we start by drawing the cur-
rent vector as shown in Fig. 23A. 
This vector is always drawn in this 
position since we use this as a start-
ing point. We consider this vector 
as rotating in a counterclockwise 
direction around its starting point 
as the current goes through its cycle. 
If we use a scale of 50 volts to an 
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Fig. 21. Vertor addition of h%o voltages. 

Inch, we can draw the vector E„ 
representing the voltage across the 
resistor, 1-1/5 inches long as shown 
in Fig. 23B. We know that this vector 
must be drawn right on top of the 
current vector because the voltage 
across the resistor is in phase with 
the current flowing through it. 
The next vector to draw is the 

vector representing the voltage ap-

pearing across the capacitor. We 
know that in a capacitor the current 
leads the voltage by 90 degrees. An-
other way of saying this is that the 
voltage lags the current by 90 de-
grees. Since the current vector is 
rotating in a counterclockwise di-
rection, to show the voltage vector 
90 degrees behind the current vec-
tor, we draw it as shown in Fig.23C. 
Since the voltage across the capaci-
tor is almost 100 volts, we can draw 
this vector 2 inches long as shown. 
Now we have only to draw in the 
dotted lines as shown in Fig. 23D 
and complete the vector diagram by 
drawing in the vector Ea which is 
the vector sum of the two voltages. 
If you measure this vector, you will 
find that it is a little more than 2-1/5 
inches long, indicating a voltage of 
about 115 volts. In other words, when 
we used this scheme of adding the 
two voltages, we found that the volt-
age across the capacitor plus the 
voltage across the resistor, when 
added by means of vectors, are equal 
to the source voltage. 

Another method of arriving at the 
same result is by means of the for-
mula: 
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ET = /ER 2 + Ea 2 

To solve this we take E, 2, which is 
60 x 60 = 3600, and add this to Ea 2 
which is 98 x 98 = 9604. The sum is 
13,204. ET = /121.--Tf, and the square 
root of 13,204 is approximately 115. 
Therefore the sum of the two volt-
ages is 115 volts. As we pointed out 
before, if you know how to handle 
squares and square roots, the 
mathematical solution is somewhat 
quicker but if you do not know how 
to do square root, then the vector 
solution is entirely satisfactory. 



IMPEDANCE 

Because the voltage that will ap-
pear across each component in an 
RC circuit will depend upon the re-
sistance or reactance of the particu-
lar part, we can draw impedance 
diagrams to obtain the total imped-
ance in the circuit using the same 
procedure we used to add the volt-
age in a circuit. As an example, 
suppose we have a 1000-ohm resis-
tor connected in series with a ca-
pacitor having a reactance of 1000 
ohms. If we want to find the total 
impedance in the circuit, we proceed 
as follows: 

First, draw the current vector as 
shown in Fig. 24A. Since the voltage 

o 

xc 

X C 

o 

o 

Fig. 21. Vector addition of resistance and 
capacitive reactance to find impedance. 

34 

appearing across the resistor will 
be in phase with the current flowing, 
we draw a resistance voltage vector 
immediately on top of the current 
vector. The voltage across the re-
sistor will depend on its resistance. 
If we use a scale of 1000 ohms equals 
1 inch, the resistance vector R is 
drawn, as shown in Fig. 24B, 1 inch 
long. 

Next, draw the vector shown in 
Fig. 24C to represent X. This vec-
tor also should be 1 inch long. It is 
drawn as shown, because the voltage 
appearing across the capacitive re-
actance will lag the current flowing 
in the circuit by 90 degrees. 
We now complete the impedance 

diagram as shown in Fig. 24D, and 
you will find that the impedance vec-
tor Z will be 1.41 inches long. Since 
the scale we used was 1000 ohms 
per inch, the impedance of the cir-
cuit is 1410 ohms. 
The same result could have been 

obtained mathematically by squaring 
the resistance and the capacitive re-
actance and adding the two together 
and taking the square root of the sum 
as indicated in the formula: 

It is important to notice the differ-
ence between the capacitive react-
ance and the inductive reactance. 
Notice that one is simply the op-
posite of the other. Notice that the 
impedance diagrams are drawn dif-
ferently. In Fig. 25A, we see the 
solution of a circuit using a scale 
of 1000 oluns per inch where a 1000-
ohm resistor is connected in series 
with the capacitor having a react-
ance of 1000 ohms. In Fig. 25B we 



X c o 

Fig. 25. Rhen resistance and capacitive 
reactance are added as at A. the imped-
ance vector lags the current; but when re-
sistance and inductive reactance are added 
as at H, the impedance vector leads the 

current. 

see an impedance diagram using the 
same scale, where a 1000-ohm re-
sistor is connected in series with a 
coil having a reactance of 1000 ohms. 
Notice that we end up with the same 
impedance, 1410 ohms, in each case, 
but also notice the fact that in one 
case, the impedance vector leads the 
current vector, whereas in the other 
case, the impedance vector lags the 
current vector. In a later lesson, 
you will see more about these cir-
cuits and will also see the effect of 
having capacitive reactance and in-
ductive reactance in the same cir-
cuit. 

SUMMARY 

In this section of the lesson you 
began the study of a very important 
phase of your course; you began to 
see what happens when resistance 
and capacitance are both used in 

the same circuit. You found that it 
takes a certain length of time for a 
capacitor to charge when the two are 
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used in a de circuit, and the length 
of Ume depends upon the size of the 
capacitor and the resistance in the 
circuit. The time-constant of a cir-
cuit is equal to the product of the 
resistance in megohms times the ca-
pacity of the capacitor in micro-
farads. The time-constant of the cir-
cuit is the length of time it would take 
to charge the capacitor to a value of 
63% of the total voltage applied to the 
circuit. 
You learned that in an ac circuit 

the current flowing in a capacitive 
circuit will lead the voltage by 90 
degrees. In other words, a capaci-
tive circuit acts exactly the opposite 
to an inductive circuit. 

In an ac series circuit with a re-
sistor and capacitor in series the 
voltage appearing across the resist-
ance is not in phase with the voltage 
across the capacitor. If we have to 
add these voltages together, we must 
add them by means of vectors. 
You also have learned that the im-

pedance in an ac circuit using a re-
sistor and a capacitor is the total 
opposition to current flow. The im-
pedance can be obtained by means of 
the vector addition of the resistance 
plus the capacitive reactance in the 
circuit. 

SELF-TEST QUESTIONS 

(an) What do we mean by the time-
constant of an re circuit? 

(ao) What is the time-constant of a 
.02 infd capacitor charging 
through a 2.2 meg resistor? 

(ap) If the time-constant of an re 
circuit is 2 seconds when it is 
charged across a 10-volt bat-
tery, what will the time-con-
stant be when it is connected 



across a 100-volt battery? 
(aq) When a capacitor is connected 

across an ac generator, what 
is the phase relationship be-
tween the voltage and current 
in the circuit? 

(ar) If a resistor and a capacitor 
are connected in series across 
an ac generator, what will the 
phase relationship between the 
voltage and current be? 

(as) If a generator is connected 
across a resistor and a ca-
pacitor In series, what is the 
generator voltage if the volt-
age across the resistor is 9 
volts and the voltage across 
the capacitor is 12 volts? 

(at) What do we mean by the im-
pedance in a series re circuit 
in which a resistor is con-
nected in series with a capaci-
tor ? 

(au) If a 6-ohm resistance is con-
nected in series with a capaci-
tor having a capacitive react-
ance of 8 ohms, what will the 
impedance of the combination 

be 9 

LOOKING AHEAD 

Up to this point in your course, 
you have been studying the basic 
action of a few important components 
found in electronic circuits. Other 
than tubes and transistors, the parts 
you will run into most frequently are 
resistors, coils, and capacitors or 
parts made of these three basic com-
ponents. Now that you have studied 
each of these three parts separately, 
you are in a position to go ahead to 
see how they work together. A later 
lesson will discuss resonance. 
Resonance is perhaps one of the most 

important things you will study, be-
cause if it were not for resonant cir-
cuits many of the electronic mira-
cles that we have today would not be 
possible. 
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ANSWERS TO 

SELF-TEST QUESTIONS 

(a) When we say a capacitor is 
charged, we mean there is a 
surplus of electrons on one 
plate and a shortage of elec-
trons on the other. When a ca-
pacitor is completely charged 
by connecting it across a volt-
age source, the voltage exist-
ing across the plates of the 
capacitor will be equal to the 
source voltage used to charge 

it. 
(b) The length of time it takes to 

charge a capacitor is affected 
by the resistance in the circuit 
and the capacity of the capaci-
tor. 

(c) A charged capacitor does not 
have any more electrons on its 
plates than when it is dis-
charged. Although the number 
of electrons on the two sets of 
plates is the same, some elec-
trons have been removed from 
one plate and added to the other 
when the capacitor is charged. 

(d) The capacity of the capacitor 
determines the amount of 
charge a capacitor can hold 
for a given applied voltage. 

(e) The farad is the basic unit of 
capacity. 

(f) The microfarad and the pico-
farad are the two practical 
units used in electronics. A 
microfarad is equal to one 
millionth of a farad, and the 



(k) 

(1) 

(m) 

picofarad is equal to one mil-
lionth of a microfarad. 

(g) 3300 pf. To convert micro-
farads to picofarads, you mul-
tiply by 1,000,000 or move the 
decimal point six places to the 
right. 

(h) .00068 rad. To convert pico-
farads to microfarads you di-
vide by 1,000,000 or move the 
decimal point six places to the 
left. 

(1) (1) the area of the plates (2) 
the spacing between the plates 
(3) the dielectric of the medi-
um between the plates. 

) The capacity will be doubled. 
The capacity of a capacitor is 
inversely proportional to the 
spacing between the plates. If 
you cut the spacing in half, the 
capacity will be doubled, but 
on the other hand if you double 
the spacing between the plates, 
the capacity will be cut in half. 
The dielectric constant of a 
material tells you how many 
times the capacity of the ca-
pacitor will be increased by 
substituting the material be-
tween the plates of the capaci-
tor in place of air. In other 
words, if a material has a di-
electric constant of 5, if you 
fill the spacing between the 
plates completely with that 
material, then the capacity 
will be increased five times 
from what it would be if the 
dielectric was air. 

The dielectric constant of air 
is 1. 
Ceramic-type materials have 
the highest dielectric. This is 
why ceramic capacitors of a 
given capacity will be smaller 
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(t) 

(u) 

than any other type of capaci-
tor. 

(n) A material with a dielectric 
constant greater than air in-
creases the capacity because 
it has the effect of reducing 
the spacing between the plates 
of the capacitor. 

(o) The marking, 400 volts, on the 
capacitor means that the ca-
pacitor can be used in circuits 
having a de voltage up to 400 
volts. In other words, the rated 
maximum voltage at which the 
capacitor can be used is 400 
volts. If you use a capacitor 
in a circuit where the dc volt-
age is 500 or 600 volts, the 
chances are it will breakdown 
in a short time. On the other 
hand a capacitor rated at 400 
volts can be used in a circuit 
where the voltage is 300 volte 
or any value less than 400 
volts. 
Air and mica. 

The stations on a high end of 
the band will be very close to-
gether and difficult to sepa-
rate. On the other hand, the 
stations on the low end of the 
band will be spread out much 
more than they need be. 

(r) A capacitor with straight-line 
frequency plates. 

(s) The transmitter capacitor will 
have a much greater spacing 
between the plates than the re-
ceiver capacitor. The greater 
spacing is required to prevent 
arc over due to the high volt-
ages used in the transmitter. 
Axial leads. 

To seal the capacitor so mois-
ture can 't seep into the capaci-
tor and cause it to break. 



(v) The capacitor should be re-
placed; a leakage resistance 
of 100,000 ohms is much too 
low for a paper capacitor. 

(w) There are more economical 
types available which are al-
most as good as mica capaci-
tors. 
In critical circuits where ex-
tremely stable capacitors are 
required. 
Tubular ceramic capacitors 
and disc type ceramic capaci-
tors. 
Z5 indicates that the capaci-
tor is designed for operation 
between 10 C and 85°C. The 
F indicates that the capacity 
will not change more than 
±7.5% within the capacitor's 
normal operating range. 

(an) The two types of electrolytic 
capacitors are the wet and dry 
type. The dry type is used in 
modern electronic equipment; 
the wet type of capacitor is 
no longer made. 

(ab) When we say a capacitor has 
polarity it means that it is 
made so that one plate must 
always be connected to a posi-
tive voltage and the other al-
ways to the negative voltage. 

(ac) You should replace the 
electrolytic capacitor. The 
fact that it is getting very hot 
indicates that there is exces-
sive current flow through it 
due to excessive leakage. 

(ad) The capacitor should be 
formed. You can form it by 
placing a low voltage on it and 
gradually increasing the volt-
age until it is equal to or 
slightly exceeds the rated volt-
age of the capacitor. If you do 

38 

not reform the capacitor and 
simply install it in the re-
ceiver, the chances are that it 
will break down. 

(ae) Yes. Current flows from the 
generator to charge the ca-
pacitor with one polarity dur-
ing one-half cycle, and then 
flows in the opposite direction 
to charge the capacitor with 
the opposite polarity during 
the next half cycle. 

(af) No. Electrons flow into one 
plate and out of the other to 
charge the capacitor with one 
polarity during one half cycle, 
and then electrons flow out of 
the first plate and into the sec-
ond to charge the capacitor 
with the opposite polarity dur-
ing the second half cycle. Cur-
rent flows back and forth in 
the circuit so that it has the 
effect of flowing through the 
capacitor and often we say 
that ac flows through a capaci-
tor, but actually there is no 
electron flow across the di-
electric of a capacitor unless 
the capacitor breaks down. 

(ag) Capacitive reactance. 

1  
(ah) Xc - where f is 

6.28 xfxC 

in cycles/second and C is in 
farads. Also 

159 000 
Xe -  f x C 

where f is in cycles/second 
and C is in microfarads. 

(ai) To find the capacitive react-
ance of the capacitor we use 
the formula: 



Xc - 159'000 
f x C 

and substituting 150 for f and 
.02 for C we get: 

159,000  
Xc - 150  x .02 

Xe - 159'000 
3 

Xc = 53,000 ohms 

(aj) .32 tnfd. To find the capacity 
of capacitors which are con-
nected in parallel you simply 
add the capacities. 

(ak) To find the capacity of the two 
capacitors connected in series 
we use the formula: 

Cl x C2  
Cl + C2 

and substituting 27 pf for Cl 
and 56 pf for C2 we get: 

r 27 x 56 
= 27 + 56 

1512 
Ct 83 

= 18.2 pf 

(al) Ohms. 
(am) The complete statement 

should be: Increasing the ca-
pacity or the frequency in the 
circuit will result in a lower 
capacitive reactance and de-
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creasing the frequency or ca-
pacity will result in a higher 
capacitive reactance. 

(an) The time-constant of an rc 
circuit is the length of time 
it takes the capacitor to charge 
up to approximately 63% of the 
total source voltage. 

(ao) .044 seconds . To find the time-
constant you multiply the re-
sistance in megohms by the 
capacity in microfarads. 2.2 
X .02 = .044 seconds. 

(ap) 2 seconds. The time-constant 
will be exactly the same be-
cause the charging voltage has 
no effect on the time-constant. 
The time-constant is deter-
mined solely by the value of 
the resistance and the capaci-
tor in the circuit. In each case 
the capacitor will charge upto 
63% of the applied voltage in 
2 seconds. 

(aq) The current will lead the volt-
age by 90°. 

(ar) The current will lead the volt-
age by some angle less than 
90°. 

(as) 15 volts. You can use either 
a vector solution to get this 
answer or the mathematical 
solution using the formula: 

Eg =/E„ 2 + Ec 

Eg = /92 + 12 2 

Eg =/81 + 144 

Eg = 

= 15 volts. 

(at) By impedance we mean the 



total opposition to the flow of 
ac in the circuit. The imped-
ance will be the vector sum 
of the opposition offered by 
the resistance plus that of-
fered by the capacitive re-
actance of the capacitor. 

(au) We can find the impedance 
using the formula: 

Z = /R2 + Xca 

and substituting 6 ohms for R 
and 8 ohms for Xe we have: 

Z = /63 + 82 

Z = /36 ---- -64 

Z = i.T.F). 

Z = 10 ohms. 
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Lesson Questions 

Be sure to number your Answer Sheet B107. 

Place your Student Number on every Answer Sheet. 

1. Name three types of solid dielectric capacitors. 

2. Express .0001Ctfifd (microfarads) in pf (picofarads). 

3. Can you use a .01-mfd, 600-volt capacitor in place of a .01-mfd, 400-
volt capacitor? 

4. What will happen to an electrolytic capacitor if you install it in a cir-
cuit with the wrong polarity? 

5. What is the capacitive reactance of a 10-mfd capacitor at a frequency 
of 10 cycles? 

6. What is the total capacity of a 6-mfd capacitor and an 8-mfd capaci-
tor connected in parallel? 

7. What is the total capacity of two 8-mfd capacitors connected in series ? 

8. What do we mean by the time-constant of an RC circuit? 

9. What is the phase relationship between the voltage across a capacitor 
and the current flowing through the capacitor in an ac circuit? 

10. If the voltage across R is 3 volts 
and the voltage across C is 4 volts, 
what is the generator voltage In 
the circuit shown? 



THE VALUE OF COURTESY 

A recent survey showed that people complain more 
about discourteous clerks than about any other fault 
a business could have. In fact, many people pay 
extra at higher-priced stores just to get the courtesy 
and respect they feel entitled to. 

Regardless of whether you work for someone else 
or have a radio business of your own, plain ordinary 
courtesy can bring many extra dollars to you. 

Courtesy becomes a habit if practiced long enough. 
Be courteous to everyone -- to members of your 
family, to those who don't buy from you, even to 
the very lowest persons who serve you -- then you 
can be sure you'll be courteous when it really counts. 

Give your courtesy with a smile. There is an old 
Chinese proverb which says, "A man who doesn't 
smile shouldn't keep a shop." And you're keeping 
a "shop" even if you are selling only your ability 
and knowledge to an employer. A friendly smile is 
itself courtesy of the highest type, bringing you un-
expected returns in actual money as well as friend-
ship. 
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STUDY SCHEDULE 

By dividing your study into the steps given below, you can get 
the most out of this part of your NRI Course in the shortest 
possible time. Check off each step when you finish it. 

E 

a 

a 

a 

a 

1. Introduction   Pages 1 - 2 

Here you get a general idea of how resistors, coils, and 
capacitors are used together. 

2. Series-Resonant Circuits   Pages 3 - 16 
You study RL and RC series circuits, and learn the effects of 
varying inductance, capacitance, and frequency. 

3. Parallel-Resonant Circuits   Pages 17 - 23 
You study the effect of varying resistance, capacity, induc-
tance, and frequency in a parallel-resonant circuit. 

4. Comparison of Series-Resonant 
and Parallel-Resonant Circuits   Pages 23 - 26 

You learn how to tell whether a circuit is a parallel-resonant or 
a series-resonant circuit, and study the important character-
istics of each. 

5. How Resonant Circuits Are Used   Pages 27 - 31 
You learn how resonant circuits are used to select desired 
signals and reject undesired ones. 

(II 6. RC Circuits   Pages 32 - 36 
You study coupling circuits, differentiating circuits, and 
integrating circuits. 

7. Answers to Self-Test Questions   Pages 37 - 40 

8. Answer the Lesson Questions. 

9. Start Studying the Next Lesson. 
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HOW RESISTORS, COILS, AND 

CAPACITORS ARE USED TOGETHER 

In the preceding lessons you have 
studied resistors, coils and capaci-
tors. Other than tubes and transis-
tors, these are the three most im-
portant parts you will run into in 
electronic equipment. In your 
studies of these parts you have been 
primarily concerned with the part 
itself, with its characteristics and 
briefly with how it is made. In elec-
tronic equipment these parts are 
seldom used alone; in most cases 
two or more of these parts will be 
used together. For example, in cou-
pling circuits, you will often use 
combinations of resistors and ca-
pacitors to feed the signal from one 
audio stage to a second audio stage. 
Circuits of this type are referred 
to as RC coupling circuits. 
You will run into circuits where 

coils and resistors are used to-
gether. Circuits of this type are re-
ferred to as RL circuits. You will 
also encounter circuits where coils 
and capacitors are used together. 
These circuits are referred to as 
LC circuits. In this lesson we will 

study all three types of circuits but 
will spend most of the time on LC 
circuits because these are perhaps 
the most important of the three. 
From your studies of the coil and 

the capacitor you might remember 
that in many ways one is the opposite 
of the other. For example, in a cir-
cuit having only inductance, you will 
recall that the voltage leads the cur-
rent by 90°. On the other hand, in a 
circuit having only capacitance, the 
voltage lags the current by 90°. In 
other words, we will get the exact 
opposite effect; with a coil we have 
a 90° leading voltage and with a 
capacitor a 90° lagging voltage. 

In circuits where coils and capa-
citors are used together the two 
more or less work against each 
other. In some of these circuits, 
the circuit may act like a coil and 
the voltage will lead the current by 

some angle less than 90°. In other 
circuits you may find that the cir-
cuit acts like a capacitor and the 
voltage lags the current by some 
value less than 90°. In still other 
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circuits the effect of the coil will 
cancel the effect of the capacitor 
so that the voltage and the current 
will be in phase. Circuits of this 
type are called resonant circuits. 
Resonant circuits are extremely 
important. They are used in radio 
and TV receivers to separate the 
various stations. In other words, a 
resonant circuit is used in a broad-
cast-band receiver to select the 
station you want to listen to and at 
the same time reject the unwanted 
stations. Resonant circuits are used 
In TV receivers to tune the set to 
the channel you want. Without reso-
nant circuits there would be no way 

to separate the stations. 
There are two types of resonant 

circuits. One is called a series-re-
sonant circuit, and the other is called 
a parallel-resonant circuit. Whether 
a circuit is series-resonant or par-
allel-resonant depends upon how the 
voltage is applied to the coil and the 
capacitor in the circuit. Both types 
are important; we will study both 
and you will soon see how to dis-
tinguish one type from the other. 
Since it is a little easier to see ex-
actly what is happening in a series-
resonant circuit than it is in a par-
allel-resonant circuit, we will study 
the series-resonant circuit first. 
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Series-Resonant Circuits 

A resonant circuit is a circuit in 
which the inductive reactance of the 
coil is equal to the capacitive re-
actance of the capacitor. When the 
voltage is applied to the coil and the 
capacitor in series we call the cir-
cuit a series-resonant circuit. To 
help you get a clear understanding 
of what a series-resonant circuit 
is, let us start with a simple series 
circuit and review some of the things 
you already know. 

A SERIES CIRCUIT 

Let's begin with the circuit shown 
in Fig. 1, consisting of a 500-cycle 
ac generator that is generating a 
voltage of 120 volts. Across this 
generator we will connect a vari-
able resistor, which is set so that 
it has a resistance of 120 ohms. If 
we have a voltmeter connected 
across the resistor, the voltage 
reading will be close to 120 volts. 
This is true because the resistor 
is connected directly across the gen-
erator, and the voltage being sup-
plied by the generator is 120 volts. 
An ammeter connected in series with 
the resistor will indicate that the 
current flowing in the circuit is 1 
ampere. Actually, we do not need 
the ammeter to tell us this, because 
we know that we can determine the 
current by dividing the voltage by 
the resistance. Remember this for-
mula for Ohm's Law: 

Therefore 

E 
I = 

120 = = 1 amp 
120 

In this simple circuit we know 
that the current will be in phase 
with the voltage, because the only 
element connected in the circuit is 
resistance. This means that the volt-
age across the resistor will reach 
its peak at the same time that the 
current flowing in the circuit is at 
a maximum. 

1.1AMP 

Fig. 1. A simple series circuit. 

Remember that the voltmeter and 
the ammeter are measuring the ef-
fective value (or the rms value) of 
the ac voltage and current and that 
during part of the cycle, the gen-
erator voltage actually exceeds 120 
volts. You will recall that the peak 
voltage of an ac sine wave will be 
1.41 times the effective voltage. 
Therefore, even though the meter 
is reading 120 volts, the voltage will 
be greater than this value during 
part of the cycle and less than this 
value during the other part of the 
cycle. The voltage will actually be 
zero twice each cycle. Likewise, 
the current is the effective current 
and its actual value will be greater 
than 1 amp twice each cycle and less 
than 1 amp the remainder of the time. 
The current will reach a peak value 
of 1.41 amps twice each cycle and 
will actually drop to 0 twice each 
cycle. 
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AN RL CIRCUIT 

Now let us see what happens when 
we modify the simple circuit of Fig. 
1 by adding a 100-mh (millihenry) 
coil in series with the resistor as 
shown in Fig. 2. In Fig. 1 we showed 
the resistor as a variable resistor. 
We did this deliberately because you 
know that any coil will have some 
resistance. If the 100-millihenry 
coil has a resistance of 10 ohms, 
we can adjust the variable resistor 
so that its resistance is only 110 
ohms. Now we will still have a total 
of 120 ohms resistance in the cir-
cuit: the 110 ohms from the resis-
tor and the 10 ohms from the coil. 
In Fig. 2, we have represented the 
total resistance made up of the coil 
resistance and the resistance of the 
variable resistor as only one 120-
ohm resistor. Notice that in Fig. 2 
we have the ammeter in series with 
both the coil and resistor and have 
added a second voltmeter across 
the coil. But look at the readings on 
the meters: The ammeter shows that 
the current flowing is .35 amp. The 
voltmeters show that the voltage 
across the resistor is 43 volts, and 
the voltage across the coil is 112 
volts. You have already seen this 
type of circuit, and probably know 
why we have obtained these read-
ings, but let's go through this again 
to be sure you understand why such 

35 AMP 

L .100 MN 

Fig. 2. 1 simple RI. series circuit. 

voltage readings are obtained. You 
may at first think this looks com-
plicated, but actually it is not nearly 
as difficult as it might appear. 

First, we have a series circuit. 
We know that the total opposition to 
the current flowing in the circuit 
will be the impedance of the circuit, 
which in turn is made up of the 120-
ohm resistance plus the inductive 
reactance of the coil. We can find 
the inductive reactance of the coil 
from the formula: 

XL =6.28 xFxL 

Since 100-mh is .1 henry, L = .1 
and F = 500 cycles, we have: 

XL = 6.28 x 500 x .1 

= 314 ohms 

As you might expect, it is ex-
tremely difficult to make a coil with 
an inductance of exactly 100 milli-
henrys. Furthermore, we are not in-
terested in exact calculations in 
most electronic circuits. To sim-
plify things, we are going to call the 
inductive reactance of the coil 315 
ohms. The impedance of the circuit 
is therefore equal to 120 ohms plus 
the reactance of 315 ohms. To show 
this by means of symbols, electron-
ics men write this as 

Z = 120 + j315 

The letter j is used to indicate that 
315 ohms is a reactive component 
which cannot be added directly to 
120 ohms to get the total impedance 
of the circuit. If we simply wrote the 
impedance as 120 + 315, it would 
be very easy to forget that 120 was 
resistance and 315 was reactance 
and simply add the two and get 435 
ohms, which of course, is incorrect. 
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The value of Z can be determined 
either by vectors as shown in Fig.3 
or from the formula 

Z = /R2 + X2 

In this case R is 120 ohms, and X 
is the inductive reactance, which is 
315 ohms. So we have: 

Z = 11202 + 3152 

Remember that the small 2 to the 
right of 120 and 315 means that the 
number is to be squared, and that 
120 squared is equal to 120 times 
120. If you want to go through the 
arithmetic, the actual operations of 
squaring these numbers are as 
follows 

120 
X 120 

2400 
120 
14400 

315 
X 315 
1575 
315 

945  
99225 

Now that we have the value of 120 
and 315 squared, we have 

Z = / 14,400 + 99,225 

and by adding these we will get 

14400 
+ 99225 
113625 

Therefore Z 

To get the value of Z we have to 
take the square root of 113,625. This 
is done by first writing the number 
down and then marking it off in 
groups of two numbers working from 
the decimal point to the left. The 
steps in getting this square root are 
as follows: 

XL 

Fig. 3. Vector addition of R and X1, using 
a scale of 100 ohms = 1 inch, when R =-
120 ohms, and Xi, = 315 ohms. R is drawn 
1.2 inches long, and Xi, is drawn slightly 
less than 3.2 inches long. The impedance 
vector Z is then found by completing the 
rectangle and drawing Z from zero to the 
junction of the dotted lines. Z will meas-
ure between 3.25 and 3.5 inches, giving a 

Z of about 340 ohms. 

/ 11' 36' 25' 1337  
9 
236 
189 

6671 4725 
4669 

56 

Therefore, the impedance of the 
circuit is 337 ohms. We need not 
be concerned if there is a slight 
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remainder when we work out the 
square root because electronic parts 
have considerable tolerance, and 
337 ohms is close enough. As a 
matter of fact, in many practical 
problems you could probably round 
this off either to 335 or 340 ohms. 
However, we'll use 337 ohms. 
Now that we know the total im-

pedance in the circuit, we can de-
termine what the current flowing 
in the circuit would be in this man-

ner: 

T E 120 = 337 = .356 amp 

The ammeter we have connected in 
the circuit should and does read 
about .35 amp. 
Now that we know the current flow-

ing in the circuit, we can determine 
the voltage that will appear across 
the coil by multiplying the reactance 
of the coil by the current flowing in 
the circuit. In other words: 

Eu =IXXL 

Multiplying .356 x 315 we get 112.14 
volts. We do not have to be con-
cerned with such accuracy as this; 
we will simply call the voltage 112 
volts. As a matter of fact this is the 
voltage indicated by the voltmeter 
connected across the coil; you can-
not get a more accurate reading. 
Similarly, the voltage across the re-
sistor is 

Er, =IxR 

which is equal to .356 x 120, or 
42.72 volts. We will round this off 
to 43 volts, which is what the meter 
will indicate. 

Each of the steps that we have 
shown in the preceding example is 

Important. It is not particularly 

necessary that you sit down and 
follow through the multiplication and 
division unless you want to do so. 
If you expect to go into radio and 
TV servicing you will have no occa-
sion to do this type of work, but if 
you intend to go into industry as an 
electronics technician, you should 
be sure you understand the various 
steps in this circuit explanation. 
Whether you go through the math-

ematics or not, there are several 
important points you should see. 
The current flowing in the circuit 
is limited by the impedance of the 
circuit. The impedance, as you know, 
is the total opposition to current 
flow in the circuit. The voltage that 
will appear across each part in the 
circuit will depend upon the resis-
tance or reactance of that part and 
upon the current flowing in the cir-
cuit. Also, you should remember 
that in this example, although it may 
appear that the sum of the voltage 
across the coil plus the voltage 
across the resistance is greater 
than the source voltage, the meters 
are measuring the effective value of 
the voltage and that these voltages 
are not in phase. These voltages are 
ac voltages and hence continually 
changing, but the voltage across the 
resistor plus the voltage across the 
coil at any given instant is exactly 
equal to the source voltage at that 
instant. 

THE RC CIRCUIT 

Now, let's remove the 100-mh 
coil from the circuit and put a 1-mfd 
capacitor in its place. We will re-
adjust the variable resistance so that 
the total resistance of the circuit 
is 120 ohms. We will then have the 
circuit shown in Fig. 4. Notice that 
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.35 AMP 

Fig. 4. A simple RC series circuit. 

the voltage across the resistance is 
the same as in Fig. 2, and also notice 
that the voltage across the capaci-
tor in Fig. 4 is the same as the volt-
age across the coil in Fig. 2. 
We can verify all the meter read-

ings shown in Fig. 4 as we did for 
the circuit shown in Fig. 2. To do 

this, we start by finding the re-
actance of the 1-mfd capacitor at 
500 cycles from the formula: 

1  
Xc 6.28 xFxC 

The capacitive reactance of the 
capacitor turns out to be 318 ohms. 
We will round this off to 315 ohms, 
because it is unlikely that the capa-
citor will have a capacity of ex-
actly 1 microfarad. You do not have 

to go through the solution of this 
formula unless you want to, but for 
the benefit of those who want to work 
it out step by step we'll go through 
it. 

First, remember that in the for-
mula the frequency must be in cycles 
and the capacity must be in farads. 
Therefore, F = 500 cycles and C = 
1 mfd = .000001 farad. Substituting 
these values in the formula we have 

1 
X e 6.28 x 500 x .000001 

Now we can start by multiplying 6.28 
X 500 and we will get 

6.28 
X 500 

3140.00 

Next, multiplying 3140 by .000001, 
we will get 

3140 
X .000001 

.003140 

The next step in our problem is 
to divide 1 by .003140. To perform 
the division we must get rid of the 
decimal point; to do this we move 
the decimal point six places in the 
divisor and six places in the divi-
dend so that our problem becomes 
1000000 divided by 3140: 

.003140 1.000000 

318  
3140 fi000000 

9420 
5800 
3140 
26600 
25120 
1480 

As we mentioned we will round off 
the value of the capacitive reactance 
to 315 ohms. The difference is so 
small that whether it is 315 or 318 
you won't be able to detect any dif-
ference in the meter readings in Fig. 
4. Using 315 ohms as the capacitive 
reactance makes the total impedance 
of the circuit 

Z = 120 - j315 

Notice that in this case we have 
used -j to indicate that 315 ohms is 
a capacitive reactance. Actually, 
whether the sign is minus or plus 
will make no difference in deter-
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mining the value of the impedance. 
We still use the formula: 

Z = /R2 + X2 

In this case, X is the capacitive re-
actance. Even though it is shown as 
-j315, it will still be +when squared, 
because any number squared is po-
sitive. Our formula is therefore the 
same as before: 

Z = /1202 + 3152 

The impedance works out again to 
be 337 ohms. The current flowing 
in the circuit can then be found by 
dividing the voltage by the imped-
ance; this is 120 + 337, or .356 amp. 
We can find the voltage across the 
resistor by multiplying the current, 
.356 amp, by the resistance, 120 
ohms. Thus, .356 x 120 = 43 volts. 
Similarly, the voltage across the 
capacitor is .356 x 315, or 112 volts. 

It is worthwhile to notice that 
since the circuit shown in Fig. 2 
contains inductance and resistance 
the current will be lagging the volt-
age. In the circuit shown in Fig. 4 
the current will be leading the volt-
age since we have capacitance and 
resistance. Nevertheless, the total 
impedance is the same in the two 
circuits; therefore, the currents 
flowing in the circuits are equal, 
which accounts for the equal voltage 
appearing across the resistors in 
each circuit. 
Now let us see what happens when 

we go one step further and put the 
100-mh coil in series with the 120-
ohm resistor and the 1-mfd capa-
citor. 

THE RESONANT CIRCUIT 

In the circuit shown in Fig. 5, we 
have 120-ohm resistance in series 

I AMP 

Fig. 5. .1 series-resonant circuit. 

with the 100-mh coil and the 1-mfd 
capacitor, and the series combina-
tion connected across the 120-volt, 
500-cycle generator. The inductive 
reactance of the coil and the capaci-
tive reactance of the capacitor will 
each be approximately 3.15 ohms as 
before, because the frequency In the 
circuit has not changed. Therefore, 
the total impedance in the circuit 

will be 

Z = 120 + j315 - j315 

We have already pointed out that 
capacitive reactance is essentially 
the opposite of inductive reactance. 
We have indicated this by using +j 
to represent inductive reactance and 
-j to represent capacitive reactance. 

In the expression for the imped-
ance of the circuit you see +j315 and 
-j315, and, as you might expect, 
these two cancel so that the total 
impedance of the circuit is equal to 

the resistance of the resistor alone, 
or 120 ohms. 
Now let's see what happens to the 

voltages and current throughout the 
circuit. First, look at the current 
flowing; it is 1 amp. It is higher than 
it was in Fig. 2 and Fig. 4. The rea-
son for this is that the current is 
equal to 
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Z in Fig. 5 is 120 + j315 - j315, or 
120 ohms. Therefore I = 120 + 120, 
or 1 amp. 
The voltage across the coil is 315 

volts. This is equal to the current 
times the inductive reactance: 1 amp 
X 315 ohms = 315 volts. Similarly, 
the voltage across the capacitor will 
be equal to 315 volts. The voltage 
across the resistor is 120 volts. 
Notice what we now have across the 
capacitator and across the induct-
ance: a voltage several times the 
source voltage. This is referred to 
as a "resonant voltage step-up." In 
other words, the voltage across the 
coil and the voltage across the capa-
citor in a series-resonant circuit 
may be several times the source 
voltage. 

In the preceding example we saw 
that the impedance of the circuit at 
resonance is equal to the resistance 
in the circuit. Now you might wonder 
what happens when you change the 
resistance in the circuit. If you re-
duce the value of the resistance in 
the circuit, you will reduce the im-
pedance. If we cut the resistance in 
half so that the total resistance in 
the circuit is only 60 ohms, the cur-
rent flowing in the circuit will be 
doubled. We will then have the sit-
uation shown in Fig. 6. Here the 

1 • 2 AMP 

1 MFD 100 MH 

Fig. 6. Reducing the resistance in the 
series-resonant circuit results in a 
greater current flow and a higher resonant 

voltage step-up. 

voltage drop across the capacitor 
is equal to 2 amps X 315 ohms, or 
630 volts. Similarly, the voltage 
appearing across the coil will be 
630 volts and the voltage across the 
resistor will be 2 amps X 60 ohms, 
which is equal to 120 volts as before. 
Now we have an even greater reso-
nant voltage step-up than we had 
previously. Reducing the resistance 
still further will result in an even 

greater voltage appearing across the 
coil and across the capacitor. 

In a practical resonant circuit, we 
will have only a capacitor and a coil 
in series. However, there will 
always be resistance in the circuit 
because the coil is made by winding 
turns of copper wire on a coil form, 
and the copper wire has resistance. 
However, the lower that resistance 
can be made, the lower the imped-
ance of the circuit and the greater 
the resonant voltage step-up will be. 

This can be expressed in another 
way. The Q of a coil is equal to the 
inductive reactance divided by the 
resistance of the coil. In other 
words: 

Q = 3.14L. 

In a coil where the resistance is 
low, the value of Q will be high. Since 
the lower the resistance we have, the 
greater the resonant step-up voltage 
will be, we say that there will be 
more resonant voltage step-up in a 
high-Q circuit than in a low-Q cir-
cuit. 
Serles-Resonant Facts. 

Before going ahead with our study 
of series-resonant circuits, we 
should review several of the things 
that we have already discussed. 

First, in a series-resonant cir-
cuit at resonance the inductive re-
actance is exactly equal to and can-
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cels the capacitive reactance in the 
circuit so that the impedance of the 
circuit is equal to the resistance in 
the circuit. The impedance in the 
circuit will therefore be low, and the 
current flowing in the circuit will 
be high. Second, there is a resonant 
voltage step-up in a series-resonant 
circuit. 
Remember these two facts --they 

are important: in a series-resonant 
circuit you will have low impedance 
and high current and the voltage 
appearing across either the capa-
citor or inductance may be several 
times the source voltage. 

Resonance occurs when the induc-
tive reactance of the coil exactly 
equals the capacitive reactance of 
the capacitor. In other words, 

XL = Xc 

1  
6.28x FxL 

6.28xFxC 

and from this we can get: 

1 
F - 6.28 xi L 

This is the frequency at which a 
coil and a capacitor will be resonant. 

VOLTAGE AND CURRENT 
WAVEFORMS IN THE 

SERIES-RESONANT CIRCUIT 

whether the circuit is resonant or 
not. This current is also equal tothe 
current flowing through the resistor 
and to the current flowing through 
the capacitor. 

If the circuit shown in Fig. 7A is 
a resonant circuit, we can make use 
of the fact that the current is the 
same at all times in all parts of the 
circuit to get a better idea of what 
is happening. We can do this by 

studying the voltage and current 
waveforms throughout the circuit. 
For example, we have shown two 
cycles and have identified a number 
of points on these cycles by numbers 
in Fig. 7B. This waveform repre-

sents the entire current flowing in 
the series-resonant circuit. 

Look at the current waveform at 
point 1 and notice that the current 
begins swinging in a positive direc-
tion. Let's assume that at this in-
stant the voltage at terminal a of 

o 

0 

In any series circuit, the current 0 
is always the same in all parts of the 
circuit. This is true whether it is a 
resonant circuit or a simple series 
circuit consisting of a number of 
resistors. Therefore, in a circuit 
such as the one shown in Fig. 7A 
the current flowing through the gen-
erator will be equal to the current 
flowing through the coil at all times, 

0 

Fig. 7. Series-resonant circuit waveforms. 
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the generator begins to swing in 
a negative direction so that cur-
rent starts flowing at terminal a 
through the coil and around the 
circuit back to terminal b of the 
generator. As the waveform in-
creases in amplitude from point 1 
to point 2, current increases in the 
circuit going from 0 at point 1 to its 
maximum value at point 2. 

Although we have started the 
waveform shown in 7B at point 1, 
we are actually representing what 
happens in a series-resonant cir-
cuit in which the current has been 

flowing for some time. In other 
words, the circuit has been con-
nected to the generator (which is 
producing the current) and we simply 
started to analyze what is happen-
ing in the circuit at the given in-
stant designated at point 1 on the 
curve B. At this instant the current 
flowing in the circuit has just 
reached 0 and has begun to increase 
towards point 2 as electrons move 
from terminal a of the generator 
around the circuit towards terminal 
b of the generator. 

Fig. 7B is a sine wave. A sine 
wave changes value at a maximum 
rate at the instant it is going through 
O. In other words, at point lthe rate 
at which the value of the current 
(represented by the sine wave) 
changes is at a maximum. As the 
actual current amplitude increases 
towards point 2, the rate of change 
decreases until for an instant at 
point 2 there is no change in current. 
The current has reached its maxi-
mum value, it remains constant for 
just an instant at point 2, and then 
begins to decrease. The rate at which 
it decreases increases until it is 
changing at its maximum rate when 
it reaches point 3. For just an in-
stant the current drops to 0 at point 

3. Thus, the current goes through a 
complete change - the instant before 
it reaches point 3 it is flowing in 
one direction, it drops to 0 exactly 
at point 3 and then an instant later 
it is flowing in the opposite direction. 
Now let us consider what effect 

this changing current has on the 
voltage across the coil. Remember 
that the self-induced voltage in a 
coil depends upon the rate at which 
the current flowing through the coil 
changes. Therefore, at point 1, since 
the current is changing at its maxi-
mum rate, the self-induced voltage 
induced in the coil will be at maxi-
mum. As the current increases in 
amplitude towards point 2, the rate 
at which it is changing decreases 
so the voltage induced in the coil 
decreases. At point 2, where the 
current is not changing at all, the 
voltage induced in the coil will be 
0. This is shown by the portion of 
curve C between points 1 and 2. 
Now, as the current begins to de-
crease from point 2 to point 3 the 
rate at which the current is chang-
ing increases. Since the current is 
decreasing, a voltage is induced 
in the coil which tends to oppose 
the direction in which the current is 
changing. Therefore, as the current 
goes from point 2 to point 3 (as 
shown in the curve at B), the voltage 
across the coil will increase from 0 
at point 2 to its maximum value at 
point 3 (as shown in the curve at C). 

Notice that the voltage across the 
coil is leading the current by 90°. 
If you remember your earlier 
studies, this is exactly what you 
might expect. As the current goes 
through the remainder of its cycle 
(as shown from point 3 on over to 
point 9), the voltage across the coil 
will at all times be 90° ahead of this 
current. 
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Now let us consider what must be 
happening across the resistor and 
capacitor in the circuit. At point 1 
on curve B the actual value of the 

current flowing is O. Therefore, the 
voltage across the resistor must be 
0 because it will be in phase with 
the current. We have not drawn a 

wave shape to represent the voltage 
across the resistor because it will 
be in phase with the current wave-
form shown at B at all times. 

Since the voltage across the gen-
erator is 0 at point 1 and the voltage 
across the resistor is also Oat point 
1, we immediately see that the volt-
age across the capacitor must be 
exactly equal to and opposite to the 
voltage across the coil. We know 
this must be true because in any 
closed circuit of this type the alge-
braic sum of the voltage drops 
around the circuit must be equal to 
O. Indeed, if the circuit has been in 
operation the capacitor would be 
charged with a polarity equal to and 

opposite to the voltage across the 
coil at the instant that the current 
was at 0, as at point 1. As the cur-
rent increases from point 1 to 

point 2, electrons will flow into the 
capacitor to reduce the charge until 
at point 2 the charge on the capa-
citor will be exactly equal to O. As 
current continues to flow in the same 
direction (as shown from point 2 
to point 3 on curve B) electrons will 
continue to flow into one plate of 

the capacitor and charge it (as shown 
between points 2 and 3 on curve D). 

Notice what has happened.At each 
instant, the voltage across the capa-
citor is equal to and opposite to the 
voltage across the coil. Also notice 
that the voltage across the capaci-
tor is lagging the current flowing 
in the circuit by 90°. This is as we 
should expect; when you studied 

capacitors in earlier lessons, you 
learned that the voltage lags the 
current in a capacitor by 90°. 

The curves in Fig. 7 show what 
happens in a series-resonant circuit 
and why the voltages around the cir-
cuit (if they are measured separate-
ly, then added together)will be equal 
to a value greater than the source 
voltage. If you measure the capacitor 
voltage you'll be measuring the rms 
value of the waveform shown at D.If 
you measure the coil voltage you will 
be measuring the rms value of the 

curve shown at C. While these volt-
ages do exist across the components, 

they are always 180° out of phase and 
therefore as far as the total voltage 
across the two is concerned they 
cancel each other. 

In a series-resonant circuit that 

has a pure inductance and a pure 
capacitance in series with a resis-
tor, the voltage across the induc-
tance is exactly cancelled by the 
voltage across the capacitance. In 
this case, the applied voltage is de-
veloped across the resistor. How-

ever, pure inductors and capacitors 
do not exist. All coils have some re-
sistance and all capacitors have 
some leakage. Therefore, the volt-
ages across the coil and capacitor 
do not exactly cancel. Thus, a small 
voltage can be measured across the 
coil-capacitor combination. 

Before going on to the next section 
of the lesson it would be worthwhile 

to study carefully the waveforms 
shown in Fig. 7 to be sure you under-
stand what is happening. It might 
make it easier for you if you can 
redraw the circuit and place aresis-
tor next to the generator instead of 
between the coil and the capacitor. 
Actually, insofar as the current flow 
in the circuit and the voltage across 
the individual parts in the circuit 
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are concerned, it makes no differ-
ence where the parts are placed. 
However, to see how the voltages 
across the coil and capacitor are 
cancelling, it might be easier to see 
this if you move the resistor so that 
it is not between the two. 

VARYING L, C, F, AND R 

When the inductive reactance in a 
series circuit is equal to the capa-
citive reactance, the circuit is at 
resonance, the two cancel each 
other, and we will have a low-im-
pedance circuit in which we will get 
a high current flow. Let us see what 
happens if we use other values of C 
and L and if we vary the frequency 
of the voltage applied to the circuit. 
Let's start by seeing what will hap-
pen when we vary the value of the 
capacitor. 
Varying C. 
We can vary the value of C by 

inserting capacitors of different 
sizes in the circuit in place of the 
1-mfd capacitor, while leaving the 
source frequency at 500 cycles and 
the coil inductance at 100 milli-
henrys. The current in the circuit 
will vary as shown in Fig. 8. Notice 
that we have the highest current 
flowing exactly at resonance. As the 
capacity is reduced, the current 
drops off rather sharply. It is im-
portant for you to realize that as the 
capacity is made smaller than it 
should be for resonance, the capa-
citive reactance in the circuit in-
creases so that it is greater than 
the inductive reactance. Therefore, 
the inductive reactance does not 
completely cancel out all the capa-

citive reactance in the circuit, and 
the resonant circuit begins to act 
like a circuit having only capacity. 
In other words, the current flowing 
in the circuit will lead the voltage. 
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Fig. 8. How current varies in a series-
resonant circuit when L is 100 mh, F is 
500 cycles, and C is varied from 0 to 3 

mid. 

As the capacity is increased above 
1-mfd, the capacitive reactance de-
creases so that the inductive react-
ance in the circuit is greater than 
the capacitive reactance. Therefore, 
the inductive reactance cancels out 
all of the capacitive reactance and 
there is still some inductive re-
actance left over. The circuit begins 
to act like a circuit having only in-
ductance in it and the current will 
lag the voltage. 

In either case, when the capacity 
is too small or too high for reson-
ance, the impedance of the circuit 
is greater than it is at resonance; 
this accounts for the reduction in 
current flow in the circuit. 
Varying L. 

If the inductance in the circuit is 
varied instead of the capacity, the 
current will vary as shown in Fig. 
9. Here, when the size of the in-
ductor or coil is reduced, the in-
ductive reactance is decreased, and 
it will not completely cancel out the 
capacitive reactance in the circuit. 
The circuit will act like a capacitor, 
and the current will lead the voltage. 
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Fig. 9. How current varies in a series-
resonant circuit when C = 1 mfd, F = 500 
cycles, and L is varied from 0 to 300 mh. 

When the inductance is made 
greater than 100-mh, then the in-
ductive reactance is greater than 
the capacitive reactance and the 
circuit will act as an inductance. 
This means that the current will lag 
the voltage. Again, the current will 
be lower than at resonance when the 
inductance is made either too large 
or too small because the impedance 
in the circuit increases. Lowest im-
pedance is obtained in a series-re-
sonant circuit at resonance, when 
the inductive reactance cancels the 
capacitive reactance. Current will 
always be at maximum at this point. 
Varying Moth L and C. 
The combination of a 100-mh coil 

and a 1-mfd capacitor is not the 
only combination that will give re-
sonance at 500 cycles. If we double 
the inductance of the coil by using 
a 200-mh coil in the circuit, the in-
ductive reactance of the coil will be 
doubled. It will be twice 315 ohms, 
or 630 ohms. If we reduce the size 
of the capacitor from 1-mfd to 
.5-mfd, we will also double the re-

actance of the capacitor so that its 
reactance will now be 630 ohms at 
500 cycles. This means that with a 
200-mh coil and a .5-mfd capacity, 
we will again have a situation where 
the inductive reactance will be equal 
to the capacitive reactance; there-
fore, these components will be re-
sonant at 500 cycles. 
You can see that many values of 

coil and capacitor may be used to 
obtain resonance at 500 cycles. Once 
we select a coil, it will have a cer-
tain inductive reactance at a fre-
quency of 500 cycles. All we need 
is to obtain a capacitor that will 
have a capacitive reactance equal to 
the inductive reactance of the coil 
at this frequency, and we will have 
a resonant circuit at 500 cycles. 
Varying P. 

If we go back to the 100-mh coil 
and the 1-mfd capacitor and then 
vary the frequency of the voltage 
applied to this combination, we will 
obtain a curve like the one shown 
in Fig. 10. Notice that in this case 
we have maximum current flow at 
resonance, because at resonance the 
impedance of the circuit is lowest. 
When the frequency applied to the 
coil and capacitor combination is 
less than 500 cycles, the capacitive 
reactance of the capacitor is greater 
than the inductive reactance of the 
coil, so the combination acts like 
a capacitor and the current will lead 
the voltage. 
When the frequency applied to the 

combination is above 500 cycles, 
then the inductive reactance of the 
coil is greater than the capacitive 
reactance of the capacitor, and the 
circuit will act like a coil. In either 
case, the impedance of the circuit 
will be minimal at resonance and 
higher either above or below the re-
sonant frequency. The fact that the 
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impedance reaches its minimum at 
the resonant frequency of 500 cycles 
is the reason the current is at maxi-
mum. 
Varying R. 

Under certain circumstances, the 
total resistance in the circuit may 
be varied. As the resistance in the 
circuit is changed, the Q of the cir-
cuit changes and the current that 
will flow in this circuit changes. In 
Fig. 11, we have shown three reson-
ance curves. The curve marked A 
is the one we had in Fig. 10 with a 
100-mh coil, a 1-mfd capacitor, and 
a series resistance of 120 ohms. In 
the curve marked B, the inductance 
and capacity are the same, but the 
series resistance is 100 ohms. 

Changing the resistance has an 
important effect on the shape of a 
resonant curve, as shown in Fig. 11. 
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Fig. 10. flow current varies in a series-
resonant circuit when C = 1 mid, L - 100 
mh, H = 120 ohms, and F is varied from 0 

to 1000 cycles. 
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Fig. 11. How the current varies in a 
series-resonant circuit when F is varied, 
and (A) C = 1 mid, L = 100 mh, and R = 
120 ohms; (II) C = 1 mid. L = 100 mh, and 
R = 100 ohms; (C) C = 2 mid. L = 50 mh, 
and R = 120ohms. In each case the prod-
uct of L and C is the same, and resonance 

occurs at 500 cycles. 

With a high-Q circuit, which is ob-
tained when the resistance of the 
circuit is low, we have a very sharp 
curve. This means that we will get 
a much higher current flow at the 
resonant frequency of the circuit 
than we will get at a frequency either 
slightly above or slightly below the 
resonant frequency. However, with a 
low-Q circuit, we have a broad 
curve. This means that we can vary 
the frequency quite a bit either above 
or below the resonant frequency 
without causing a very great change 
in the current that will flow in the 
circuit. 
The effect of resistance on a 

series-resonant circuit is impor-
tant. Sometimes a series-resonant 
circuit may be used to select one 
frequency and reject all others. Ob-
viously, if we have a high-Q cir-
cuit it will do a much better job of 
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selecting one frequency and reject-
ing others than a low-Q circuitwill. 
However, there are other instances 
when we are interested in selecting 
a band of frequencies rather than one 
particular frequency. In this case, 
a low-Q series-resonant circuit is 
used rather than a high-Q circuit 
which might not select the entire 
band or group of frequencies in which 
we are interested. 

The curve marked C in Fig. 11 is 
the one we would obtain with a 50-rnh 
coil, a 2-rnfd capacitor and a series 
resistance of 120 ohms. Compare 
this curve with curve A. Notice that 
curve A is considerably sharper 
than curve C. The ratio of the in-
ductance to the capacity is called 
the L to C ratio. In a series-reso-
nant circuit a high L to C ratio will 
give you a sharper resonance curve 
than a low L to C ratio. 

SELF-TEST QUESTIONS 

(a) What is a resonant circuit? 
(b) What do we mean when we say 

that the current flowing in the 
circuit in Fig. 1 is 1 amp? 

(c) In a circuit such as the one 

shown in Fig. 2, why can we 
not simply add the voltage 
across the coil and the voltage 
across the resistor to find the 
total circuit voltage? 

(d) The impedance of a circuit is 
given as Z =50 +j50; what does 
the j mean? 

(e) In an RC circuit, which part 
will have the greater voltage 
across it? 
In a series-resonant circuit, 
how will the phase of the volt-
age across the various com-
ponents compare with the 
phase of the current flowing in 
the circuit? 
What do we mean by the Q of 
a coil? . 
When a coil and a capacitor 
are connected in series, and 
the frequency of the voltage 
applied to them is varied, at 
what point will the current 
flowing in the circuit reach 
its maximum value? 
What effect on the current 
flowing in a series-resonant 
circuit will reducing the re-
sistance in a circuit have? 

(f) 

(g) 

(h) 

(i) 
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Parallel-Resonant Circuits 
When the source voltage for a re-

sonant circuit is supplied across the 
coil and capacitor (that is, in parallel 
with them), as in Fig. 12, we have a 

Fig. 12...1 parallel-resonant circuit. 

parallel-resonant circuit. In a par-
allel-resonant circuit, as in a 
series-resonant circuit, the induc-
tive reactance of the coil is exactly 
equal to and cancels the capacitive 
reactance of the capacitor. This is 
essentially where the similarity be-
tween the two types of resonant cir-
cuits ends. In most respects, a par-
allel-resonant circuit acts in the op-

posite way to a series-resonant cir-
cuit. Let's investigate the charac-
teristics of this type of resonant 
circuit and see why it performs as 
it does. 

CIRCUIT CURRENT 
AND IMPEDANCE 

In Fig. 13 we have shown a par-
allel-resonant circuit connected in 
series with a 120-ohm resistor 
across a 12 0-volt, 500-cycle gen-
erator. The coil has an inductance 
of 100 mh and the capacitor has a 
capacity of 1 mfd. All the conditions 
are as they were when we studied 
the series-resonant circuit. We have 
connected an ammeter in series with 
the resistor and the parallel-re-
sonant circuit, a voltmeter across 
the coil and capacitor combination, 

and another voltmeter across the 
resistor. 

In this type of circuit you can 
notice immediately that the current 
being supplied by the generator is 
very low. In addition, the voltage 
across the resistor is very low and 
nearly the entire source voltage ap-
pears across the resonant circuit. 
The fact that the current flowing 

in the circuit is low immediately 
points out one important fact -- if 
the current flowing in the circuit 
is low, the impedance of the circuit 
must be high. In fact, this is the 
case; one of the most important 
characteristics of a parallel-re-
sonant circuit is that at the reso-
nant frequency it acts as a high-
value resistance. Notice that this 
is just the opposite of a series-
resonant circuit: at resonance a 
series-resonant circuit acts as a 
low resistance. 

The fact that the parallel-resonant 
circuit acts like a high resistance 
explains why most of the source volt-
age appears across the resonant cir-
cuit and very little voltage appears 
across the 12 0-ohm resistor. The 

E 

Fig. 13. In a parallel-resonant circuit, the 
current supplied by the generator is low, 
and most of the generator voltage appears 

across the resonant circuit. 
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120 volts supplied by the generator 
is simply divided between the resis-
tor and the resonant circuit, with 
most of the voltage appearing across 
the higher resistance. Now let's 
study the parallel-resonant circuit 
in detail to see why it acts like a 
high value resistance. 

Since the coil and capacitor in the 
parallel-resonant circuit are con-
nected in parallel, there are two 
paths or branches through which 
current can flow. We call the path 
with the capacitor in it the capaci-
tive branch, and the one with the 
inductance in it the inductive branch. 
If we connect an ac ammeter in each 
branch of the parallel-resonant cir-

cuit as shown in Fig. 14, we will dis-
cover that although we have a very 
low current being supplied by the 
generator, we have a very high cur-
rent in each branch of the resonant 
circuit. You might wonder how this 
could be, but if we consider each 
branch separately we can see what 
is happening. 

First, in a capacitive circuit we 
know that the current leads the volt-
age by 90°; in an inductive circuit 
the current lags the voltage by 90°. 
Therefore, the current flowing in 
the capacitive branch will be 180° out 
of phase with the current flowing in 

Fig. It Although the current supplied by 
the generator is low, the current flowing 
in each branch of a parallel-resonant cir-

cuit is high. 

the inductive branch. The fact that 
the currents I. and 12 are 180° out 
of phase means that the capacitor 
is discharging during one half cycle 

while the coil stores up electrical 
energy. During the next half cycle 
when the coil is releasing the elec-
trical energy it has stored, the ca-
pacitor is charging. When the re-
actance of the coil is equal to that 
of the capacitor, as it will be at 
resonance, the energy stored by the 
capacitor equals the energy released 
by the coil; and during the other half 
of the cycle, the energy stored by the 
coil equals the energy released by 
the capacitor. 
Thus the coil and the capacitor 

pass current back and forth to each 
other inside the resonant circuit. 
The actual amplitude of the current 
will depend upon the amount of re-
sistance in the circuit. You know 
that the coil will have some resis-
tance, and in addition, the leads con-
necting the coil and capacitor to-
gether have some resistance. How-
ever, because the resistance is usu-
ally kept quite low there can be a 
very high current flowing back and 
forth between the coil and the capa-
citor. 
The fact that there is resistance 

in the circuit means that there will 
be some energy lost during each 
cycle. The very low current being 
supplied by the generator actually 
replaces the energy lost as heat 
because of the resistance in the re-
sonant circuit. 
The situation in the parallel-re-

sonant circuit may be compared to 
the pendulum of a clock. The pen-
dulum swings back and forth, and 
the current does essentially the 
same thing; it flows out of the coil 
into the capacitor and then back from 
the capacitor into the coil. If the 

18 



pendulum in a clock were swinging 
freely, it would lose energy each 
oscillation due to friction and each 
arc would be smaller than the pre-
vious one; finally, it would come to 
rest. In a parallel-resonant circuit 
the current will flow back and forth 
and get smaller each cycle and even-
tually drop to zero unless some out-
side energy is supplied to it. The 
mechanical drive in the clock sup-
plies the energy to the pendulum 
to keep it swinging; in the resonant 
circuit, the generator across the 
circuit supplies the energy to make 
up the losses in the circuit. Once the 
action of the current flowing back 
and forth in a parallel-resonant cir-
cuit has started, it will continue for 
a number of cycles until all the 
energy is used up in the resistance 
in the circuit. Similiarly, the pen-
dulum of a clock will swingback and 
forth for a number of cycles once it 
is started in motion even if no ad-
ditional energy is supplied to it. 
The situation we have found in the 

parallel-resonant circuit exists at 
all times when a coil and capacitor 
are connected in parallel in an ac 
circuit. One feeds energy or current 
back into the circuit while the other 
draws current. Therefore, the cur-
rent supplied by the generator at 
any instant will be the difference 
between the two currents. When the 
reactances are equal, as they are at 
resonance, then this current be-
comes the minimum current needed 
to make up the losses in the parallel-
resonant circuit. Because the cur-
rent does drop to a minimum value 
at resonance, the parallel-resonant 
circuit acts like a resistor of high 
ohmic value and reduces the line 
current supplied by the generator to 
a very low value. 

At resonance, the inductive and 

capacitive currents are equal to each 
other and opposite in phase. The net 
result is zero current. Since the 
current is zero, the circuit acts as 
a high resistance. The current sup-
plied to a parallel-resonant circuit 
by the generator will be in phase 
with the generator voltage. The 
actual resistance of the parallel-
resonant circuit can be obtained by 
measuring the voltage across it and 
dividing it by the current supplied 
by the generator. This effective re-
sistance is known as the resonant 
resistance of the circuit. 
There is a resonant voltage step-

up in a series-resonant circuit. This 
is not the case, however, in a par-
allel-resonant circuit since the coil 
and the capacitor are connected in 
parallel. The current flowing be-
tween the coil and the capacitor is 
much higher than the current sup-
plied by the generator. Therefore, 

we have a resonant current step-up 
in a parallel-resonant circuit. In a 
high-Q circuit of the latter type ,the 
current flowing back and forth may 
be many times the line current. 

VARYING II, L, C, AND F 

Varying R. 

You will remember that all coils 
have a certain amount of resistance 
which gives the effect of a resistor 
connected in series with the coil. 
This resistance can be changed by 
changing the size of the wire used 
to wind the coil while at the same 
time keeping the inductance of the 
coil constant. 

If we use a circuit like the one 
shown in Fig. 15 to study the effect 
of varying the resistance in series 
with the coil, we will find that with 
the resistance set at a minimum, 
the coil current is equal tothe capa-
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Fig. 15. Increasing R will increase the 
line current, which means that the reso-
nant resistance of the resonant circuit 

has decreased. 

citor current, and that the line cur-
rent is very low. If we increase the 
value of the resistance R, the coil 
current will decrease slightly and 
the capacitor current will remain 
the same, but the line current will 
increase. This means that the reso-
nant resistance of the parallel-re-
sonant circuit must decrease in 
order for the line current to in-
crease. From this we can see that 
the lower the coil resistance in a 
parallel-resonant circuit, the higher 
the resonant resistance and the 
lower the line current will be. 
We mentioned earlier that once 

the current starts flowing back and 
forth in a parallel-resonant circuit, 
it will continue for a number of 
cycles even though the generator 
voltage may be removed. How 
quickly the current flowing in the 
circuit drops to zero depends upon 
the resistance in the circuit. If the 
resistance in the circuit is high, the 
energy in the circuit will be dis-
sipated quickly in the resistor and 
the current will drop to zero in a 
few cycles. On the other hand, if the 
resistance in the circuit is very low, 

there will be very little energy lost 
each cycle and the back and forth 
action of the current may continue 
for a large number of cycles. 
Varying C. 

In the parallel-resonant circuit 
with a 100-millihenry coil, we will 
obtain resonance at 500 cycles when 
the capacity in parallel with the coil 
is 1 mid. The line current will be 
minimal at this point. 

If we set R to zero and try differ-
ent values of capacitors in parallel 
with the coil, recording the line cur-
rent for each capacitor, we could 
obtain the data to plot a curve like 
the one shown in Fig. 16. Notice 
that at resonance the line current 
drops to a low value. When the ca-
pacity is less than 1 mfd, the cur-
rent rises until it is about .35 amp 
at zero capacity. Under these cir-
cumstances, with no capacity in par-
allel with the coil, the current flow-
ing in the circuit will be limited by 
the inductive reactance of the coil 
and the amount of resistance in the 
circuit. 
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Fig. 16. How the line current varies when 
the capacity of the capacitor in a parallel-

resonant circuit is varied. 
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When the capacity is reduced to 
zero, we have a circuit like the one 
in Fig. 2. However, as capacity is 
placed in parallel with the coil, the 
line current begins to drop until 
finally at resonance it is practically 
zero. 
As the capacity is increased be-

yond 1 mfd, its reactance decreases, 
so you will find that the capacitor 
current will start to increase, the 

line current will increase, and the 
coil current will remain essentially 
unchanged. Here the increase in line 
current is due to the fact that the ca-
pacitor current becomes greater 
than the coil current and hence part 
of the capacitor current must be 
drawn from the line. 
When the capacity is less than that 

required for resonance, the increase 
in line current is due to the fact that 
the coil current is greater than the 
capacitor current and part of the 
coil current must be drawn from the 
line. 

It is interesting to note that when 
the capacity in the circuit is .5 mfd, 
the current is considerably higher 
than it was when the circuit was at 
resonance. This is because the ca-
pacitive reactance in the circuit is 
considerably higher than the induc-
tive reactance. If the frequency ap-
plied to the circuit were increased, 
the inductive reactance would in-
crease, and the capacitive reactance 
would decrease. By increasing the 
frequency by the correct amount, we 
could eventually reach the point 
where the inductive reactance would 
be equal to the capacitive reactance 
of the .5 mfd capacitor; once again 
we would have resonance. 
Varying L. 

If we put different coils in the cir-
cuit, while at the same time keeping 
the source frequency at 500 cycles, 
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Fig. 17. How the line current varies when 
the frequency is varied in a parallel-reso-

nant circuit. 

we will find that we have an effect 
somewhat similar to the effect of 
changing the value of the capacitor. 
The line current will be increased 
when the inductance is made either 
too large or too small for resonance. 
If the inductance is below the value 
needed for resonance, the circuit 
will act exactly as it did when too 
low a capacity was used; when the 
inductance is too high for resonance, 
the circuit will act as it did when 
the capacity was too high. 
Varying F. 

In Fig. 17 we have a graph that 
shows how the line current will vary 
as the frequency applied to the re-
sonant circuit is changed, if both 
resistors are set at zero. If we 
started with 0 cycles, which is dc, 
we would have a very high current. 
At this frequency there would be no 
current through the capacitor, and 
the inductive reactance of the coil 
would be zero. The only thing limit-
ing the current flow in the circuit 
would be the resistance of the coil 
and of the leads used to connect it 
to the voltage source. However, as 
the frequency applied to the circuit 
increases, the line current drops 
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until at 500 cycles the current is 
practically zero. As the frequency 
is increased beyond resonant fre-
quency, the current will increase 
slowly.'nie increase in line cur-
rent is due to the drop-off in the 
capacitive reactance of the capaci-
tor. Current flowing through the 
coil will continue to decrease as the 
frequency is increased, because the 
inductive reactance of the coil will 
increase with the frequency. 

At a frequency below the resonant 
frequency of the circuit, most of the 
current flows through the coil, and 
hence the parallel-resonant circuit 
acts as a coil. Right at resonance 
the circuit acts as a very high re-
sistance, and above the resonant 
frequency the current flowing 
through the capacitor will be great-
er than the current flowing through 
the coil; hence, the resonant circuit 
will act as a capacitor. 
The curve marked A in Fig. 17 

represents an inductance of 100 mh 
and a capacity of 1 mfd. This cir-
cuit is resonant at 500 cycles, be-
cause the inductive reactance of the 
coil is equal to the capacitive react-
ance of the capacitor at this frequen-
cy. However, if we reduce the in-
ductance to 10 mh and increase the 
capacity to 10 mfd, we will again 
have a situation where the inductive 
reactance is equal to the capacitive 
reactance at 500 cycles. In other 
words, a 10-mh coil will form a 
parallel-resonant circuit with a 10 
mfd capacitor at a frequency of 500 
cycles. The curve we would obtain 

by varying the frequency of the volt-
age applied to the parallel-resonant 
circuit made up of the 10-mh coil 
and the 10-mfd capacitor is repre-
sented by curve B in Fig. 17. Notice 
that the current rises much faster 
on both sides of resonance and drops 

to zero much more sharply than the 
curve for the 100 mh coil and the 1 
mfd capacitor. We say that curve B 
is sharper than curve A. Curve A 
was obtained with one LC ratio: a 100 
mh coil and a 1 mfd capacitor. Curve 
B was obtained with another LC 
ratio: a 10-mh coil and a 10-mfd 
capacitor. The LC ratio for curve 
A is higher than the LC ratio for 
curve B. A low LC ratio gives a 
sharp curve. This is an important 

thing to remember. 
A low LC ratio is essential if a 

parallel-resonant circuit is to be 
used to separate signals having 

nearly the same frequency (for ex-
ample, in radio receivers where sta-
tions operating on frequencies close 
together must be separated). If the 
resonant curve is sharp, we can tune 
in the desired signal and reject the 
undesired signals. However, if the 
resonant curve is broad, as the curve 
marked A in Fig. 17, it will be diffi-
cult to separate the undesired 
signals from the desired one. 
The Q of a coil is another factor 

that will effect the sharpness of the 
resonance curves. A high-Q coil 
will yield a much sharper response 
curve than a low-Q coil. 

In a series-resonant circuit, we 
obtain a sharp response curve with 
a high LC ratio. We have the opposite 
situation in a parallel-resonant cir-
cuit, however: we obtain a sharp 
curve with a low LC ratio. 

SELF-TEST QUESTIONS 

) How do you distinguish be-
tween a series-resonant and 
a parallel-resonant circuit? 

(k) What does a parallel-resonant 
circuit act like at resonance? 

(1) Does the generator supply a 
current of high value or of 
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low value to a parallel-reso-
nant circuit? 

(m) In circuits such as the one 
shown in Fig. 13, why will the 
voltage across a 120-ohm re-
sistor be small? 

(n) Does a current of high value 
or low value flow in the coil 
and capacitor in a parallel-
resonant circuit? 

(o) Will increasing the resistance 
of the coil in a parallel-re-
sonant circuit cause the gen-
erator current to increase or 
to decrease? 

(p) If a parallel-resonant circuit 
is used in a radio receiver to 
select one signal and reject 
others, do you want a high LC 
ratio or a low LC ratio? 

Comparison of Series-Resonant 
And Parallel-Resonant Circuits 

Series-resonant and parallel-re-
sonant circuits are found in every 
radio and TV receiver and in many 
other pieces of electronic equip-
ment. Resonant circuits are used in 
receiving equipment to separate the 
stations operating on different fre-
quencies and in transmitting equip-
ment in conjunction with vacuum 
tubes and/or transistors to gen-
erate radio frequency signals. 
The chart shown in Fig. 18 com-

pares and summarizes the import-
ant characteristics of series-reso-
nant and parallel-resonant circuits. 
Notice that in many cases a series-
resonant circuit is the exact opposite 
of a parallel-resonant circuit. Per-
haps the most important character-
istics of the two types are the re-
sistance at resonance and the cur-
rent at resonance. A series-reso-
nant circuit acts as a low resistance 
at resonance and the current flowing 
through it will be at its maximum 
value. On the other hand the parallel-
resonant circuit is exactly the oppo-

site, so that at resonance it acts 
as a very high resistance and the 
line current flowing through it will 
be at its lowest value. 

RESONANCE CURVES 

In Fig. 17 you saw that we used a 
small inductance and a large capa-
city to obtain a sharp resonance 
curve with a parallel-resonant cir-
cuit. This gave us a low LC ratio. 
For a sharp resonant curve in a 
series-resonant circuit you should 
use a high LC ratio; in other words, 
you should use a large inductance 
and a small capacity. This is simply 
another example of the difference 
between series-resonant and par-
allel-resonant circuits. As a tech-
nician you will not be called upon 
to design a series-resonant or a 
parallel-resonant circuit, but the 
more you understand about the cir-
cuits the better you will be able to 
maintain the equipment for which you 
may be responsible. 
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SERIES-RESONANT CIRCUITS 

I. The coil, the capacitor and the AC voltage 
source are all in aeries. 

2. Resonance occurs when the reactance of I. 
is equal to the reactance of C. 

3. At resonance. source current is a masinium 
(very high). 

4. At resonance, a series resonant circuit acts 
like is resistor of lom ohmic value. 

5. At resonance, the voltage, across L and C 
are equal in magnitude hut 180 degrees out 
of phase with each other. 

6. At resonance, the same current flows through 
the entire circuit. 

7. At resonance, the voltage across either L 
or C may be greater than that of the source, 
giving resonant voltage step-up. 

8. At resonance, increasing the value of coil 
resistance R lowers the circuit current. 
thereby lowering the resonant voltage step-up. 

9. Off resonance, the circuit acts like that part 
which has the higher reactance. 

a. Increasing C above its at-resonance value 
makes the circuit act like a coil. 

b. Reducing C helnw its at-resonance velue 
makes the circuit act like a capacitor. 

c. Increasing L above he at-resonance value 
makes the circuit act like a coil. 

d. Reducing L below its at-resonance value 
makss the circuit act like a capacitor. 

e. Applying a higher frequency than the reso-
nant one makes the circuit act like a coil. 

f. Applying a lower frequency than the reso-
nant one makes the circuit act like e 
capacitor. 

The product LC is constant for any given 
resonant frequency. 

Increasing L or increasing C lowers the 
resonant frequency. 

Decreasing L or decreasing C raises the 
resonant frequency. 

The Q factor of the circuit is essentialls 
equal to the coil reactance divided by the 
AC resistance of the oeil. 

PARALLEL-RESONANT CIRCUITS 

1. The coil, the capacitor and the AC voltage 
source are all in parallel. 

2. Resonance occurs when the reactance of I. 
is equal to the reactance of C. 

3. At resonance, source current is a minimum 
(vary low). 

4. At resonance, a parallel resonant circuit acts 
like a resistor of high ohmic valise. 

5. At resonance, the voltages across L, C and 
the source are all the same in magnitude 
and phase. 

6. At resonance, the currents through L and 
C are essentially equal in magnitude but are 
180 degrees out of pilau. 

7. At resonance, the current through either 
L or C is greater than the source current, 
giving resonant current step-up. 

8. At resonance, increasing the value of coil 
resistance R increases line current, thereby 
lowering the resonant current step-up. 

9. Off resonance, the circuit acts like that part 
which has the lower reactance. 

a. Increasing C above its at-resonance value 
makes the circuit act like • capacitor. 

b. Reducing C below its at-resonance value 
makes the circuit act like a coil. 

o Increasing L above its at-resonance value 
makes the circuit act like a capacitor. 

d. Reducing L below its at-resonance value 
makes the circuit act like a coil. 

e. Applying a higher frequency than the 
resonant one makes the circuit act like 
a capacitor. 

f. Applying a lower frequency than the reso-
nant one makes the circuit act like a coil. 

10. The product LC is constant in any given 
resonant frequency. 

II. Increasing L or increasing C lowers the 
resonant frequency. 

12. Decreasing L or decreasing C reises the 
resonant frequency. 

13. The Q factor of the circuit is essentially 
equal to the coil reactanoe divided by the 
AC resistance of the coil. 

Fig. 18. Comparison of series-resonant and parallel-resonant circuits. 
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DISTINGUISHING BETWEEN 
SERIES AND PARALLEL-
RESONANT CIRCUITS 

Sometimes, it is not easy to dis-
tinguish between a series-resonant 
and a parallel-resonant circuit. In 
Fig. 19A we have shown a series-
resonant circuit. A series-resonant 
circuit is a resonant circuit in which 
the source voltage has been applied 
to the coil and capacitor in series. 
There is no doubt that this is a 
series-resonant circuit. 

In Fig. 19B we have shown a par-
allel-resonant circuit. The parallel-
resonant circuit is a resonant cir-
cuit in which the source voltage has 
been applied to the coil and capaci-
tor in parallel. Again, it is easy to 
see that this is a parallel-resonant 
circuit. 

Fig. 19C shows two resonant cir-
cuits that again look like two par-
allel-resonant circuits. Here, the 
secondary is inductively coupled to 
the primary. Let's look at the pri-
mary first. The voltage source is 
applied to the coil and capacitor in 
parallel; there is no doubt that the 
primary is in a parallel-resonant 
circuit. But how about the second-
ary? Since the coil and capacitor are 
connected in parallel you might jump 
to the conclusion that this is a par-
allel-resonant circuit, too. Actually, 
this has no bearing--how the voltage 
is applied to the circuit determines 
whether the circuit is a series-reso-
nant or parallel-resonant circuit. 

The voltage is induced in the 
secondary. Actually, some voltages 
are being induced in each turn of the 
coil and they act as if they are con-
nected in series, so that the total 
voltage induced in the secondary is 
the sum of the voltages induced in 
each turn. We can compare this to 

PRIMARY 

a number of small generators con-
nected in series with the various 
turns of the coil, and the coil might 
look like Fig. 19E. 

Thus, the voltage induced in the 
coil is actually applied in series 
with the turns of the coil rather than 
in parallel with the coil and the ca-
pacitor and could be represented by 
Fig. 19D (which is the same as Fig. 
19A). Therefore, the secondary of 
the transformer shown in Fig. 19C 
is a series-resonant circuit and not 
a parallel-resonant circuit. 
You will run into this type of 

double-tuned circuit in many pieces 
of electronic equipment. It is often 
used between two stages in a radio 
receiver or a television receiver as 
shown in Fig. 20. Here the primary 

is connected between the plate of one 
tube and B+. The secondary is con-
nected between the grid and the cath-

SECONDARY 

e 

Fig. 19. .3t series-resonant circuit is 
shown at A, and a parallel-resonant cir-
cuit is shown at II. In the primary of 
the transformer and the capacitor across 
it form a parallel-resonant circuit, and 
the secondary of the transformer and its 
capacitor form a series-resonant circuit. 
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Fig. 20. The primary of T1 is a parallel-
resonant circuit, but the secondary is a 

series-resonant circuit. 

ode of the second tube. The tube 
marked VI really acts as a genera-
tor and supplies the ac signal across 
the primary of the transformer. A 
signal is induced in series with the 
secondary winding, because the sec-
ondary is inductively coupled to the 
primary. Because the coil and ca-
pacitor in the secondary form a 
series-resonant circuit, there is a 
high current flow with resulting re-
sonant voltage step-up so that this 
stepped up voltage is applied between 
the grid and the cathode of V2. 

The resonant voltage step-up that 
occurs in the secondary winding of 
T I is quite important. Actually, the 
primary and secondary windings of 
Ti will have the same number of 
turns in most cases. Therefore, you 
would expect the voltage induced in 
the secondary to be approximately 
equal to the voltage across the pri-
mary. This is what would happen if 
we simply had a transformer in the 
circuit. However, since there are 
capacitors across each coil and 
since each circuit is a resonant cir-
cuit we have the resonant voltage 
step-up which occurs in the second-
ary winding due to the high current 
flowing in the series-resonant cir-
cuit. Thus, there is actually a 
step-up in voltage occurring in the 
transformer even though the turns-
ratio may be one to one. This means 
that the signal voltage available be-

tween the grid and cathode of V2 will 
be considerably greater than the 
voltage between the plate and ground 

of Vi. 

SELF-TEST QUESTIONS 

(q) Explain the difference between 
the current flowing in the coil 
and capacitor in a series-re-
sonant circuit and the current 
flowing in the coil and capa-
citor in a parallel-resonant 
circuit. 

(r) Explain the difference between 
the voltage across the coil and 
capacitor in a series-resonant 
circuit and the voltage across 
the coil and capacitor in a 
parallel-resonant circuit. 

(s) What is the difference between 
the generator current in a 
series-resonant circuit and 
in a parallel-resonant circuit ? 

(t) How can the voltage across the 
coil or capacitor in a series-
resonant circuit be greater 
than the source voltage? 

(u) What happens if we increase 
the value of inductance or ca-
pacitance in a resonant cir-
cuit? 

(v) Will the voltage across the 
coil or the capacitor in a 
high-Q series-resonant cir-
cuit be greater than the volt-
age across the coil or capa-
citor in a low-Q series-re-
sonant circuit? 

(w) Reducing L below its at-re-
sonance value in a series-
resonant circuit makes the 
circuit act as a capacitor; 
reducing L below its at-re-
sonance value in a parallel-
resonant circuit makes the 
circuit act as a coil. Explain 
why this happens. 
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How Resonant Circuits Are Used 
Resonant circuits have many ap-

plications. In this section of the les-
son we will look into some of the 
more common uses of resonant cir-
cuits in radio and TV. These uses 
are important because they demon-
strate how resonant circuits are 
used to select one signal from a 
number of signals of different fre-
quencies. 

SELECTING A DESIRED 
SIGNAL 

The antenna connected to a radio 
or a TV receiver picks up signals 
from a large number of radio and 
TV stations. Even the antennas in-
stalled especially for television re-
ceivers will pick up a certain amount 
of signal from radio broadcast-band 
stations. This happens even though 
the antenna is designed for operation 
on a much higher frequency than 
that of the broadcast-band station. 
Therefore, some means must be 
provided inside the receiver to 
select the desired signal and reject 
the unimportant one. Resonant cir-
cuits are used for this purpose. 

In Fig. 21 we have shown the in-
put circuit of a radio receiver. The 

ANTENNA 

T  

GROUND 

VI 

Fig. 21. The input circuit of a typical 
radio receiver. 

signals picked up by the antenna 
cause a current to flow through the 
primary winding Li of Ti. Ti is 
called an antenna coil or transformer 
because the signals from the antenna 
are applied to this coil. The second-
ary L2 of Ti is inductively coupled 
to the primary so that the current 
flowing in Li sets up a magnetic 
field which cuts L2 and induces a 
voltage in it. Remember that when 
a voltage is induced in a coil in this 
way, there is a certain amount of 
voltage induced in each turn of the 
coil. The voltage induced in the coil 
acts like a number of generators 
connected in series with the coil. 
Thus L2 and capacitor Cl form a 
series-resonant circuit at some fre-
quency within the broadcast band. 

Notice the symbol used for the 
capacitor Cl. This symbol indicates 
that the capacitor is variable. Thus, 
by changing the setting of Cl, the 
frequency at which the combination 
of L2 and Cl is resonant can be 
changed. 

Let us suppose that the antenna 
is picking up two signals of equal 
amplitude or strength, one having 
a frequency of 500 kc and the other 
having a frequency of 800 kc. If the 
combination of Cl and L2 is reso-
nant at 800 kc (CI and L2 thus form-
ing a series-resonant circuit), there 

will be a high 800-kc current through 
L2 and Cl, with resultant step-up 
voltages appearing across L2 and Cl. 
These voltages are applied between 
the grid and the cathode of V1 to be 
amplified by this tube. 
At the same time there is a 500- kc 

signal being picked up by the an-
tenna. This will flow through the 
primary of transformer Ti and will 
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induce a certain voltage in L2. Since 
the combination of L2-C1 is not 
resonant at 500 kc, the impedance 
of this series circuit will be much 
higher at 500 kc than it was at 800 
kc. This means that the 500-kc cur-
rent flowing through the series cir-
cuit will be low so that voltage de-
veloped across L2 and across Cl by 
this current will be low. Therefore, 
the 500-kc signal applied between 
the grid and the cathode of Vi will 
be much lower in amplitude than the 
800-kc signal. Thus, although one 
resonant circuit is not able to reject 
the 500-kc signal completely, the 
amplitude of this signal (when ap-
plied between the grid and the cath-
ode of VI) is lower than the ampli-
tude of the desired 800-kc signal 
that is applied to this tube. 

Better selectivity can be obtained 
in a receiver by using several re-
sonant circuits. If each circuit is 
tuned to the desired frequency, the 
difference in signal strength between 
the desired and the undesired signals 
will become greater. If enough re-
sonant circuits are used the only 
signal actually heard in the output 
of the receiver will be the signal 
from the desired station. 
I-F Transform ere. 
Most modern radio and television 

receivers use the superheterodyne 
principle. In the superheterodyne 

VI I I TI V2 

B+ 

Fig. 22. Coupling between the mixer and 
the i-f tube in a superheterodyne receiver. 

receiver the signal is picked up by 
the antenna and fed to a stage called 
a mixer or first detector. Here, the 
signal is mixed with a signal gen-
erated by the oscillator stage. The 
two signals mixed together produce 
two new signals, one equal to the 
sum of the two frequencies and the 
other equal to the difference of the 
two. Both new signals contain the 
modulation on the original signal. 
In a superheterodyne receiver we 
use the difference-frequency signal. 
In the output circuit of the mixer 
stage we use a transformer called 
an intermediate frequency trans-
former (usually abbreviated as an 
i-f transformer). This transformer 
is tuned to resonance at the differ-
ence frequency. One or more am-
plifier stages (called i-f amplifiers) 
are used to amplify the difference 
signal. I-F transformers are used 
between the mixer and the various 
stages in the i-f amplifier and be-
tween the last i-f amplifier stage 
and the stage called the second de-
tector. The latter separates the 
audio or picture signals from the rf 
carrier. Resonant circuits are used 
in i-f transformers. 
The schematic of a circuit used 

between the mixer and first i-f stage 
in a superheterodyne receiver is 
shown in Fig. 22. The tube marked 
VI is the mixer; the tube marked 
V2, the i-f tube. 
You have already seen this type 

of circuit earlier in the lesson. You 
know that the primary of Ti is a 
parallel-resonant circuit because 
the tube acts as a generator and 
applies the signal in parallel with 
the resonant circuit. This parallel-
resonant circuit acts as a high re-
sistance at the resonant frequency 
and the voltage developed by the 
tube will be high. At frequencies 
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Fig. 23. The inside of an i-f transformer. 

other than the resonant frequency, 
the primary circuit of Ti does not 
act as a high resistance; as a 
matter of fact, it acts as a fairly 
low impedance, so the voltage de-
veloped at these frequencies by VI 
is low. 
The primary of Ti is inductively 

coupled to the secondary winding so 
that the secondary circuit is a 
series-resonant circuit. Again at 
the resonant frequency, a high cur-
rent flows and there is considerable 
resonant voltage step-up across the 
coil and across the capacitor. These 
stepped-up voltages are applied be-
tween the grid and the cathode of 
the i-f stage. 
A typical i-f transformer is shown 

in Fig. 23. Notice that the two coils 
are placed near each other so that 
the primary and secondary are in-
ductively coupled together. At the 
top of the transformer are two 
trimmer capacitors. The adjusting 
screws on these capacitors can be 
reached through holes in the top of 
the i-f transformer can or shield 
and can be adjusted for exact reso-
nance after they have been installed 
in the circuit. 
A modern superheterodyne re-

ceiver uses at least two i-f trans-

formers like the one shown in Fig. 
23. The selectivity of two transfor-
mers in conjunction with the selecti-
vity obtained in other circuits will 
make the receiver selective enough 
so that it will pick up the desired 
signal even in the crowded broad-
cast band and in most cases reject 
the signals from undesired sta-
tions. 
High-Frequency Circuits. 

In some high frequency applica-
tions you might find a circuit like 
the one shown in Fig. 24. The symbol 
beside the coil indicates that the coil 
has a slug which can be adjusted in 
and out of the coil. This will change 
the inductance of the coil. 

Although no capacitor is shown 
in the circuit, the circuit is actually 
a parallel-resonant circuit. The tube 
has a certain capacity between plate 
and ground, and this capacity will be 
in parallel with the coil.At high fre-
quencies this capacity, along with 
the coil, is all that is neededto form 
a resonant circuit. Circuits of this 
type are frequently found in tele-
vision receivers. 

In some applications the coil may 
consist of less than one turn of a 
flat ribbon-type material such as 

Fig. 24. Coil l in the plate circuit of VI 
along with the circuit capacities form a 

parallel-resonant circuit. 
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shown in Fig. 25. This type of coil 
is used in UHF TV circuits and al-
though the inductance in the cir-
cuit is extremely small, due to the 
fact that the circuit must operate 
at several hundred megacycles,this 
inductance is all that is required. 
As a matter of fact, in resonant cir-
cuits designed for UHF operation, 
the problem is not in getting the 
needed inductance and capacitance, 
but rather in keeping the inductance 
and capacitance low enough to pro-
duce resonance at the ultra-high 
frequency desired. 

Fig. 25. A single turn of flat ribbon is all 
the coil that is needed in UHF circuits. 

HOW DIFFERENT TYPES 

OF FILTERS ARE USED 

Another important use of resonant 
circuits is in the design of filters. 
There are three different types of 
filters that you are likely to en-
counter as a technician. The ex-
planation of exactly how each type 
works is rather complex, and since 
you need not know how each type of 
filter operates, we will not go into 
an explanation here. However, it is 
important that you know how the dif-
ferent types of filters are used. 
Low-Pass Filters. 

In Fig. 26 we have shown a sche-
matic diagram of a low-pass filter, 
which is a filter that will allow sig-
nals below a certain frequency to 

Fig. 26. A low-pass filter. 

pass through it with little or no at-
tenuation, which means weakening of 
signals above this specific fre-
quency. For example, if a low-pass 
filter is designed to pass frequen-
cies below 10 megacycles, it will 
pass all frequencies from zero 
cycles per second, which is dc, up 
to 10 mc with little or no opposition. 
However, a signal with a frequency 
of 15 mc, or 25 mc, or in fact any 
frequency above 10 mc, will en-
counter a great deal of opposition 
in going through the filter. 
High-Pass Fillers. 
A high-pass filter is designed to 

cut off all frequencies below a cer-
tain frequency and allow signals 
above this frequency to pass through 
with little or no attenuation. A 
schematic of a typical high-pass 
filter is shown in Fig. 27. 

High-pass filters are often used 
on TV receivers to eliminate inter-
ference from stations operating on 
frequencies below the television 
channel. High-pass filters designed 
for this purpose are available com-
mercially. 

INPUT 

•1•1 

OUTPUT • 

Fig. 27. A high-pass filter. 
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Mand-Pass Filters. 
Another type of filter is shown in 

Fig. 28. This type of filter, called 
a band pass filter, allows a certain 
band of frequencies to pass through 
it with little or no attenuation but 
offers considerable opposition to 
signals above and below the fre-
quency of the band to be passed. 

INPUT OUTPUT 

FT 
1  

Fig. 28. A band pass filter. 

For example, if a band pass filter 
is designed to have a band width of 
2 megacycles, and the center of the 
pass band is 10 megacycles, then 
the band pass filter will pass fre-
quencies from 9 mc to 11 mc with 
little or no attenuation. However, 
a signal having a frequency of 7mc, 
which is below the pass band, or a 
signal having a frequency of 15 mc, 
which is above the pass band, will 
encounter considerable opposition 
going through the band pass filter. 

SUMMARY 

In this section of the lesson we 
have covered a few of the most im-
portant uses of resonant circuits. 

Resonant circuits are used in radio 
and TV receivers to select one de-
sired signal and reject others. Both 
series-resonant and parallel-reso-
nant circuits are used in the input 
stages of a receiver. They are also 
used between the mixer and 1-f 
stages and between the 1-f stage and 
the second detector. 

Resonant circuits are used in fil-
ters. A low-pass filter is a filter 
which will pass frequencies below 
a certain frequency with little or no 
attenuation but offers high atten-
uation to signals above this fre-
quency. A high-pass filter is a fil-
ter that will offer little or no at-
tenuation to signals above a certain 
frequency, but offers high opposition 
or attenuation to signals below this 
frequency. A band pass filter will 
pass a certain band of frequencies, 
but attenuate signals either above or 
below the band of frequencies which 
it is designed to pass. 

SELF-TEST QUESTIONS 

(x) Is the resonant circuit made 
up of Cl and 12 in Fig. 21 a 
series-resonant circuit or a 
parallel-resonant circuit? 

(y) What is a low-pass filter? 
(z) What is a high-pass filter? 

(aa) What is a band pass filter? 
(ab) What type of circuit is used 

in making up filters? 
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RC Circuits 
Another type of circuit that is ex-

tremely important in electronics 
work is the RC circuit, so called be-
cause it contains resistance and ca-
pacity. There are several types of 
RC circuits. 
An RC circuit is used as a coupling 

circuit. This type of circuit is de-
signed to pass a signal through it 
without changing the shape of the 
signal. Circuits of this type are used 
where an ac signal is mixed with do. 
RC coupling circuits are widely used 
in the audio sections of radio and 
television receivers between the 

Fig. 29. 1W coupling circuits used be-

tween tube and transistor stages. 

various stages. An RC coupling cir-
cuit used between two tubes is shown 
In Fig. 29A and an RC coupling cir-
cuit used between two transistor 
stages is shown in Fig. 29B. The 
purpose of the coupling circuit in 
each case is to pass the signal from 
one stage to the other without chang-
ing the shape of it; at the same time 
the circuit keeps the operating volt-
ages from one stage out of the fol-
lowing stage. 

Another type of RC circuit is de-
signed specifically to change the 
shape of the signal applied to it. 
This type of circuit is used because 
the signal being fed through the RC 
circuit may be used to control the 
following stage. The shape of the sig-
nal may not be the best possible 
shape to control the stage; by means 
of a suitable RC circuit, the shape 
of the wave can be altered. In this 
section we will study both coupling 
and wave-shaping circuits, and you 
will see what they look like, how they 
work, and where each type is found. 

RC COUPLING CIRCUITS 

You will run into RC circuits most 
frequently between stages where 
they are used to feed the signal from 
one stage to the next. Typical RC 
coupling circuits are shown in Fig. 
29. The RC coupling circuit in both 
cases consists of Cl and Rl. These 
are the two components that you will 
be most concerned with in deter-
mining the characteristics of this 
type of circuit. 
The tube VI in Fig. 29A and the 

transistor Q1 in Fig. 29B act essen-
tially like an ac generator in RC 
coupling circuits. One end of re-
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sistor 112 is connected to the tube 
in A and to the transistor in B. The 
other end is connected to the power 
supply. However, as far as the ac 
signal is concerned the end of 112 
which is connected to the power sup-
ply is in effect connected to ground, 
because there is a large capacity 
in the power supply output connected 
between B+ and ground. This capa-
citor is so large that it has a very 
low reactance at all signal frequen-
cies. Therefore the first stage, 
which is VI. in Fig. 29A and Q1 in 
Fig. 29B, supplies the voltage to re-
sistor 112. The resistor acts like it 
is connected between the tube or 
transistor and ground. 
An equivalent circuit of the coup-

ling network is shown in Fig. 30. 
Here we have represented the tube 
or transistor as a generator with 
R2 connected across it. Notice that 
Cl and R1 are connected in series 
with each other and this combination 
is connected in parallel with the re-
sistor 112. The purpose of the coup-
ling network C1-R1 is to feed the 
signal that is across 112 to the fol-
lowing stage, V2 in Fig. 29A and Q2 
in Fig. 29B. If the reactance of Cl 
is low enough, it will act as a short 
circuit at signal frequencies so R1 
will in effect be connected in paral-
lel with 112. When this situation 
exists, all the voltage available at 
the generator output will appear 
across Rl. In other words the volt-
age appears between the grid and 

CI 

Fig. 30. The equivalent circuit of the RC 
coupling network shown in Fig. 29. 

cathode of V2 in Fig. 29A and be-
tween the base and emitter of the 
transistor in Fig. 29B. 

Capacitor Cl and resistor R1 are 
in series and they form a voltage 
divider network. Part of the voltage 
developed across 112 will be dropped 
across Cl and part of it across Rl. 
The more voltage there is across R1 
the more voltage we have avail-
able to drive the second stage. It is 
therefore important that the react-
ance of Cl be kept as low as possible 
in comparison with the resistance of 
Rl. However, regardless of how 
large the capacitor Cl is, its react-
ance will eventually become high 
enough at some low frequency so that 
an appreciable part of the voltage 
developed across R1 is lost across 
Cl. At some frequency the reactance 
of Cl will be equal to the resistance 
of Rl. When this situation occurs 
70.7% of the voltage appearing 
across 112 will be present across 
Rl. You might expect only 50% of the 
voltage to appear across Rl. How-
ever, 70.7% is correct because the 
voltage across R1 is not in phase 
with the voltage across Cl. If the 
frequency is made still lower, then 
the percentage of voltage appear-
ing across R1 will be lower. 
When the voltage across Rldrops 

to 70.7% of the generator output, the 
current flowing through R1 will be 
only 70.7% of the maximum it would 
be with the full voltage across Rl. 
When the voltage and current across 
R1 drop to 70.7%, the power across 
R1 will decrease to 50%. This point 
is called the "half-power "point. The 
amplifier is considered satisfactory 
in most cases as long as the output 
does not drop below this point. 

Since Cl and R1 form a voltage 
divider network, we can keep the 
frequency at which the reactance of 
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Cl becomes a problem to a fairly 
low value by making R1 as large as 
possible. In the tube circuit shown 
In Fig. 29A, R1 is called a grid leak. 
Its value is relatively unimportant 
and a comparatively large resistor 
can be used. Therefore, even with a 
fairly small capacitor for Cl, the 
resistance of R1 does not have much 
importance except at very low fre-
quencies. On the other hand, making 
R1 too large will upset the operating 
voltages in the transistor in the cir-
cuit shown in Fig. 29B. In fact, the 
transistor itself affects the circuit 
so that there is a maximum value 
resistor that can be used; it is much 
lower than that used in the tube stage. 
The capacitor Cl must be of a much 
higher capacity in the transistor 
circuit than in the tube circuit to 
keep its reactance from becoming 
high enough to drop an appreciable 
percentage of the voltage. 

Capacitor values from .01 mfd to 
.05 mfd are typical in tube circuits 
such as in Fig. 29A. In transistor 
circuits the value of Cl will often 
be 10 rnfd or more. 
The importance of avoiding this 

voltage division can be seen if you 
consider what happens to signals of 
different frequencies when they are 
amplified by the amplifier. If a sig-
nal voltage of 1 volt and a frequency 
of 1000 cycles appears across R2, al-
most the full 1 volt will appear 
across Rl. But, at a frequency of 100 
cycles, somewhat less than 1 volt 
will appear across R1; at a fre-
quency of 10 cycles, even less will 
appear across Rl. This means that 
the amplifier will not amplify sig-
nals of different frequencies equally. 
When this situation exists, we say 
we have frequency distortion. In the 
average radio receiver, a small 
amount of frequency distortion is not 

objectionable, but in high-fidelity 
equipment and in TV equipment, this 
type of distortion must be kept at a 
minimum if satisfactory results are 
to be obtained. 

For the present the important 
thing you should remember is that 
an RC coupling circuit has a long 
time constant. Remember that ca-
pacitor Cl and resistor R1 are in 
series, but that at mot frequencies 
the reactance of Cl is so low com-
pared to the resistance of R1 that it 
acts as a short circuit and can be 
ignored. However, at very low fre-
quencies the reactance of this ca-
pacitor is appreciable. We will dis-
cuss this situation in more detail 
when you study vacuum tubes and 
amplifiers. 

INPUT OUTPUT 

Fig. 31. An HC differentiating circuit. 

RC DIFFERENTIATING 
CIRCUITS 

Differentiating circuits are found 
in TV receivers and in many other 
pieces of electronic equipment. Fig. 
31 shows a circuit of this type --
notice that it looks like a coupling 
circuit. However, the latter has a 
long time constant, whereas a dif-
ferentiating circuit has a short time 
constant. Because differentiating 
circuits are normally used with 
pulses, you should know that a pulse 
is a variation of a quantity whose 
value is normally constant. 

Fig. 32A illustrates a typical sine 
wave. Remember that the voltage 
starts at zero, builds up to a maxi-
mum and drops back to zero. 
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Fig. 32. A single cycle of a sine wave 
is shown at A, and a group of .three pulses 

is shown at B. 

A series of three positive-going 
pulses is shown in Fig. 32B. Notice 
that the signal voltage is zero, jumps 
instantly to its maximum value at 
point 1, remains constant from point 
1 to point 2, and finally drops to 
zero again at point 2. Let's see what 
will happen if a pulse of this type is 
fed to a differentiating circuit such 
as the one in Fig. 31. 

The value of R and of C in the dif-
ferentiating circuit are chosen with 
a short time constant so that the ca-
pacitor charges and discharges 
quickly. As the leading edge of the 
pulse (which we have marked as 1) 
hits the capacitor there is an imme-
diate current flow through the re-
sistor to charge the capacitor. Since 
the capacitor has no charge on it 
at this instant, the current flow as 
well as the voltage developed across 
the resistor will be high. As the 
pulse maintains its constant value, 
the capacitor charges rapidly, the 
current flowing in the capacitor de-
creases and the voltage developed 
across the resistor falls off. Finally, 
the capacitor is fully charged, no 
additional current is flowing and the 
voltage across the resistor drops 
to zero. 

The capacitor must discharge 
when the pulse drops from its peak 
amplitude at point 2 to zero. At the 
instant the applied voltage pulse dis-
appears the capacitor is charged, 
although there is no longer a pulse 
across it. Then it starts to dis-
charge through the resistor and a 
high current flows through the re-
sistor. Instantly, there is a high 
voltage across it. The current flows 
in the opposite direction from that 
in which it flowed while the capa-
citor was charging, so the pulse 
appears in the opposite direction. 
As the capacitor becomes dis-
charged, the current flowing drops 
gradually to zero so that the voltage 
appearing across the resistor also 
drops to zero. 
The reaction of a differentiating 

circuit to a series of pulses is shown 
in Fig. 33. At A we have shown the 
pulse and below it at B the output 
voltage that will be obtained across 
the resistor as the pulse varies to 
a maximum and drops back to zero 
again. 

o 

Fig. 33. Input and output signals applied 
to a differentiating circuit. 

Differentiating circuits work in 
this way because they have a short 
time constant. The capacitor is able 
to charge and discharge rapidly, and 
therefore a double-pointed pulse as 
shown in Fig. 33 is obtained when a 
pulse is applied to the input of this 
type of circuit. 
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RC INTEGRATING 
CIRCUITS 

A typical RC integrating circuit is 
shown in Fig. 34. Notice that the 
parts are connected in a way oppo-
site from that in which they were 
connected in the differentiating cir-
cuit, and that a long time constant 
rather than a short time constant 
is used. 

•---"AWA  

INPUT 

•  

OUTPUT 

Fig. 34. An integrating circuit. 

Fig. 35 illustrates the action of 
an integrating circuit. The capa-
citor begins to charge as the first 
pulse strikes the circuit; it starts 
to discharge after the first pulse 
passes but does not discharge com-
pletely before the second pulse ar-
rives due to the long time constant. 
After the second pulse the capacitor 
starts to discharge again until the 
third pulse arrives --then it charges 
still further. An integrating circuit 
is thus able to sum up or add a series 
of pulses to give one pulse in the 
output. Integrating as well as differ-
entiating circuits are used in TV re-
ceivers and in many other pieces of 
electronic equipment. 

o 

Fig. 33. Integrating circuit action on a 
series of pulses. 

SUMMARY 

In this section of the lesson you 
found that RC circuits can be used 
in several ways. They can be used 
as coupling circuits to feed a signal 
from the plate of one tube to the grid 
of the next tube. When they are used 
in this way the purpose is to pass 
the signal from one tube to the other 
without distorting or changing it in 
any way. 
RC circuits are also used as dif-

ferentiating circuits. A differentia-
ting circuit is a circuit that develops 
a sharp positive and negative pulse 
from a single pulse. If the pulse sup-
plied to the circuit is a positive-
going pulse, which is what we call 
the pulse shown in Fig. 32B, then the 
output will be a positive pulse fol-
lowed by a negative pulse. If the in-
put signal is a negative-goingpulse, 
then the output will be a sharp nega-
tive pulse followed by a sharp posi-
tive pulse. 
An integrating circuit is a circuit 

that has a long time constant and 
adds together a number of separate 
pulses to produce one large pulse in 
the output. 

(ac) 

(ad) 

(ae) 

(af) 

(ag) 

(ah) 

SELF-TEST 
QUESTIONS 

What is the purpose of an RC 
coupling circuit? 
Is the reactance of the coupling 
capacitor likely to become a 
problem at high, low, or medi-
um frequencies? 
What do we mean by the half-
power point? 
What do we mean by frequency 
distortion? 
What is a differentiating cir-
cuit? 
What is an integrating circuit ? 
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LOOKING AHEAD 

In this lesson you have seen how 
resistors, coils, and capacitors are 
used together to form a number of 
different types of circuits. By this 
time you have probably realized the 
importance of these three compon-
ents. Before leaving this lesson it 
is worthwhile to stop and consider 
the fact that we have all three of 
these quantities in every circuit. 

Even a piece of straight wire has 
a certain amount of resistance, a 
certain amount of capacity between 
it and nearby objects, and also a 
small amount of inductance. If the 
frequency of the signal running 
through the wire is high enough, 
even these small amounts of resis-
tance, capacity, and inductance may 
be large enough to merit considera-
tion. 
We have brought up this point now 

because you will soon be working on, 
repairing, and replacing circuits in 
equipment which operates at very 
high frequencies. Because the re-
sistance, capacity, and inductance in 
circuits operating at these high fre-
quencies is so important, replace-
ment parts should be put as closely 
as possible in the position occupied 
by the original part. 

In the following lesson you will 
study additional components that will 
be important in your electronics 
career: vacuum tubes, transistors, 
complete stages and signals. You 
will also learn how the value of 
parts used in a circuit affects the 
performance of the stage. 
There are a number of schematic 

diagrams in this lesson. If you study 
carefully the diagrams which appear 
in earlier lessons, complex dia-
grams in later lessons will not pre-
sent a problem for you. Difficulties 

will occur if you wait until later 
lessons to trace circuits on complex 
diagrams. 

ANSWERS TO 
SELF-TEST QUESTIONS 

(a) A resonant circuit is one in 
which the inductive reactance 
cancels the capacitive react-
ance. 

(b) We mean that the rms value 
or the effective value of the 
ac current flowing in the cir-
cuit is 1 amp. The ac current 
would have the same heating 
effect as 1 amp of dc. Rem-
ember that an ac current actu-
ally drops to 0 twice each 
cycle and reaches peak values 
approximately 1.4 times the 
effective or rms value. 
We cannot add the voltages be-
cause they are not in phase. 
The voltage across the resis-
tor will be in phase with the 
current, whereas the voltage 
across the coil will lead the 
current by 90°. We must add 
these two voltages by means 
of vectors. 

(d) In the expression "j50", the j 
indicates a reactive compon-
ent; the 50 (for ohms) repre-
sents a reactance rather than 
a resistance. The plus sign 
in front of the j means that the 
reactance is inductive. A mi-
nus sign in front of the j in-
dicates capacitive reactance. 

(e) The voltage across the parts 
in an RC circuit will depend 
upon the parts themselves. If 
the reactance of the capacitor 
is greater than the resistance 
of the resistor then the volt-
age across the capacitor will 
be greater than the voltage 
across the resistor. On the 

(c) 
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other hand, if the resistance 
of the resistor is higher than 
the reactance of the capacitor, 
the voltage across the resistor 
will be greater than the volt-
age across the capacitor. 

(f) Across the resistor the volt-
age will be in phase with the 
current; across the coil it 
will lead the current by 90°; 
across the capacitor it will 
lag the current by 90°. 

(g) The Q of a coil is equal to the 
inductive reactance of the coil 
divided by the resistance of the 
coil. It is indicative of the 
worth of the coil, which is sup-
posed to have inductive react-
ance with little or no resist-
ance. Since the coil is wound 
with wire, however, it will 
have some resistance. The 
coil will act more like a re-
sistor as this resistance in-
creases. Therefore, a high-Q 
coil is better than a low-Q coil. 

(h) The current will reach its 
maximum value when the in-
ductive reactance of the coil 
cancels the capacitive react-
ance of the capacitor. When 
this happens we have a series-
resonant circuit. 

(i) Reducing the resistance in a 
series-resonant circuit will 
cause the current flowing in 
the circuit to increase. A 
higher resonant voltage will 
appear in turn across the coil 
and the capacitor. The voltage 
which appears across the re-
sistor will remain the same 
because the increase in cur-
rent will be counteracted by 
the reduction in resistance. 
Thus, the entire generator 
voltage will appear across the 
resistor. 

(J) 

(k) 
(1) 

(m) 

(n) 

The distinction between a 
series-resonant circuit and a 
parallel-resonant circuit lies 
in the way in which the volt-
age is applied to the coil and 
the capacitor. If it is applied 
to the coil and the capacitor 
in series, the circuit is se-
ries-resonant; if it is applied 
to the coil and the capacitor 
in parallel, the circuit is par-

allel-resonant. 
A high value resistance. 
The generator connected a-
cross a parallel-resonant cir-
cuit will supply a current of 
low value because the high re-
sistance of this type of cir-
cuit limits the current which 

can flow. 
The voltage across the re-
sistor will be small because 
the resistor is in series with 
the parallel-resonant circuit. 
Most of the voltage will be 
dropped across the higher re-
sistor. A parallel-resonant 
circuit has a very high resist-
ance at resonance and most of 
the voltage will be dropped 
across it. Consequently,there 
will be very little voltage 
across the 120-ohm resistor. 
In a parallel-resonant circuit, 
a high value current flows in 
the coil and in the capacitor. 
These two currents are 180° 
out of phase. Energy stored 
in the capacitor flows out of 
the capacitor into the coil, 
where it is stored, and then 
flows from the coil back into 
the capacitor. This back-and-
forth flow of current reaches 
a very high value.Even though 
the current actually supplied 
by the generator is low, it is 
enough to make up for losses 
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in the resonant circuit due to 
resistance in the coil and in 
the wires connecting the coil 
and the capacitor together. 

(o) Increasing the resistance of 
the coil in a parallel-reso-
nant circuit causes the gen-
erator current to increase. 

More losses occur as a result 
of increased resistance, and 
the generator supplies more 
current to make up for these 
losses. 

(p) A low LC ratio gives a sharper 
curve such as curve B in Fig. 
17. This type of curve is re-
quired in order to select one 
station and reject another. A 
broad curve such as curve A 
of Fig. 17 would be unsuitable 
because stations operating 
close to the desired station 
would not be rejected. 

(q) In a series-resonant circuit 
the same current flows in the 
coil and in the capacitor. As 
a matter of fact, since the 
generator, resistance, coil 
and capacitor are all in series 
in a series-resonant circuit, 
the same current must flow 
through all these components. 
On the other hand, in a par-
allel-resonant circuit the cur-
rent through the coil and capa-
citor are essentially equal in 
magnitude, but they are 180° 
out of phase. 

(r) In a series-resonant circuit, 
the voltage across the coil 

will be equal to but 180° out 
of phase with the voltage 
across the capacitor. In a 
parallel-resonant circuit the 
coil and capacitor are con-
nected in parallel and the volt-
age across the two will there-
fore be the same. 

(s) The generator current in a 
series-resonant circuit will 
be very high because this cir-
cuit acts as a low resistance. 
The generator current in a 
parallel-resonant circuit will 
be very low because this cir-
cuit acts as a high resistance. 

(t) The inductive reactance of the 
coil in a series-resonant cir-
cuit cancels the capacitive 
reactance of the capacitor. 
Therefore the only factor that 
limits current flow in the cir-
cuit is the resistance in the 
circuit. This results in a very 
high current flow. The current 
flowing through the coil and 
through the capacitor pro-
duces a voltage drop across 
these components which will 
be equal to the product of the 
current times the reactance 
of the particular part. This 
product may be greater than 
the source voltage. The volt-
age across the coil and across 
the capacitor are 18C? out of 
phase so that they cancel each 
other and the entire generator 
voltage will appear across the 
resistance in the circuit. 

(u) Increasing the value of L or 
C in a resonant circuit will re-
duce the resonant frequency. 

(v) Yes, the voltage across the 
coil and capacitor in a high-
Q series-resonant circuit will 
be greater than the voltage 
across the coil and capacitor 
in a low-Q series-resonant 
circuit. This is due to the fact 
that a higher current will flow 
in a high-Q circuit which, all 
other factors being equal,will 
produce a greater voltage a-
cross the coil and across the 
capacitor. 
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(w) When we reduce L below its 
at-resonance value in a se-
ries-resonant circuit, the in-
ductive reactance will be less 
than the capacitive reactance. 
Therefore the net reactance in 
the circuit will be capacitive - 
in other words the inductive 
reactance cannot completely 
cancel out the capacitive re-
actance. It will subtract from 
it but there will still be ca-
pacitive reactance left over, 
and the circuit will act as a 
capacitor. The current flowing 
through the circuit will lead 
the voltage. On the other hand, 
when we reduce L below its 
at-resonance value in a par-
allel-resonant circuit, the in-
ductive reactance will be less 
than the capacitive reactance 
and more current will flow 
through the lower reactive 
branch. The net result will be 
that the capacitive current 
cannot completely cancel out 
the inductive current. There-
fore, the circuit will act as 
inductance and the voltage will 
lead the current. 

(x) The resonant circuit is a se-
ries-resonant circuit because 
the voltage is induced in series 
with the turns of 12. There-
fore, the voltage is applied in 
series with the coil and the ca-
pacitor. 

(y) A low-pass filter is a filter de-
signed to pass signals below 
a certain frequency and reject (ah) 
all signals above that frequen-
cy. 

(z) A high-pass filter is a filter 

designed to pass all signals 
above a certain frequency and 
reject signals below that fre-
quency. 

(aa) A bandpass filter is a filter 
designed to pass a certain band 
of frequencies with little or no 
attenuation. It will reject or 
offer considerable opposition 
to frequencies above and below 
the band it is designedto pass. 

(ab) Various combinations of se-
ries-resonant and/or paral-
lel-resonant circuits are used 
in making up filters. 

(ac) An RC coupling circuit is used 
to transfer a signal from one 
stage to another without chang-
ing the shape of the signal. 

(ad) At low frequencies. 
(ae) The half-power point is the 

frequency at which 70.7% of 
the voltage appears across 
the resistor in an RC coupling 
circuit. At this frequency the 
current will also have dropped 
to 70.7% of its maximum value 
so that the power will be down 
50% of its maximum value. 

(af) Frequency distortion occurs 
when the amplifier does not 
amplify equal signals of dif-
ferent frequencies. 

(ag) A differentiating circuit is an 
RC coupling circuit with a 
short time constant. A circuit 
of this type will produce sharp 
spikes in the output which can 
be used for controlling stages 
in a TV receiver. 
An integrating circuit is a cir-
cuit with a long time constant 

that will build a series of 
pulses up into a single pulse. 
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Lesson Questions 

Be sure to number your Answer Sheet B108. 

Place your Student Number on every Answer Sheet. 

Most students want to know their grade as soon as possible, so they 
mail their set of answers immediately. Others, knowing they will finish 
the next lesson within a few days, send in two sets of answers at a time. 
Either practice is acceptable to us. However, don't hold your answers 
too long; you may lose them. Don't hold answers to send in more than 
two sets at a time, or you may run out of lessons before new ones can 
reach you. 

1. What determines whether a resonant circuit is a series-resonant or a 
parallel-resonant circuit? 

2. What is the impedance of a series-resonant circuit having the fol-
lowing component values: R =25 ohms, XL = 200 ohms, Xc = 200 ohms ? 

3. What do we mean bythe resonant voltage step-up in a series-resonant 
circuit? 

4. In which type of series-resonant circuit will the resonant voltage step-
up be the greatest: (a) a high-Q circuit, (b) a low-Q circuit? Why? 

5. What part does a parallel-resonant circuit act like at resonance? 

6. What is meant by the resonant current step-up in a parallel-resonant 
circuit? 

7. Which one of the following parts does a parallel-resonant circuit act 
like below the resonant frequency: (a) a resistor (b) a coil (c) a ca-
pacitor? 

8. Compare the following characteristics of series and parallel circuits 
at resonance: (a) resistance at resonance, (b) current at resonance. 

9. What is the difference between an RC coupling circuit and an RC 
differentiating circuit? 

10. What is the purpose of an integrating circuit? 



YOU HAVE AN AIM IN LIFE 

When you enrolled as a student member of the 
National Radio Institute, you took the first step on 
your road to success and happiness. You now have 
a goal for yourself -- you have an aim in life -- you 
are looking forward to the sort of work you like, the 
sort of income you want, and the respect and admira-
tion of your friends. 

Keep your goal in mind. Never forget it for a 
moment. Of course you will have your moments of 
discouragement -- we all have. But if you make a 
thorough search for the cause of your discourage-
ment, you will most likely find that you ate some-
thing which did not agree with you, or were kept 
awake last night by the neighbor's dog. 
Whenever you are tempted to neglect your studies, 

say to yourself: "I have a goal to reach and I'm going 
to reach it." Think how unhappy you would be if 
you did not have this goal. There is nothing as pathetic 
as a rudderless ship or a man without an aim in 
life. 

Here's to success and happiness -- your goal. 

q .e----,,---./ 
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STUDY SCHEDULE 

By dividing your study into the steps given below, you can get 
the most out of this part of your NRI Course in the shortest 
possible time. Check off each step when you finish it. 

1. Introduction   Pages 1 - 2 
A brief picture of the three magnetic devices you will study in 
this lesson is given here. 

2. Magnetic Circuits   Pages 3 - 9 
Here you learn how magnetic quantities are measured, and you 
study magnetic saturation and iron-core losses. 

3. Iron-Core Power Transformers   Pages 10 - 17 
In this section you study losses in transformers, turns-ratios of 
transformers, and power losses. 

4. Transformers for Specific Application   Pages 18 - 26 
You study audio, rf, i-f, and autotransformers. 

5. Iron-Core Chokes   Pages 27 - 31 
You study the electrical and physical characteristics of chokes, 
and learn how they are used. 

E 6. Relays   Pages 31 - 36 
The relay is an electric switch. You study several different 
types. 

• 7. Answers to Self-Test Questions   Pages 36 - 40 

• 8. Answer the Lesson Questions. 

• 9. Start Studying the Next Lesson. 
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TRANSFORMERS, IRON-CORE 
CHOKES, AND RELAYS 

In this lesson we will take up three 
very important parts which all op-
erate on magnetic principles; these 
are: transformers, iron-core chokes 
and relays. 
Transformers. 

You already have an idea of how 
important transformers are. Trans-
formers are used on ac power lines 
either to step-up or to step-down the 
voltage. They are used in electronic 
equipment to supply the high voltage 
needed to operate the plates of the 
various tubes in the equipment and 
to supply the low voltage to heat the 
tubes. They are used in transistor-
ized equipment to reduce the power 
line voltage to the voltage required 
by the transistors. 
Transformers have uses other 

than supplying electric power. They 
are used in coupling circuits to 
transmit an audio signal from one 
stage to another. They are also used 
in what are called "matching" cir-

1 

cuits to connect a device of one im-
pedance to a device of another im-
pedance. An example of this is the 
output transformer in a radio re-
ceiver, which is used to couple the 
low-impedance speaker to the higher 
impedance output tube or transistor 
that drives the speaker. If it were 
not for the transformer it would be 
difficult to get enough power from 
the tube or transistor to drive the 
speaker. 
Transformers are also used in 

television receivers to transfer the 
power from the sweep circuits to 
the deflection yoke. The deflection 
yoke is used around the neck of the 
picture tube to move the electron 
beam over the face of the picture 
tube to reproduce the television pic-
ture. If it were not for transformers, 
it would be difficult to get the power 
needed into the deflection yoke to 
move the beam over the face of the 
picture tube. 



Iron-Core Chokes. 

Iron-core chokes are found most 
frequently in power-supply equip-
ment. Chokes are used to help 
smooth the pulsating de found at the 
output of a rectifier into pure, 
ripple-free dc. When chokes are 
used for this purpose, they are called 
"filter" chokes because they "filter" 
the ripple or hum out of the pulsating 
de. You will see later that this is 
possible because the reactance of an 
iron-core choke is much higher than 
the de resistance. 
Relays. 

There are several types of relays 
that you are likely to meet in your 
electronics career. One type of re-
lay is nothing more than a form of 
automatic switch. The relay can be 
made either to close or to open the 
switch when power is applied to it. 

There are also other types of re-
lays; for example, some are used 

to protect circuits. This type is 
adjusted so that if the current flow-
ing through it exceeds a certain val-
ue, the relay will automatically open 
the circuit, thus protecting the de-
vice from an overload. 

Another type of relay is called a 
time-delay relay. This kind of relay 
is often found in electronic equip-
ment where it is important for the 
heaters of the various tubes to have 
time to heat before the high plate 
voltage is applied to the tube. This 
type of relay is energized when the 
equipment is turned on. After a pre-
determined time, the relay operates, 
closes the circuit, and applies plate 
voltage to the tubes in the equipment. 

Since the parts we'll study are all 
magnetic devices, before we look 
into any of them, we will review 
what you have already learned about 
magnetic circuits and learn some 
additional facts about these circuits. 
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Magnetic Circuits 

As we learned previouslywhenwe 
studied magnetic circuits, we can 
compare them with electric circuits. 
The force that drives the flux through 
a magnetic circuit is the magneto-
motive force. This force can be com-
pared to the electromotive force that 
drives current through an electric 
circuit. The flux that is driven 
through the magnetic circuit resem-
bles the current that is driven 
through an electric curcuit. 
The opposition to the flux through 

the circuit can be compared to re-
sistance in an electrical circuit, and 
is called reluctance. 

MAGNETIC UNITS 

There are units set up to meas-
ure many of the quantities encoun-
tered in magnetic circuits. It is not 
important for you to remember these 
units, so do not try to memorize 
them. We are presenting them here, 
however, so that you will have seen 
these terms and will have an idea 
of what they are when you run into 
them in the future. After you have 
completed your NRI course, you will 
have to keep abreast with new de-
velopments. In reading the litera-
ture on new developments in the 
electronics field, it is quite possible 
that you will run into many of these 
terms. 
Units of Magnetomotive Force. 

The magnetomotive force is ex-
pressed in terms of ampere-turns. 
If a current of 1 ampere flows 
through a coil having one turn, the 
magnetomotive force developed is 1 
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ampere-turn. If the coil had two 
turns, then the magnetomotive force 
would be 2 ampere-turns, and if a 
current of 2 amperes flows through 
a two-turn coil, the magnetomotive 
force will be 4 ampere-turns. 

The ampere-turn is an entirely 
satisfactory term for use in ex-
pressing the magnetomotive force of 
an electromagnet. However, it is not 
suitable for use with permanent 
magnets, and for this reason, an-
other unit of magnetomotive force 
is used. This unit is the gilbert. The 
gilbert is slightly smaller than the 
ampere-turn. To convert ampere-
turns to gilberts, you multiply the 
number of ampere-turns by 1.25. 
The magnetomotive force is the 

total force acting throughout the 
length of the entire magnetic circuit. 
Sometimes we want to express the 
magnetic force in terms of the mag-
netomotive force per centimeter. 
(The centimeter is a metric unit of 
measurement. There are about 2.5 
centimeters in an inch.) It may be 
given as gilberts per centimeter. 
Then, if the length of the magnetic 
circuit is six centimeters and the 
magnetomotive force per centimeter 
is 10 gilberts, the total magneto-
motive force would be 60 gilberts. 
The magnetomotive force per centi-
meter is called the magnetic force 
or the magnetizing force. 
Units of Flux. 

Previously when we were dis-
cussing magnetic flux we simply 
referred to the number of lines of 
flux. However, there is a term used 
for this purpose and it is the max-



well. One line of flux is equal to one 
maxwell. If you have a hundred flux 
lines, then the strength of the flux is 
100 maxwells. Another unit is the 
ldlomaxwell, which is equal to 1000 
maxwells. 

Another term that you will encoun-
ter is flux density. The flux density 
tells you how many maxwells or lines 
of flux pass through a given area. 
Flux density could be expressed in 
terms of maxwells-per-square-
inch, or it could be expressed in 
terms of maxwells-per-square 
centimeter. A flux density of 1 max-
well or one line per square centi-
meter is known as a gauss. Thus 
if we say that the flux density is 100 
gausses, we mean that there are 100 
Lines for each square centimeter of 
a cross-sectional area. If you had a 
magnet that was 3 x 5 centimeters, 
the total cross-section of the area 
would be 15 square centimeters. If 
the flux density is 100 gausses,then 
the total number of lines flowing 
would be 15 times one hundred or 
1500 maxwells. 
Units of Reluctance. 

There is no unit of reluctance. 
Engineers and technicians are more 
concerned with the permeability of 
a material, which you might say is 
the opposite of reluctance. It is the 
ability of the material to conduct 
magnetic flux. It is similar to con-
ductivity in an electric circuit, which 
is the ability of the material to con-
duct an electric current. 

There is no unit of permeability. 
The permeability of magnetic mate-
rials is rated according to how much 
better the material conducts mag-
netic flux than air does. The per-
meability of air and all other non-
magnetic materials is given the 
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numerical value of 1. If the per-
meability of a magnetic material is 
2, a magnetomotive force applied to 
it will produce twice as many flux 
lines as the same force applied to 
air. If we say the permeability of a 
certain magnetic material is 100, we 
mean that if the magnetomotive force 
applied to this material was applied 
to air, and it produced one line or one 
maxwell In air, then it would produce 
100 flux lines or 100 maxwells inthe 
material. 

MAGNETIC SATURATION 

One very important thing you 
should know about magnetic circuits 
is that they can be saturated. This 
means that they reach a point where 
all the possible lines of force exist, 
and increasing the magnetomotive 
force applied to the circuit will not 
produce any further increase in flux. 
Now let's see how this can happen. 
A magnetic material such as iron 

is actually made up of millions of 
small molecules. A molecule is a 
tiny particle made up of a combina-
tion of two or more atoms. Each of 
these molecules is actually a small 
permanent magnet having a north 
pole and a south pole. When there is 
no magnetomotive force applied to 
the material, the molecules are ar-
ranged in a helter-skelter fashion 
as shown in A of Fig. 1. You will 
notice that the magnets in this ma-
terial are pointing in all directions; 
there is no general organization so 
that all the north poles point in one 
direction and all the south poles point 
in another. 

Let's see what happens if we apply 
a magnetomotive force to this mate-
rial. This can be done by winding a 



PARTLY 
AGNET-
IZED 

Fig. 1. How the molecules in a material 
line up as magnetomotive force is applied. 

Each molecule is like a tiny magnet. 

coil around the material and passing 
a current through the coil. If the cur-
rent is strong enough to partly mag-
netize the material, some of the 
molecules will line up as shown in 
Fig. 1B. Notice in this figure that 
there is a general tendency for the 
north poles to point towards the left 
and the south poles to point to the 
right. However, there are a number 
of molecules that do not follow this 
general pattern. Some of them are 
still not lined up. 

If we increase the current flowing 
through the coil or if we increase 
the magnetomotive force by keeping 
the current constant and putting 
more turns on the coil, we will 
eventually reach a point where all 
of the molecules are aligned as in 
C of Fig. 1. Here all the north poles 
point to the left and all the south 
poles point to the right. When this 
situation exists, we say that the ma-
terial is saturated. This means that 
any further increase in the mag-
netomotive force will not produce 
any further increase in flux. You can 
see why this is so--all the mole-
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cules are already aligned; therefore, 
it would be impossible to line any 
more of them up and get more flux. 
Thus, there would be no point in in-
creasing the magnetomotive force. 
As a matter of fact, saturation is a 
condition to be avoided in most cases 
and if the current is increased be-
yond the amount needed to align all 
the molecules, some very undesir-
able results may occur. 

Saturation is sometimes referred 
to simply as saturation; other times 
it is referred to as "core saturation" 
because the magnetic material is 
usually the core of some device. The 
magnet may be used as the core of 
a transformer or a choke. Only mag-
netic materials can be saturated; 
an air core cannot be saturated. 
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13-H Curves. 
The characteristics of a magnetic 

material are often represented in 
the form of a curve called a B-H 
curve. B-H curves for several dif-
ferent materials are shown in Fig. 
2. These curves show the flux den-
sity that can be obtained with a given 
magnetizing force. Notice that as the 
magnetizing force starts to increase 
from zero at the left of the graph, the 
flux density increases quite rapidly 
at first, then a point is reached where 
the curve starts to flatten out and it 
takes a substantial increase in mag-
netizing force to get even a small in-
crease in flux density. Eventually a 
point is reached at which the flux 
density increases no further regard-
less of how much the magnetizing 
force is increased. This is the sat-
uration point. However, notice on 
this graph that the curve for air is 
a straight line. This simply means 
that as long as we continue to in-
crease the magnetizing force, the 
flux density in air will increase. In 
other words, an air core coil cannot 
be saturated. 

Curves of this type are often used 
by manufacturers of magnetic mate-
rials to describe the characteristics 
of these materials. 

IRON-CORE LOSSES 

When we were discussing satura-
tion, we spoke of gradually increas-
ing the current flowing through the 
coil to increase the magnetomotive 
force applied to the material. We 
were discussing a de current flowing 
through the coil. Even though we in-
creased the current to show the 
effects of saturation, the current was 
still flowing in the same direction. 

However, we are greatly concerned 
with the action of coils when alter-
nating current flows through them 
and the effect the ac has on the mag-
netic circuit. One of the important 

things to consider when dealingwith 
alternating current is the losses 
produced in the iron-core itself. 
Hysteresis. 
Suppose we apply de to a coil which 

in turn produces a certain magnet-
izing force. As the magnetizing force 
increases, the flux density in-
creases, as shown by the curve A 
in Fig. 3, following a curve such as 
the B-H curves shown in Fig. 2. At 
zero, the material is not magnetized, 
and as we increase the magnetizing 
force, the flux density increases. 
Now suppose we increase the force 
only up to point 1 in Fig. 3, then we 
decide that we will not increase the 
current any further, but instead 
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Fig. 3. Curve showing hysteresis loss in a. 
magnetic material. If there were no loss, 
the curve 1-2 would coincide with the 

curve 0-1. 



gradually decrease the current flow-
ing through the coil, thus reducing 
the magnetizing force. As the mag-
netizing force is reduced, the flux 
density will decrease. However, in-
stead of dropping back down to zero, 
it will follow the curve shown be-
tween points 1 and 2. At point 2, the 
magnetizing force has been removed 
entirely, but there is still a certain 
amount of flux. To get rid of this 
flux, we must actually reverse the 
current flowing through the coil. The 
power that must be applied to bring 
the flux density back to zero repre-
sents a loss due to the inertia of the 
magnetic circuit. This loss is called 
the hysteresis loss, pronounced 
hiss-ter-E-sis. 
Any iron-core device operated 

from ac will waste part of the power 
applied to it in this way. There is no 
way that we can eliminate the hys-
teresis loss altogether, but the 
amount of power lost will depend 
upon the material used. By the 
proper choices of material, the loss 
can be kept to a minimum. For ex-
ample, hard steel retains its mag-
netism and therefore the hysteresis 
loss in a material of this type would 
be quite high. On the other hand, soft 
iron and silicon steel retain very 
little of the magnetism so the hys-
teresis loss in the material of this 
type is much less than in hard steel. 
For this reason, the iron cores used 
in most transformers and chokes are 
made of silicon steel. 
Eddy Current Losses. 

Another loss that occurs in all 
iron-core devices is known as eddy 
current loss. 
You will remember that when a 

varying current flows through a coil, 
a varying flux is produced in the coil. 
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EDDY CURRENT 
PATHS 

Fig. 4. If the core of a transformer is solid 
as at A, there are many eddy current paths 
in it: these can be reduced by making a 

laminated core as at it. 

This flux will cut the turns of the 
coil and induce a voltage in it. The 
flux also cuts the turns of any near-
by coil and induces a voltage in it, 
and if the circuit to this coil is com-
plete, this induced voltage will cause 
a current to flow through it. If a 
transformer is made like the one 
shown in Fig. 4A, there are actually 
many paths in the core. Each path 
acts like a single-turn coil.We have 
shown two of these paths where a 
voltage can be induced which will re-
sult in a current flowing. These cur-
rents are nailed eddy currents and 
represent a loss. 
The eddy current loss in a trans-

former core can be kept at a mini-
mum by making the core out of thin 
sheets of magnetic material called 
laminations. The sheets are insu-
lated from each other by a coating 
of shellac or some other non-con-
ductive material. The sheets are 
then stacked as shown in Fig. 4B. 
Eddy current losses cannot be 

completely eliminated because even 
though the core is made of thin 
sheets, there are still some com-
plete paths present that act like sin-
gle shorted turns. However, making 
the core of thin laminations reduces 
the eddy current losses to a low 
value. 



Both eddy current losses and hys-
teresis losses vary with the fre-
quency. If the frequency is in-
creased, both losses increase. Thus, 
although these losses do present 
some problem at power-line fre-
quencies, they present an even 
greater problem at audio frequen-
cies, which may extend as high as 
15,000 cycles or more. These losses 
also explain why even laminated 
iron-core transformers are of no 
value at radio frequencies. The 
losses become so high that all of 
the energy put into the primary of 
the transformer would be converted 
into heat due to the eddy current and 
hysteresis losses. At radio frequen-
cisat„magnetic cores are made of 
finowdered iron -4xed 
with  a binder to hold the _particles 
together and insulate them from  each 
Othej:. 

Flux Leakage Losses. 

Unfortunately not all the flux pro-
duced by the magnetomotive force 
applied to a magnetic circuit will 
flow through the iron core of a de-
vice such as a transformer. Part 
of the flux will escape and travel 
through the air surrounding the core. 
This flux serves no useful purpose 
since it leaks out of the core and 
these flux lines do not cut the turns 
of the secondary winding. This loss 
is referred to as flux leakage loss. 

In a device such as a transformer, 
if the magnetic material used in the 
core approaches the saturation 
point, the flux leakage losses become 
quite high. Therefore, to keep this 
type of loss as low as possible, 
transformers are usually designed 
to operate well below the saturation 
point. However, even then it is im-
possible to eliminate this loss com-

pletely, because a certain amount of 
the flux produced by the primary 
will travel in a path other than 
through the core. 

Flux leakage is important not only 
because it represents a loss in the 
transformer, but also because the 
escaping flux lines may cut through 
some nearby part and induce a volt-
age in it. Thus energy in the trans-
former can be unintentionally fed 
into some other part. The amount 
of energy fed back may be high 
enough to upset the performance of 
the equipment. 

Flux leakage can also present a 
problem in television receivers. 
Flux leaking from a transformer 
can deflect the electron beam in a 
picture tube and cause distortion 
in the picture. In color TV receivers 
flux leakage can actually cause the 
color picture to break up into three 
separate pictures of different colors 
or cause color fringing where ob-
jects are outlined in one or more 
colors. 

In designing electronic equipment 
using transformers, engineers must 
consider the possibility of these un-
desired effects and try to keep trans-
former leakage fields away from 
the picture tube in TV receivers 
or other parts in the electronic 
equipment that could pick up inter-
ference from the field. In equipment 
where several transformers are 
used, they try to place the trans-
formers so that there will be a mini-
mum of interaction between them. 

SUMMARY 

In this section, you reviewed the 
facts you previously learned about 
magnetic circuits. You also learned 
some new terms. A unit of magneto-
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motive force that you will encounter 
is the gilbert and a unit of flux is the 
maxwell. You learned that the mag-
netomotive force is the force sup-
plied throughout the entire magnetic 
circuit. Sometimes the force is ex-
pressed in terms of the magnetomo-
tive force per unit length and is 
called the magnetizing force. 

The amount of flux produced is 
sometimes expressed in terms of so 
many lines of maxwells for a given 
area. If the unit of cross-section 
area used is the centimeter, and you 
have 1 maxwell per square centi-
meter, we say the flux density is 1 
gauss. 

It is important for you to remem-
ber that a magnetic material can be 
saturated and that when the satura-
tion point is reached, increasing the 
magnetomotive force will result in 
no further increase in flux. 

The losses encountered in iron 
cores are important. The three most 
important losses are hysteresis 
loss, eddy current loss, and flux 
leakage loss. All these losses repre-
sent some energy that is being put 
into the primary of the transformer 

for which we get nothing out of the 
secondary. In the next section we will 
study transformers and you'll see 
the importance of these losses. 

SELF-TEST QUESTIONS 

(a) 

(D) 

(c) 
(d) 

What is the gilbert? 
What is the unit of magnetic 
flux? 
What is meant by flux density? 
If the cross section area of a 
magnet is ten square centi-
meters and the flux density 
is ten gausses, what will the 
total number of flux lines flow-
ing be? 

(e) What is meant by magnetic 
saturation? 

(f) Is magnetic saturation a de-
sirable condition? 
How strong a magnetomotive 
force is required to produce 
saturation in air? 
What is a hysteresis loss? 
What are eddy current losses ? 
How are hysteresis losses 
kept at a minimum? 
How are eddy current losses 
kept to a minimum? 
What are flux leakage losses? 

(g) 

(b) 
(i ) 
(J ) 

(k) 

(1) 
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Iron-Core Power Transformers 
The ability of a varying magnetic 

field to induce a voltage in any con-
ductor with which it links makes it 
possible to transfer power from one 
circuit to another without direct wir-
ing connections. The device used for 
this purpose is called a transformer. 
In its simplest form a transformer 
is nothing other than two separate 
coils of wire wound on a common 
core or wound in such a way that 
the coils of wire are placed near 
each other so that the magnetic lines 
produced by one will cut the other. 
A power transformer is wound on 

an iron-core. The iron-core is usu-
ally shaped like the core shown in 
Fig. 5A. The coils are wound on the 
center leg of the core as shown in 
Fig. 5B, one inside the other. The 
schematic symbol used to identify 
an iron-core transformer is shown 
in Fig. 5C. 

o 

Fig. 5. The core of a power transformer is 
shown at A. The coils are wound on the 
center leg as at B. The schematic symbol 
for an iron-core transformer is shown at C. 

Transformers are extremely im-
portant to the electronics technician, 
so let's learn more aboutthem. 

POWER LOSSES 

In the preceding section of this 
lesson you learned about some of the 
losses that take place in magnetic 
cores. These losses, which are the 
hysteresis, eddy current, and flux 
leakage losses, are called "core" 
losses because they are character-
istic of the magnetic core which is 
used in the transformer. However, 
there are also other losses intrans-
formers. 
The coils making up the trans-

former are wound of copper wire. 
Copper has a very low resistance, 
but nevertheless it does have some, 
so the current flowing through the 
copper wire will encounter oppo-
sition. This means power will be 
lost or used in forcing the current 
through the coil. 
You know that the power is equal 

to voltage multiplied by the current; 
in other words: 

P=E xl 

But from Ohm 's Law we know 
that: 

E=IxR 

Therefore, in the power formula 
we can substitute I x R for E, and 
get 

10 

P=IxRxI 



which is usually written in the form 

P = I2R 

The power lost as a result of cur-
rent flowing through copper wire in 
a transformer will be equal to the 
current squared times the resist-
ance of the wire. This loss is usu-
ally referred to as the "I squared 
R" loss. 

Thus, in a transformer we have 
two groups of losses : the core losses 
and the copper losses. These losses 
appear in the form of heat. When a 
transformer is put into operation, it 
starts to heat up. The transformer 
will continue to get hotter and hotter 
until eventually a state of balance is 
reached where further heat gener-
ated by the transformer can be car-
ried away by the air surrounding the 
transformer and by the metal chas-
sis on which the transformer is 
mounted. When this balance is 
reached, the temperature of the 
transformer will stop rising, and the 
transformer will not get any hotter. 
The amount of heat that a trans-

former can dissipate in this way de-
pends upon its size. Since a large 
transformer will have a much 
greater air circulation and will be 
mounted on a larger area of the 
chassis, it can get rid of more heat 
than a small transformer. Therefore 
a large transformer is capable of 
handling a larger amount of power 
than a small transformer.As a mat-
ter of fact, the size of the trans-
former is usually a pretty good indi-
cation of the amount of power that it 
can handle safely. After you have 
worked on electronic equipment for 
a while, you'll learn to recognize 
from the size of a transformer ap-

proximately how much power it can 
handle. 

Transformers can be overloaded 
if too much power is taken from 
them. When a transformer begins to 
overheat it is an indication that it is 
being overloaded. Usually when a 
transformer is overheated in this 
way you will notice a dark colored 
sealing compound or wax lealdng out 
of the transformer, and often you can 
smell the varnish and insulation 
burning. 
An overload of this type may be due 

to a defect in the transformer itself 
or it may be due to a defect some-
where in the equipment that is pulling 
excessive current from the trans-
former. If the transformer itself is 
defective, the trouble is usually that 
two or more turns of the transformer 
have touched each other so that a 
short circuit exists and current can 
simply flow around inside the trans-
former. When this happens there is 
nothing you can do except replace 
the transformer. However, if the de-
fect is in the equipment rather than 
the transformer, and if you find it 
and eliminate the defect before op-
erating the equipment any more, the 
chances are that the transformer 
will once again give satisfactory 
service. 

If the transformer is operated with 
an overload, it will eventually get so 
hot that the insulation on the copper 
wire and on the terminal used to in-
sulate one winding of the trans-
former from another will become 
overheated. Usually paper is used 
to insulate the various windings on 
a transformer. If this paper becomes 
too hot, it becomes charred so that 
it is no longer a good insulator, and 
the windings on the transformer will 
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short together. When this happens, 
the transformer is no longer usable 
because it will draw more and more 
current and it will get hotter and 
hotter and eventually it will blow a 
fuse or the copper wire on one of the 
windings will melt so that the wind-
ing opens. 
Transformers are designed to op-

erate on a specific frequency. In 
other words, a transformer designed 
to operate on a 60-cycle power line 
will operate best only on a power 
line of that frequency. If you operate 
a 60-cycle power transformer on a 
25-cycle power line or accidentally 
plug it into a de power line, the 
transformer will burn out. A 60-
cycle transformer cannot be oper-
ated on a 25-cycle power line. No 
transformer can be operated from 
de. A 25-cycle transformer will op-
erate on a 60-cycle power line, but 
25-cycle transformers are much 
larger and much more costly to 
manufacture than 60-cycle trans-
formers, and therefore it would be 
uneconomical to design a trans-
former for 25-cycle power and then 
use it on a 60-cycle power line. 

In spite of the losses we have dis-
cussed, a transformer is one of the 
most efficient devices you will ever 
find. Large transformers such as 
those used by the power company 
achieve a very high efficiency, usu-
ally from 98% to 99%. Smaller trans-
formers such as you will find in elec-
tronic equipment usually operate at 
an efficiency of somewhere between 
95% and 98%. As far as the tech-
nician is concerned, this high effi-
ciency means that in many cases 
you can ignore the transformer 
losses. You can consider the power 
output of the transformer as being 

equal to the power input; the dif-
ference will be only a small per-
cent of the total power, and in evalu-
ating the performance of the trans-
former, very little error will be in-
troduced. 

TURNS RATIO 

The turns ratio of a transformer 
is the ratio of the number of turns 
on one winding of the transformer 
to the number of turns on the other 
winding. For convenience we usually 
identify the two windings on a trans-
former as the primary winding and 

the secondary winding or, more 
simply, as the primary and the sec-
ondary. The primary is the winding 
to which we apply the input power. 
The secondary winding is the winding 
from which we take power. If the pri-
mary winding of the transformer has 
500 turns, and the secondary winding 
has 100 turns, we say that the trans-
former has a turns ratio of 5 to 1. 
This is often written 5:1.1f the pri-
mary of the transformer has 100 
turns, and the secondary 500 turns, 
then we say that the transformer 
has a turns ratio of 1 to 5 (1:5). 

The ratio of the secondary volt-
age to the primary voltage will de-
pend upon the turns ratio. If the 
secondary winding has five times as 
many turns as the primary, we can 
expect to get five times the voltage 
from the secondary that we put into 
the primary. Similarly, if the sec-
ondary has only half as many turns 
as the primary, then we can expect 
to get half the voltage across the 
secondary that we put into the pri-
mary. If we get more voltage out of 
the secondary than we put into the 
primary, the transformer is called 
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a "step-up" transformer, and if we 
get a lower voltage out of the sec-
ondary than we put into the primary, 
then the transformer is called a 
"step-down" transformer. 

In expressing the turns ratio of a 
transformer, manufacturers and 
technicians do not always give it as 
the ratio of the primary turns to the 
secondary turns. If a transformer 
has 100 turns on the primary and 
200 turns on the secondary, the turns 
ratio is 1:2. However, sometimes 
this turns ratio is given as 2:1, step-
up. This tells you the transformer 
is a step-up transformer which 
means there are more turns on the 
secondary than on the primary and 
the secondary has twice as many 
turns as the primary. 
Power Consumption. 

One of the things that makes a 
transformer so useful is that it is 
basically a self-regulating device. 
By this we mean it takes no more 
power from the power line to which 
it is connected than is needed to sup-
ply the power demanded from the 
secondary. In other words, if we 
connect a load across the trans-
former secondary and this load con-
sumes 50 watts, then the power 
drawn from the power line by the 

primary will be 50 watts. Similarly, 
if we connect a 100-watt load across 
the secondary, then the power drawn 
from the power line by the primary 
will be approximately 100 watts. The 
primary will draw approximately the 
power required in order to furnish 
the demands of the secondary. We 
say approximately, because there 
are losses in the transformer itself, 
and the primary will draw the power 
needed to supply the secondary 
power plus the power neededto sup-

ply the losses within the transformer 
itself. 

Consider what happens when the 
primary of the transformer is con-
nected across the power line, but 
there is no load connected across 
the secondary. Under these circum-
stances, the secondary power is 
zero. Therefore, the primary does 
not have to supply any power to the 
secondary, and the power it will con-
sume for this purpose will also be 
zero. The only power that the pri-
mary will consume from the power 
line will be the power to make up 
the core losses and a very small 
copper loss. Thus , when the primary 
of a transformer is connected across 
the voltage source and there is no 
load connected to the secondary, the 
transformer draws very little power 
from the voltage source. Under these 
circumstances, the transformer is 
very inefficient because all the 
power it is consuming is being 
wasted. However, as we load the 
secondary, these losses remain al-
most constant and as the secondary 
begins to use power, the primary 
power increases until when the 
transformer is being operated at its 
rated power, its efficiency reaches 
a very high value. 

Because the primary power de-
pends upon the secondary power, the 
actual current that will flow through 
the primary of a transformer will 
depend upon the load connected to 
the secondary. Ignoring the core and 
copper losses, if we have a 10 to 1 
step-down transformer connected 
across a 100-volt power line, the 
voltage available at the secondary 
will be 10 volts. The turns ratio de-
termines the ratio of the primary to 
secondary voltage. The ratio of the 
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current flowing in the prirnary to the 
current flowing in the secondary also 
depends on the turns ratio, but it 
works in the opposite way. If we con-
nect a load across the secondary that 
draws a current of 1 amp, then the 
power taken from the secondary will 
be 10 volts times 1 amp, which equals 
10 watts. To supply 10 watts, the 
primary, since the voltage across it 
is 100 volts, needs only 1/10 of an 
amp and therefore this is the cur-
rent that it will draw from the power 
line. If we increase the load across 
the secondary and pull 100 watts 
from the secondary, then the current 
flowing in the secondary must be 10 
amps, because with a voltage of 10 
volts, it will take a current of 10 
amps to supply 100 watts. Under 
these circumstances, the primary 
again will pull the power needed from 
the power line to supply this 100 
watts. This means that the primary 
current will be 1 amp. 
Now notice what our situation is. 

Here we have a step-down trans-
former with a 10-to-1 turns ratio. 
This transformer steps the voltage 
from 100 volts down to 10 volts. How-
ever, the current acts in the opposite 
way. The secondary current is 
higher than the primary current. The 
secondary current will actually be 
10 times the primary current if we 
ignore the transformer losses. 
Therefore in a step-down trans-
former, the current is stepped up 
and similarly in a step-up trans-
former where the voltage is stepped 
up, the current is stepped down. 

Since the current drawn from the 
primary will vary as the loading on 
the secondary of the transformer 
varies, this means that the imped-
ance of the primary winding must 

vary. If the impedance of the pri-
mary winding remained constant, 
then the current flowing through the 
transformer primary would be con-
stant for any given primary voltage. 
However, since the current does 
vary, then the impedance must vary. 
This it does, in fact, and the actual 
impedance of the primary depends 
upon the impedance connected 
across the secondary. This is caused 
by the fact that when the impedance 
across the secondary varies, the 
current as well as the power de-
manded from the secondary will 
vary. The primary current and the 
impedance will also vary in turn. 

TYPICAL POWER 
TRANSFORMERS 

Many pieces of electronic equip-
ment that you will service will use 
power transformers. Power trans-
formers serve a number of useful 
purposes. First, by using a power 
transformer it is possible to have 
available a number of different op-
erating voltages other than the single 
voltage available directly from the 
power line. Furthermore, the power 
transformer isolates the equipment 
from the power line. This is a big 
advantage because one side of most 
power lines is grounded. If you ac-
cidentally come in contact with any 
grounded object and some of the cir-
cuits of the electronic equipment 
or the metal chassis of the equip-
ment at the same time, it is pos-
sible to get a severe shock from 
electronic equipment that does not 
use a power transformer. 
The power transformer found in 

modern electronic equipment has a 
primary winding and one or more 
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Fig. 6. A typical power transformer and its 
schematic symbol. 

secondary windings. A photo of a 

typical power transformer and the 
schematic symbol used to repre-
sent it are shown in Fig. 6. 
The winding marked Li is the pri-

mary winding. It is usually operated 
from a 115-volt, ac power line. 

The secondary winding marked L2 
is a high-voltage secondary. Notice 
that this winding is center tapped. 
This type of winding is used with a 
full-wave rectifier. 

A full-wave rectifier is a rectifier 
that rectifies both halves of each 
cycle. This winding is a stepup 
winding and is used to provide 
a voltage somewhat higher than that 
available from the power line to op-
erate the plates of the various tubes 
in electronic equipment. Voltages of 
250 to 350 volts are found in most 
circuits of modern radio and TV 
receivers; much higher voltages are 
found in transmitting equipment and 
in other pieces of industrial elec-
tronic equipment. 
The winding marked L3 is a step-

down winding. This winding is used 
to provide the filament voltage to 
operate the filament of the rectifier 
tube, which is used to change the ac 
to pulsating de. The windings marked 
L4 and L5 are also low-voltage wind-
ings. These windings are used to 
provide the heater voltage required 
by the various tubes in the equip-
ment. Some transformers have two 
low-voltage secondary windings like 
L4 and L5 on this transformer, but 
others have only one low-voltage 
secondary to heat the various tubes. 

Notice that the number of turns 
used in the schematic symbol gives 

some indication of whether the wind-
ings are step-up or step-down wind-
ings. L2 has more turns than Li, and 
here you can expect the voltage from 
L2 to be higher than the primary 
voltage applied to Ll. The windings 
L3, IA, and L5 have fewer turns 
than Li, indicating that their voltage 
is less than that of the primary wind-
ing. However, the schematic is not 
intended to show the exact number 
of turns or the turns ratio. 
The colors have been labeled on 

the various leads from this trans-
former. This is a standard color 
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Fig. 7. The standard ER (Electronics In-
dustries ‘ssociation) color code for power 

transformers. 

code used to identify transformer 
leads. The complete color code is 
shown in Fig. 7. However, do not 
expect all transformers to follow 
this standard color code. Some 
manufacturers use a color code of 
their own. Therefore, even when you 
are using the color code to identify 
the leads on a transformer, you 
should pay some attention to how the 
transformer is connected into the 
circuit, the size of the various wires, 
etc., to be sure that the manufac-
turer has followed the standard code. 

SUMMARY 

We have not tried to cover all the 
facts about iron-core power trans-
formers in this section of this les-
son. Transformers are a subject 
all by themselves. Some engineers 
spend their whole careers design-
ing different types of transformers. 
However, the information covered 
in this section will enable you as a 
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technician to understand enough 
about transformers to know how they 
operate. You will learn still more 
about audio transformers in this 
lesson. 
The important thing to remember 

from this section is that there are 
a number of different types of losses 
in transformers and that these 
losses cause the transformer to 
heat. Losses can be divided into core 
losses which consist of eddy cur-
rent, hysteresis, and flux leakage 
losses, and copper losses which are 
called the "I squared R" losses. 

Normally a transformer heats up 
as it is used, until it reaches a point 
at which it does not get any hotter. 
If the transformer in a piece of elec-
tronic equipment continues to get 
hotter and hotter and you can smell 
the insulation burning, it is an indi-
cation either that it is being over-
loaded or that there is a short either 
in the transformer or in the rest of 
the equipment. 
A step-up transformer is a trans-

former where a higher voltage is ob-
tained from the secondary than is 
put into the primary, and a step-
down transformer is a transformer 
where a lower voltage is obtained 
from the secondary than is put into 
the primary. The power output from 
the secondary of a transformer is 
approximately equal to the power in-
put of the primary. Thus in a step-
up transformer where the secondary 
voltage is higher than the primary 
voltage, the primary current must 
be higher than the secondary cur-
rent. Conversely, in a step-down 
transformer where the secondary 
voltage is lower than the primary 
voltage, the primary current will 
be lower than the secondary current. 



Power transformers used in elec-
tronic equipment usually have sev-
eral secondary windings. One sec-
ondary winding is used to provide 
the high voltage needed to operate 
the plates of the various tubes. The 
other secondary windings usually 
supply the heater voltage required 
by the rectifier and the other tubes 
in the equipment. Most transformers 
use a standard color code which can 
be used to identify the various trans-
former leads. 

SELF-TEST QUESTIONS 

(m) What is a transformer? 
(n) What are the two types of 

losses encountered in a trans-
former? 

(o) What happens to the power 
lost in a transformer? 

(p) Is a transformer generally 
considered an efficient de-
vice? 

(q) Can a power transformer de-
signed for operation on a 60-

cycle power line be used on a 
25-cycle power line? 

(r) What do we mean by a step-
up transformer? 
If you have a step-down power 
transformer with a turns ratio 
of 3:1, and the current being 
drawn from the secondary is 
3 amps, what will the primary 
current be? 

(t) The load connected across the 
secondary of a power trans-
former consumes 230 watts. 
If the primary of the trans-
former is operated from a 
115-volt power line, what will 
the primary current be if we 
consider the transformer ef-
ficiency as 100%? 

(u) A power transformer has a 
turns ratio of 2:1. The trans-
former is operated from a 
120-volt power line, and the 
device connected to the sec-
ondary winding draws a cur-
rent of 4 amps. What will the 
primary current be? 

(s) 
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Transformers for Specific 
Application 

As an electronics technician, 
there are a number of different types 
of transformers that you will en-
counter. We are not going to try to 
cover all of them here, but we will 
discuss a few of the more common 
types. The material in this section 
of the lesson is used simply to intro-
duce you to these special types. 
Later we will go into the transform-
ers in more detail when we study the 
applications in which they are used. 

AUDIO TRANSFORMERS 

In the early days of radio, audio 
transformers were used as coupling 
devices between the various stages 
of the receiver. By using a step-up 
transformer, the strength of the 
audio signal could be increased in 
the transformer itself. This was a 
big help, because the tubes used in 
those days did not have a great deal 
of gain. However ,modern tubes have 
high gain and audio transformers 
introduce frequency distortion, so 
they are no longer used with tubes 
for this purpose. 
Impedance Matching. 

You will remember that to trans-
fer maximum power from a de gen-
erator to a load, the load resistance 
must be equal to the generator re-
sistance. In ac circuits, to transfer 
maximum power from a generator 
to a load, the load resistance must 
be equal to the generator impedance. 
To transfer maximum power from 
one stage in an amplifier to the 
following stage, the impedances 

must be matched. Transformers are 
frequently used for this purpose, 
particularly in transistorized equip-
ment. For example, the output cir-
cuit of a transistor may have a much 
higher impedance than the input cir-
cuit of the following transistor. To 
transfer the power from the one 
transistor to the second one, an 
impedance-matching transformer is 
used. 

GREEN 

BLACK 

GREEN OR YELLOW 

Fig. 8. ‘n audio transformer t% iii, a tapped 
secondary. The colors are die standard 

color code. 

Another application in which a 
transformer may be used is where 
a single tube or transistor is used 
to drive two tubes or two transis-
tors. Then an audio transformer 
with a tapped secondary such as 
shown in Fig. 8 is used. With this 
type of transformer, the center tap 
winding is either connected to ground 
or used to supply bias to the stage. 
The two tubes or transistors are 
driven with signals of the opposite 
polarity. In other words, when the 
signal on the top green lead in Fig. 
8 is swinging positive, the signal on 
the lower lead that is green or yellow 
will be swinging negative. Thus when 
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the current in one of the stages is 
increasing it will be decreasing in 
the other and vice versa. This type 
of stage is called a push-pull stage 
and is frequently used in the output 
stage of high fidelity equipment in 
order to obtain a high power output 
with low distortion. We will cover 
this in detail later when you study 
tubes and transistors. 

Another place where transform-
ers are widely used in audio cir-
cuits is in the output between the 
last amplifier stage and the loud-
speaker. The output impedance of 
the power output tube or the power 
output transistor is generally much 
higher than the speaker voice coil 
impedance. A transformer, which 
is called the output transformer, is 
used to match the output stage to 
the loudspeaker in order to transfer 
maximum power from the output 
stage to the speaker. A transformer 
of this type will have a step-down 
turns ratio in order to match the 
higher impedance of the output stage 
to the lower impedance of the 
speaker. 
You saw in an earlier lesson that 

to transfer maximum de power from 
a generator to a load, that the gen-
erator and load resistances had to 
be equal. Now let's see how a trans-
former can be used in an ac circuit 
to match the load impedance to the 
generator impedance, so that the 
generator will deliver maximum 
power to a load that has an imped-
ance different from the generator 
impedance. 

In Fig. 9, we have shown how the 
power supplied to the load by a gen-
erator that has a no load voltage of 
100 volts and an internal impedance 
of 50 ohms varies as different load 

resistors are connected across it. 
You will notice that when the 50-
ohm load is connected across the 
generator, we obtain 50 watts across 
the load. If the load impedance is 
reduced below this value, then the 
power transferred from the genera-
tor to the load drops off. 

Similarly, if the load impedance 
is increased above 50 ohms, the 
power drops off. 

With a 50-ohm load connected 
across the generator, the total cir-
cuit resistance is 100 ohms: the 50-
ohm load, plus the 50-ohm genera-
tor impedance. The 100 volts gen-
erated will be divided with 50 volts 
being dropped in the generator and 
50 volts in the load. The current 
flowing in the circuit will be 1 amp. 

LOAD RESISTANCE 
IN OHMS 

POWER 
IN WATTS 

200 32 

150 375 

100 44.4 

50 50 

25 44,4 

9. Power supplied by a 100-volt gen-
(rator with an internal impedance of 50 

ihms for various values of load resistance. 

If we remove the 50-ohm load 
resistor, and connect some other de-
vice in its place that will draw a 
current of 1-amp from the genera-
tor, then there will be 50 volts across 
this device and the power supplied 
to it will be 50 watts, whichwe know 
is the maximum power that can be 
taken from the generator. A trans-
former can be used for this purpose 
providing it has the proper turns 
ratio, and providing the correct load 
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Is connected across the secondary 
of the transformer. 
The usual problem is to have the 

generator and the load and then have 
to select the transformer. Let's as-
sume that we have a 2-ohm load re-
sistor we want to connect across the 
generator and see how a transformer 
can be used to get 50 watts from the 
generator to the load. 
We know that the maximum power 

that can be transferred from the gen-
erator to the load is 50 watts. Now 
let's find out what the voltage across 
the resistor and the current through 
the resistor must be in order to get 
50 watts into the resistor. Remem-
ber the formula: 

P = 12 x R 

We know that P = 50 watts, and 
R = 2 ohms; therefore we can find 
the value of 12 in this manner: 

12 = 50 + 2 = 25 

This means that the current 
squared is equal to 25. We lmow that 
the square root of 25 is 5, because 
5 x 5 = 25. Therefore the current 
that must flow through the resistor 
is 5 amps. In order to figure how 
much voltage we need to get a cur-
rent of 5 amps to flow through a 2-
ohm resistor, we use the formula: 
E = I x R. This gives us 2 x 5, which 
equals 10 volts. 

So far we have found that to get 
50 watts into a 2-ohm load resistor, 
we must have a voltage of 10 volts 
across it. When we have 10 volts 
across the resistor, a current of 5 
amperes will flow through it, and the 
power supplied to the resistor will 
be 50 watts. However, we still have 
the problem of getting the 10 volts 
across the resistor. 

The transformer presents an easy 
method of doing this. We know that 
when we had maximum power trans-
fer from the generator to the load, 
we had 50 volts across the load. How-
ever, in the problem we have setup, 
we want only 10 volts across the load. 
The way to satisfy both of these con-
ditions is to connect a transformer 
across the generator as shown in 
Fig. 10. If we use a transformer with 
a turns ratio of 5 to 1, we will be 
able to satisfy these conditions. 
You will remember that the trans-

former is a self-regulating device. 
The primary will take the power 
from the source needed to supply 
the power demanded by the second-
ary. Under these circumstances 
when the generator, transformer, 
and load are connected as shown in 
Fig. 10, the primary current that 

TURNS-RATIO 
5:1 

_ - 

11F-1 2 OHMS 

50 VOLTS 
50 OHMS 

Fig. 1.0. A transformer used to match a 2-
ohm resistor to a generator with an internal 

resistance of 30 ohms. 

will flow will be 1 amp. This means 
that there will be 1 amp through the 
primary of the transformer, and 
therefore the power consumed by it 
will be 50 watts. The 50 volts ap-
plied to the primary will be stepped 
down by the transformer to give 10 
volts across the secondary.Withthe 
2-ohm load connected across the 
secondary, the secondary current 
will be 5 amps, and the power con-

t! 
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sumed by the secondary will be 50 
watts. Since the transformer is a 
step-down transformer, the current 
is stepped up. The primary current 
of 1 amp is stepped up to a current 
of 5 amps in the secondary. 

Under these circumstances, as far 
as the generator is concerned, it 
works exactly as it would if a 50-
ohm resistor were connected across 
it. The transformer has matched the 
two-ohm resistor to the generator. 
Technicians say that the generator 
"looks into" the load and it looks 
like a 50-ohm load connected across 
It. Because the transformer matches 
the load impedance to the generator 
to provide the generator with the 
impedance required to transfer 
maximum power from the generator 
to the load, the transformer is called 
an impedance-matching trans-
former. 
Turns Ratio. 

Notice the ratio of the two im-
pedances we matched. The generator 
impedance was 50 ohms, the load 
2 ohms. The ratio of these two im-
pedances is 50 to 2 or 25 to 1. The 
turns ratio of the transformer, how-
ever, was 5 to 1. But 5 is the square 
root of 25. Thus the relationship be-
tween the impedances to be matched 
and the turns ratio of the trans-
former needed to match the imped-
ance is: 

N1 = 
N2 Y Z2 

where Z1 is the generator imped-
ance, Z2 the load impedance, N1 the 
number of turns on the primary of 
the transformer, and N2 the number 
of turns on the secondary. Thus, 
N1/N2 is the turns ratio. 

AIITOTRANSFORMERS 

The schematic of another type of 
transformer is shown in Fig. 11.As 
you can see from the schematic, this 
transformer consists of a single 
winding with a tap. It is called an 
autotransformer because it has only 
one winding. (Auto is the Greek word 
for "self ".) In the transformer shown 
in Fig. 11A, the secondary voltage 
is higher than the primary voltage 
because there are more turns on the 
secondary than there are on the pri-
mary. In the transformer shown in 
Fig. 11B, the secondary voltage is 
lower than the primary voltage be-
cause the primary has more turns 
than the secondary. 

o 
SECONDARY 

PRIMARY 

PRIMARY 

o 

SECONDARY 

Fig. II. chematic of an autotransformer. 

The autotransformer is different 
from a conventional transformer in 
that the primary and secondary 
windings are not insulated from each 
other. The voltage applied to the pri-
mary will set up a magnetic field, 
and this magnetic field will cut all 
the turns of the secondary, including 
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those which may be a part of the pri-
mary, and induce a voltage in them. 
This voltage will appear across the 
secondary terminals of the trans-
former and if we connect a load to 
these terminals, current will flow 
through the load. 

Autotransformers have the dis-
advantage that the primary and sec-
ondary windings are not completely 
isolated from each other electri-
cally. In other words, there is an 
electrical connection between the 
primary and secondary windings. As 
a matter of fact, one lead connects 
directly to both primary and sec-
ondary windings as you can see from 
the diagrams in Fig. 11. However, 
they have the advantage over the 
transformer with two separate wind-
ings in that they are more economi-
cal to manufacture and therefore are 
frequently used in modern electronic 
equipment where keeping the cost as 
low as possible is of major impor-
tance. 

BF TRANSFORMERS 

Another transformer that you will 
encounter frequently is the rf radio 
frequency transformer. This type of 
transformer, because of the high 
frequencies at which it operates, is 
either an air-core or a powdered 
iron-core transformer. A typical 
rf transformer designed for use at 
standard broadcast band frequencies 
is shown in Fig. 12. 
RF transformers are used in the 

stages of a radio or TV receiver 
that are designed to amplify the re-
ceived signal frequency. In other 
words, in the case of a broadcast 
band receiver, the signal is picked 
up and amplified by one or more rf 

stages before it is processed in any 
way. RF transformers are used be-
tween stages of this type. 

In most cases, the secondary of 
the transformer, at least, is used 
in conjunction with a variable ca-
pacitor to form a resonant circuit. 
The rf transformer acts very much 
like the step-up transformer, be-
cause if the secondary is tuned to 
resonance, the circuit forms a 

Fig. 12. ..st typical rf transformer and its 
schematic symbol. 
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series—resonant circuit and there 
will be a resonant voltage step-up 
across the secondary of the trans-
former. This situation exists even 
though the primary of the trans-
former may have the same number 
of turns as the secondary. Here the 
step-up in voltage is being obtained 
because of the action of the reso-
nant circuit, rather than the action 
of the transformer. 



In TV receivers where the rf 
stages must operate on a much 
higher frequency, an rf transformer 
may consist of only one or twoturns 
of wire on the primary winding and 
the same number of turns on the 
secondary. If one winding of the 
transformer is tuned to resonance, 
it is usually tuned by stray circuit 
capacitances and capacitances in the 
tubes or transistors used in the stage 
rather than by a separate variable 
capacitor. 
RF transformers are sometimes 

called rf coils, but are actually 
transformers. Their operation is 
similar to that of the iron-core 
transformers you studied earlier in 
this lesson. 

I-F TRANSFORMERS 

Modern radio and television re-
ceivers use what is called a super-
heterodyne circuit. In this type of 
circuit the incoming signal is fed 
to a stage called a mixer stage 
where it is mixed with a locally 
generated signal. The output of the 
mixer stage produces a new signal 
frequency which is called the inter-
mediate frequency. We abbreviate 
this 1-f and call the stages used 
to amplify this signal i-f stages. 
Between the various i-f stages we 
use transformers called i-f trans-
formers. 
A typical i-f transformer and its 

schematic diagram are illustrated in 
Fig. 13. The primary winding of the 
transformer and its capacitor form 
a parallel-resonant circuit, and the 
secondary winding and its capacitor 
form a series-resonant circuit. Both 
the primary and the secondary wind-
ings are tuned to the same fre-

quency and usually the two windings 
have exactly the same number of 
turns on them. However, again be-
cause the secondary is a series-
resonant circuit, there is a resonant 
voltage step-up and the voltage 
across the secondary winding will 
be higher than the voltage across 
the primary winding. 

Even though the primary and sec-
ondary windings of an 1-f trans-
former are tuned to resonance at a 
specific frequency, they are de-

Fig. 13. A typical i-f transformer and the 
schematic symbol for it. 
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signed so that they have a certain 
bandwidth. By this we mean that in-
stead of passing only one specific 
frequency, the transformer will pass 
a band of frequencies. The actual 
bandwidth depends upon the design 
of the transformer and the frequency 
at which it operates. The bandwidth 
of a transformer can be shown by 
means of a response curve such as 
shown in Fig. 14. Here you will see 
that the resonant frequency is 455 
kc, but there is very little differ-



455 

445 465 

440 470 

Fig. 14. An i-f transformer response curve. 

ence in the response of the trans-

former either 10 kc below or 10 
kc above this frequency. Under these 
circumstances, the transformer 
would have a bandwidth of at least 
20 kc. In other words, it will pass 
signals having a frequency from 445 
kc to 465 kc satisfactorily. 
As a matter of fact, we can go a 

little further down the curve and see 
that there is not too much difference 
between 440 kc and 455 kc. You can 
see that deciding the bandwidth is a 
rather arbitrary thing. Engineers 
have set up as a standard the point 
where the response falls to .707 of 
the response at the resonant fre-
quency. This is the half-power point 
you have already studied. The band-
width of the i-f coil is the frequency 
between the .707 point on the low 
side of the curve and the .707 point 
on the high frequency side of the 
curve. These points have been 
marked A and B on the response 
curve shown in Fig. 14. 
They are called the "3-db down" 

points. The abbreviation "db" means 
decibel. It is a means of expressing 
power ratio. The 3-db down points, 

A and B in Fig. 14, are within 3-
db of the resonant frequency. 
We do not expect you to under-

stand the decibel at this time; we 
will go into it in more detail eventu-
ally. However, keep in mind the ex-
pression "3-db down", because this 
expression is frequently used by 
technicians and engineers. It is an 
idea that is somewhat difficult to 
grasp, but one of the first steps in 
seeing what is meant is becoming 
familiar with the term. Now that 
you have been introduced to it, the 
next time you will see it, it will not 
seem quite so strange to you. 
When you look at Fig. 13 you might 

think that the primary and secondary 
windings are placed so far apart that 
there would be very little coupling 
between the two of them. However, 
there actually is considerable cou-
pling between the two windings. The 
spacing of the transformer windings 
is adjusted to give exactly the de-
sired amount of coupling. If the coils 
are placed too close together, then 
the curve shown in Fig. 14 tends to 
flatten out and have a dip in the 
center around a 455 kc point. 

In TV i-f transformers, the coils 
are placed much closer together; in 
fact, often one is wound directly on 
top of the other. This is done in 
order to provide what is called very 
tight coupling and to spread out the 
response curve to pass a wide band 
of frequencies. You will see later 
that in television we must be able 
to pass a wide band of frequencies; 

otherwise, part of the picture in-
formation in black and white trans-
missions or part of the color infor-
mation in color broadcasts will be 

lost. 
TV i-f transformers do not have 
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a separate capacitor across the pri-

mary and secondary windings like 
the one shown in Fig. 13. There is 
enough capacity in the circuit and 
in the output and input in the vari-
ous stages to provide the capacity 
required in order to bring the wind-
ings on the transformer to reso-
nance. 

SUMMARY 

In this section of the lesson, you 
have been introduced to a number of 
new types of transformers. 
You have learned that transform-

ers are used between the audio 
stages in some pieces of equipment. 
Many of these transformers are 
step-up transformers so that the 
voltage across the secondary may 
be two or three times the voltage 
across the primary. However, in 
some high-power audio equipment, 
step-down transformers are used 
between audio stages. Transformers 
with tapped secondaries may be used 
when one tube must drive two tubes. 
Transformers are used as imped-

ance-matching devices. In order to 
get maximum power from a genera-
tor to a load, the load impedance 
must be equal to the generator im-
pedance. This situation can be met 
by using a transformer with a suit-
able turns ratio to match the load 
impedance to the generator imped-
ance so that the generator operates 
as if it were working into a load 
equal to its own internal impedance. 
Impedance-matching transformers 
are used between the output stage of 
a radio or TV receiver and the loud-
speaker. Because these transform-
ers are used at the output of the re-
ceiver they are usually called "out-
put" transformers. 

You have learned that the auto-

transformer is a single-winding 
transformer. Part of the trans-
former winding serves as both the 
primary and secondary. The auto-

transformer is frequently used to 
step up the line voltage if it is some-
what lower than normal. 
We have also mentioned rf trans-

formers. Although we did not go into 
a great deal of detail about them, 
you should recognize an rf trans-
former the next time you see one. 
An rf transformer has two windings, 
a primary and a secondary winding, 
and it operates in very much the 
same way as an iron-core trans-
former. 

I-F transformers have both a 
tuned primary and a tuned second-
ary. The primary is a parallel-reso-
nant circuit. The secondary is a 
series— resonant circuit. An i-f 
transformer has a certain band-
width; this means that the trans-
former will pass frequencies above 
and below the frequency to which it 
is resonant. The bandwidth of a 
transformer is defined as the fre-
quency difference between a point on 
the low side of the response curve 
and a point on the high side of the 
response curve at which the output 
from the transformer is .707 of the 
output at resonance. These points 
are called "3-db down" points. 
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SELF-TEST QUESTIONS 

(v) Are step-up type audio trans-
formers used in modern elec-
tronic equipment? 

(w) What is the major use of audio 
transformers in electronic 
equipment? 

(x) Why is it important that the 



output stage in a radio re-
ceiver or a TV receiver be 
matched to the speaker voice 
coil? 

(y) What type of audio trans-
former is used to drive a push-
pull stage from a single driver 
stage? 

(z) What must the turns ratio of 
an output transformer be to 
match a speaker with a 10-
ohm voice coil to an output 
stage that has an output imped-
ance of 1000 ohms? 

(an) What is an autotransformer? 
(ab) Is an autotransformer a step-

up transformer or is it a step-

(ac) 

(ad) 
(ae) 

(af) 

down transformer? 
What is the disadvantage of 
an autotransformer? 
What is an rf transformer? 
What type of core would you 
expect to find in an rf trans-
former? 
In a typical i-f transformer 
used in a broadcast receiver, 
the primary and secondary 
windings will have the same 
number of turns. However, in 
spite of this, the voltage across 
the secondary winding will be 
higher than the voltage across 
the primary winding of the 
transformer. Why is this so? 
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Iron-Core Chokes 
A choke is a coil used to purposely 

introduce a high reactance in a cir-
cuit. An iron-core choke is a coil 
wound on an iron core. A typical 
iron-core choke and the schematic 
symbol used to represent it are 
shown in Fig. 15. 

Iron-core chokes are sometimes 
found in audio equipment, bit their 
most important use is in power sup-

plies. Here they are used in con-
junction with capacitors to smooth 
the pulsating dc from the output of 
the rectifier. Chokes that are used 
for this purpose are called filter 
chokes or smoothing chokes. 

PHYSICAL AND ELECTRICAL 
CHARACTERISTICS 

It is sometimes difficult to dis-
tinguish an iron-core choke from a 
small power transformer. However, 
an iron-core choke usually has only 
two leads, whereas a power trans-
former has more than two leads. 
However, some iron-core chokes 
have a tapped winding. This type of 

choke has three leads and is very 
rare; most chokes have only two 
leads and can be distinguished easily 

from a transformer by this char-
acteristic. 

The core on which an iron-core 
choke is wound is similar to a trans-
former core. Thin sheets of lami-
nated silicon steel are used in con-
structing the core. A frame is gen-
erally provided around the core and 
this frame serves the dual purpose 
of holding the laminations of the core 
together tightly and also in providing 

a convenient method of mounting the 
choke. You can see the frame in 
Fig. 15. 

The core of an iron-core choke 
is made of silicon steel, which keeps 
the hysteresis losses in the choke as 
low as possible. The core is lami-
nated to keep the eddy current losses 
low. The pulsating dc that is fed to 

a filter choke is actually a mixture 
of ac and dc. The ac has exactly the 

0 --maw— 
Fig. 15. A typical iron-core choke and its 

schematic symbol. 

same effect in the choke as it has 
in a transformer, so both hysteresis 

and eddy current losses are present. 
A choke used in a power supply 

usually has a fairly high inductance. 
Inductances from about 1 henry up 
to 30 or 40 henrys are quite com-
mon. 
The size of wire chosen for wind-

ing a choke is determined by the cur-
rent that will flow through the choke. 
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When an iron-core choke is used as 
the filter choke in the power supply, 
there is usually a high de current 
flowing through it; superimposed on 
this de is ac. The wire with which 
the choke coil is wound must be large 
enough to accommodate this current 
without overheating. 
The current that flows through the 

choke coil will govern the size of 
core required. Saturation, which you 
have already studied, must be 
avoided in chokes. It can be avoided 
only by using an iron-core large 
enough to handle the magnetic field 
developed by the coil without reach-
ing the saturation point. 

If a choke becomes saturated, its 
inductance drops. This in turn re-
sults in a decrease in the inductive 
reactance and hence a decrease in 
its effectiveness in filtering the pul-
sating dc to pure de. 

In your career as an electronics 
technician, you will have occasion 
to replace defective filter chokes. 
When selecting a replacement, keep 
in mind that if you use too small a 
choke, it can be saturated and thus 
be very ineffective as a filter. 
Therefore, the replacement choke 
should be of approximately the same 
physical size as the original choke 
and the wire used to wind the choke 
should be at least as large as the 
wire used to wind the original choke. 
Technicians usually do not concern 
themselves with the wire size be-
cause manufacturers rate their 
chokes giving the inductance and the 
current that the choke is designed 
to handle. Thus, a choke rated at 8 
henrys, 250-ma, is a choke that will 
have an inductance of 8 henrys when 
a de current of 250 milliamperes 
is flowing through it. If the current 

flowing through the choke is higher 
than 250 milliamperes, the core will 
approach the saturation point, and 
the inductance will drop. If the cur-
rent flowing through the choke is 
less than 250 milliamperes, the in-
ductance of the choke will be some-
what higher than 8 henrys. This will 
not cause any trouble; the equipment 
will work as well as ever. If the cur-
rent flowing through the choke ex-
ceeds the 250-ma current rating 
substantially, the chances are that 
the choke will overheat and may 
eventually get so hot that it will 
burn out. 

HOW CHOICES ARE USED 

We mentioned that chokes are used 
along with capacitors in power sup-
plies to help smooth the pulsating de 
at the output of the rectifier to pure 
de at the output of the filter network. 
A typical circuit showing how a choke 
and a capacitor may be used is shown 
in Fig. 16. To see how the combina-
tion acts to filter the pulsating de, 
first consider that the pulsating de 
at the input actually consists of two 
components, ac superimposed on dc. 
To understand the action of the choke 
and capacitor, we can study their 
action on the two components sepa-
rately. 

INPUT 

o  

000000 

1 
OUTPUT 

o 

 o 

Fig. 16. A filter netv.ork made up of a 
choke and a capacitor. 
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Fig. 17. The effect of the filter circuit for 
a de component is shown at A, and for an 

ac component at R. 

You know that a choke offers little 
or no opposition to the flow of de 
through it. The only opposition the 
choke will offer to the flow of de will 
be due to the resistance of the wire 
used to wind the coil. Since this is 
normally quite low, the de can flow 
from the input through the choke coil 
to the output without any difficulty. 
The capacitor is charged by the de, 
but once it is charged, it will not 
draw additional dc through the choke. 
Between the input and output cir-
cuits, we actually have a very simple 
circuit like the one shown in Fig. 
17A insofar as the de is concerned. 
Notice that we have only a low re-
sistance in the circuit. The capacitor 
is not shown, and it can be completely 
ignored insofar as the de flowing in 
the circuit is concerned. 
The action of the choke and capaci-

tor to the ac component is completely 
different. The choke, since it has in-
ductance, has inductive reactance 
and is usually selected so that the 
inductive reactance will be quite 
high. The capacitor on the other hand 
is selected with a low capacitive re-
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actance. Thus, insofar as the ac is 
concerned, we have a circuit lilce the 
one shown in Fig. 17B.Here we have 
a high resistance taking the place of 
the choke and a low resistance taking 
the place of the capacitor. Now these 
two "resistors" act like a voltage 
divider and most of the voltage will 
be dropped across the high resist-
ance and very little will appear 
across the low resistance in the out-
put. If the reactance of the choke is 
ten times the reactance of the ca-
pacitor, the ac component at the out-
put would be approximately 1/10 the 
ac at the input. 

If further filtering is needed to 
smooth the pulsating de more than 
it can be smoothed by a single choke 
and capacitor, two chokes and two 
capacitors can be used as shown in 
Fig. 18. Here, if there is a 10-to-1 
reduction of hum (which is what the 
ac is called since it produces hum 
in the output of the device) in each 
section, the total hum reduction In 
a two-stage filter network of the 
type shown in Fig. 18 would be 100. 
This means that if a 100-volt ac sig-
nal is applied to the input of the cir-
cuit, there will be a 1-volt ac signal 
at the output. On the other hand, dc 
applied to the input would flow 
through the filter network relatively 
unhampered. 

In a two-stage filter network such 
as shown in Fig. 18, the first choke, 
marked Li, is called the input filter 
choke and the second one, marked 

Fig. 18. two-stage filter network. 



L2, is the output filter choke. The 
choke, Li, is sometimes a special 
type of choke called a swinging 
choke. This type of choke is made 
with a rather small air gap in the 
core. The core is somewhat smaller 
than it should be for the amount of 
current that will flow through the 
choke so that it saturates rather 
easily and its inductance varies. 
The advantage of using this type 
of choke is that we are able to ob-
tain better voltage regulation at the 
output of the power supply. By volt-
age regulation we mean keeping the 
output voltage more nearly constant 
as the load or current taken from 
the power supply vary. The second 
choke, marked L2, is usually called 
a "smoothing" choke. 

0 e  

INPUT 

o 

CI 

I 0%  

LI 
o 

C 2 ar ▪ OUTPUT 

/  

Fig. 19. capacitor input filter. 

Another type of filter network is 
shown in Fig. 19. This type of filter 
is often called a brute force filter. 
Notice that this network uses two 
capacitors and one choke. This type 
of network is called a capacitor in-
put filter, whereas the one shown in 
Fig. 18 is called a choke input filter. 
In Fig. 19, Cl is called the input 
capacitor and C2 the output capaci-
tor. The de output voltage obtained 
from a capacitor input type of filter 
is somewhat higher than can be ob-
tained from a choke input filter, but 
the voltage regulation is better with 
a choke input filter. Both types are 
found in modern electronic equip-
ment. 

SUMMARY 

Chokes are important to the elec-
tronics technician, because he will 
encounter them in most pieces of 
electronic equipment that he is 
called upon to service. 

Most chokes look like iron-core 
transformers except that they have 
only two leads, whereas a trans-
former has at least three and usually 
more leads. The cores of chokes are 
made of laminated sheets of silicon 
steel. This type of construction is 
used to keep the eddy current and 
hysteresis losses low. 

Chokes can be saturated if the cur-
rent passing through them is too 
high. Therefore, in replacing a de-
fective choke in a piece of electronic 
equipment, the technician should use 
a replacement at least as large as 
the original. Filter chokes are used 
in conjunction with capacitors to 
smooth the pulsating de at the out-
put of a rectifier to pure dc at the 
output of the filter circuit. Chokes 
are used for this purpose because 
they offer a low-resistance path to 
the flow of de through them but offer 
a high reactance to the flow of ac 
through them. The pulsating dc at 
the output of the rectifier actually 
consists of a de component with an 
ac component super-imposed on it. 
The choke lets the de component go 
through with little or no effect on it, 
and in conjunction with the capacitor 
greatly reduces the ac component. 
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SELF-TEST QUESTIONS 

(ag) How can you tell a filter choke 
from a power transformer? 

(ah) What is the purpose of the fil-



ter choke in a power supply? 
(ai) What is the danger of passing 

too high a current through a 
filter choke? 

(4) Does a filter choke offer a 
high resistance or does it offer 

a low resistance to the flow of 
de through it? 

(ak) In a two-stage filter network, 
what are the names given to the 
two filter chokes? 

(al) What is a swinging choke? 

Relays 
Another magnetic device is the 

relay. Although relays are used 
chiefly in transmitters and indus-
trial equipment, they are found in 
some radio and TV receivers with 
automatic tuning systems. Relays 
are used to open and close circuits 
electrically. They are electric 
switches. In many ways a relay is 
similar to a mechanical switch. In 
order to understand relays, you 
should understand mechanical 
switches. So let's look at them first. 

SWITCHES 

Switches are made with several 
different contact arrangements. The 
simplest switch is one that has two 
positions. In one position, the cir-
cuit is open; in the other position 
the circuit is closed. This is called 
a single-pole, single-throw switch, 
abbreviated SPST. Fig. 20 shows an 
example of this kind of switch. In 
the position shown at A, the circuit 
is closed. When the blade is raised 
as at B, the circuit is open. 
The switch illustrated in Fig. 20 

is only one kind of SPST switch. They 
are made with different types of con-
tact arrangements. However, al-
though the mechanisms are differ-

ent, the electrical principles are the 
same--in one position of the switch 
the circuit is open, and in the other 
position the circuit is closed. An 
ordinary light switch such as you 
have in your home is another ex-
ample of an SPST switch. 

Another type of switch, called a 
single-pole, double-throw switch 
(SPDT) is arranged so that in one 

Fig. 20. A single-pole, single-throw switch 
is shown closed at %, and open at R. 
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Fig. 21. A single-pole, double-throw switch 
makes contact in either of the two posi-

tions shown at A and B. 

position it closes one circuit, and 
in the other position it closes an-
other circuit. Fig. 21 shows an ex-
ample of this type of switch. 
A double-pole, single-throw 

(DPST) switch shown in Fig. 22 is 
really two switches in one. It has two 
blades, mechanically joined, sothey 
are thrown open or closed at the 
same time. As in the SPST switch, 
when the blades are down, the cir-
cuits are closed, and when they are 
up, the circuits are open. 
The double-pole, double-throw 

(DPDT) switch shown in Fig. 23 has 

Fig. 22. A double-pole, single-throw switch. 
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two blades joined mechanically and 

two closed positions. There are also 
triple-pole, single-throw (TPST) 
switches, and triple-pole, double-
throw (TPDT) switches. 

Relays are also made with all 
these different types of contacts. 
Let's see how a relay works. 

SIMPLE RELAY 

CONSTRUCTION 

In its simplest form, a relay con-
sists of nothing other than an iron-
core coil such as shown in Fig. 24 

Fig. 23. A double-pole, double-throw switch. 

with a bar of magnetic material 
placed on a pivot near one end of the 
core. One end of the bar is attached 
to a spring. The tension of the spring 
lifts the bar up and away from the 
core of the magnet. The motion of 
the top of the bar is usually re-
stricted by some non-magnetic ma-
terial so that when the relay is not 
energized, the bar will assume the 
position shown in Fig. 24A. 

When a voltage is applied to the 
relay coil, current flows through the 
coil and the magnetic field produced 
attracts the bar on top of the coil 
and pulls it down as shown in Fig. 



o 

o 

Fig. 24. Basic operation of a relay. 

24B so that the contacts A and B are 
closed. Leads can be connected to 
terminals A and B so that energizing 
the relay closes the circuit and cur-
rent will flow through the circuit. 
Some relays operate from dc, but 

V 

Fig. 25. double-11nm% relay. 

others are made that operate from 
ac. There is usually not too much 
difference between small ac and 
small de relays, except that the 
spacing between the bar and the mag-
net is usually somewhat greater in 
an ac relay. If the bar comes too 
close to the magnet in an ac relay, 
there may be some tendency for the 
relay to chatter. By chatter, we mean 
that the bar moves up and down as 
the ac goes through its cycle and the 
strength of the magnet varies. If the 
bar is made of heavy enough mate-
rial and kept a reasonable distance 
from the magnet, this problem is 
usually not encountered in small ac 
relays. 

RELAY CONTACTS 

The contacts on relays are iden-
tified using the same system that is 
used to identify the contacts on an 
ordinary switch. The movable arm 
of a relay or switch may be made to 
make contact in one position and no 
contact in the other position, or it 
may be made to make contact in 
either of two positions. 

If there is only one set of contacts 
on a relay, we call it a single-pole, 
single-throw relay. The relay shown 
in Fig. 24 has this type of contact. 

Single-pole, double-throw relays 
are arranged so that when the coil 
is energized, it pulls the bar down 
and the bar makes contact with one 
terminal and when the coil is not 
energized, then the bar moves up 
under the tension of the spring and 
makes contact with another termi-
nal, as shown in Fig. 25. 

Relays are also made with all the 
other contact arrangements that we 
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Fig. 26. Schematic symbols for different 
types of switches and relays. 

showed for mechanical switches. 
Fig. 26 shows the schematic sym-
bols for different types of switches 
and relays. 

SPECIAL PURPOSE 
RELAYS 

There are many special types of 
relays designed for specific jobs. 
Tlme-Delay Relay. 
One type of relay is a time-delay 

relay. In this type of relay, the con-
tacts do not close until a predeter-
mined time has elapsed after the 
power is applied to the relay. After 
this time has elapsed, the contacts 
are closed and the circuit is com-
plete. Time-delay relays are usu-
ally either SPST or DPST relays. 
Double-throw time-delay relays are 

seldom used. Time-delay relays are 
often used in transmitting equipment 
where it is desirable to allow the 
cathode of the tubes to warm up be-
fore the other operating voltages are 
applied. 
Overload Relay. 

Another type of relay is used for 
protective purposes in electronic 
equipment. This type of relay is 
often called an overload relay. It is 
designed so that the relay is ener-
gized and the circuit opens when 
the current exceeds a predetermined 
value. Sometimes a break-down in 
one circuit will affect another. The 
current in the second circuit might 
rise so high that some valuable part 
such as a tube would be destroyed. 
With an overload relay in the circuit, 
when the current rises above a safe 
value, the relay automatically opens, 
removing the voltage from the tube, 
thus saving it from destruction. 
As you might expect there are 

some circuits in which if the current 
drops below a predetermined value, 
some damage might result or the 
equipment might fail to operate 
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1, relay of the type found in electronic 
equipment. This is a triple-pole, double-

throw type. 



Fig. 27. A thermal type overload device. 

properly. There are relays that are 
set to open when the current drops 
below a predetermined value. 

Another type of overload device 
that is widely used in TV receivers 
is shown in Fig. 27. This type of 
overload is not a relay, but instead 
is made of a metal strip which is 
made from two dissimilar metals. 
The current flowing through the strip 
causes the metals to heat and they 
expand at different rates. If the metal 
gets hot enough, the expansion will 
be great enough to distort the metal 
so that it springs loose from the 
contact holding it in place and this 
opens the circuit. You will run into 
this type of overload device fre-
quently in TV receivers. Be sure 
not to confuse it with an overload 
relay. It serves the same basic 
purpose, but it is a thermal over-
load device rather than a magnetic 
relay overload device. 

SUMMARY 

Relays are devices used to close 
circuits automatically, to protect 
circuits either by waiting for a pre-

determined time before closing the 
circuit or by opening the circuit 
when an overload occurs. The relay 
consists of an electromagnet, a bar 
which can be held in one position by 
the magnet and returned to the other 
position by the spring, and one or 
more sets of contacts. 

Relays are found in many different 
types of electronic equipment. About 
the only types of defects you are 
likely to encounter in relays are open 
coils, and burned or dirty contacts. 
Sometimes replacement coils are 
available, sometimes the contacts 
can be cleaned, but with some types 
of relays the only suitable remedy 
for a defect is to replace the entire 
relay. 

SELF-TEST QUESTIONS 

(am) 

(an) 

(ao) 

(ap) 

(aq) 
(ar) 
(as) 

What do we mean when we 
refer to a switch as an SPST 
switch? 
What is meant by SPDT? 
What do the letters DPDT 
mean? 
What causes the contacts in 
a relay to close? 
What is a time-delay relay? 
What is an overload relay? 
Overload protective devices 
are frequently found in TV re-
ceivers - are these overload 
devices overload relays? 

LOOKING AHEAD 

The iron-core devices that you 
studied in this lesson are all de-
vices that will be found frequently 
in electronic equipment. Of the 
three, transformers and chokes will 
be found in more different types of 
equipment than relays, but there are 
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many pieces of equipment that use a 
large number of relays. Defective 
transformers, chokes, and relay 
coils can frequently be recognized 
by a characteristic odor that they 
give off when they have been over-
heated. Also, you will generally no-
tice signs of sealing wax and other 
compounds leaking from an over-
heated iron-core device. The in-
sulation becomes brittle and can 
often be crumbled with your fingers. 
You will not go far in your elec-
tronics career before you run into 
one of these devices that has broken 
down. Usually it is a simple matter 
to locate and replace one of these 
parts that is defective. 

In the lessons you have so far 
studied, you have covered a number 
of the basic components found in 
electronic equipment. Now, you are 
ready to study vacuum tubes, and 
then see how the components are 
used with vacuum tubes in ampli-
fiers and other interesting circuits. 

ANSWERS TO 
SELF-TEST QUESTIONS 

(a) The gilbert is a unit of mag-
netomotive force. The gilbert 
is slightly smaller than the 
ampere-turn. The gilbert is 
particularly useful in ex-
pressing the magnetomotive 
force of a permanent magnet. 
The maxwell is the unit of 
magnetic flux. One line of flux 
is equal to one maxwell. 

(c) The flux density is a measure 
of the number of flux lines 
passing through a given area. 
A flux density of one line or 
one maxwell per square centi-
meter is known as a gauss. 

(h) 
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(d) 

(e) 

(f) 

(g) 

(h) 

(i) 

100 maxwells or lines.To find 
the total number of lines you 
multiply the area in centi-
meters by the flux density; in 
this case 10 x 10 = 100 lines. 
When magnetic saturation oc-
curs, all of the molecules in 
the core material are aligned 
with their north poles pointing 
in one direction and their south 
poles pointing in the other so 
that any further increase in 
magnetomotive force cannot 
produce any further alignment 
of the molecules or any in-
crease in flux. 
No - in fact it produces a num-
ber of undesirable effects and 
should be avoided. 
Magnetic saturation cannot be 
produced in air regardless 
of how strong the magneto-
motive force is. 
A hysteresis loss is a loss due 
to the inertia of a magnetic 
circuit. When the core in a 
choke or transformer is mag-
netized by passing a current 
through the coil, the core does 
not return to a state of zero 
magnetism when the current 
is removed. Some magnetism 
will remain and power must 
be used to bring the flux den-
sity back to zero. This power 
required to bring the flux den-
sity back to zero represents 
the hysteresis loss. 
Eddy current losses are 
losses due to the fact that a 
core of the transformer choke 
acts like a complete turn of a 
coil and the flux cutting this 
turn induces a voltage in it 
which causes a current to flow. 
This represents a loss which 



is known as an eddy current 
loss. 

(j) By selecting a material that 
has very little magnetic iner-
tia. Materials such as silicon 
steel have much lower hyster-
esis loss than hard steel. 

(k) Eddy current losses are kept 
at a minimum by making the 
core of a transformer or choke 
coil in the form of sheets of 
metal rather than a solid 
piece. The sheets are elec-
trically insulated from each 
other so that the flow of eddy 
currents across the entire 
core material is prevented. 

(1) Flux leakage losses are due 
to the fact that part of the flux 
escapes from the core and 
travels through the air sur-
rounding the core. This flux 
serves no useful purpose since 
the flux lines in the case of a 
transformer would not cut the 
secondary winding of the 
transformer. 

(m) In its simplest form a trans-
former is two separate coils 
of wire wound on a common 
core and placed near each 
other so that the magnetic 
lines produced by one coil will 
cut the other coil. 

(n) The two types of losses en-
countered in a transformer 
are core losses and copper 
losses. 

(o) The power lost in a trans-
former is turned into heat. The 
heat is radiated by the trans-
former and the chassis on 
which the transformer is 
mounted. 

(p) Yes. A transformer is one of 
the most efficient devices you 
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(q) 

will encounter in electronics. 
Large power transformers 
may have efficiencies as high 
as 98% or better. This means 
that 98% of the power taken by 
the primary winding of the 
transformer is available for 
useful work at the secondary 
winding of the transformer. 
No. A transformer designed 
for 60-cycle operation will 
overheat and burn out if it is 
operated on a 25-cycle power 
line. 

(r) A step-up transformer is a 
transformer that has more 
turns on the secondary winding 
than on the primary winding. 
As a result, the voltage avail-
able across the output of the 
secondary winding will be 
higher than the voltage sup-
plied to the primary winding. 
The ratio by which the voltage 
is stepped up is determined by 
the ratio of the number of turns 
on each winding of the trans-
former. In other words, if the 
secondary winding has twice 
as many turns as the primary 
winding, the voltage available 
across the secondary will be 
twice the voltage applied to the 
primary. 
1 amp. A step-down trans-
former steps the voltage down 
by the turns ratio; however, 
it steps the current up by the 
same turns ratio. Therefore, 
if the secondary current is 3 
amps, the primary current 
will be only 1 amp. 

(t) 2 amps. To find the current 
we divide the power by the 
voltage; in this case we have 
230 watts divided by 115 volts 

(s) 



equals 2 amps. The efficiency 
of a transformer is usually 
so high that we can ignore any 
losses and if the power con-
sumed by the secondary is 230 
watts, we can consider that the 
primary power will also be 230 
watts. 

(u) If the turns ratio of a trans-
former is 2:1, and the trans-
former is operated on a 12 0-
volt power line, then the sec-
ondary voltage must be 60 
volts. Since the current drawn 
by the secondary winding is 4 
amps, then the power the sec-
ondary winding is supplying is 
60 x 4 = 240 watts. The pri-
mary winding must take this 
much power from the power 
line and since the voltage at 
the power line is 120 volts 
then the current must be 240 
watts divided by 120 volts = 
2 amps. 
No. Step-up type audio trans-
formers were used in the early 
days of radio when the gain 
that could be obtained with a 
single vacuum tube was com-
paratively low. By using a 
step-up type transformer 
some increase in voltage could 
be obtained in the transformer 
and this helped obtain a rea-
sonable voltage amplification 
in the stage. However, with 
modern tubes and transistors , 
adequate gain can be obtained 
in a stage without resorting to 
step-up transformers. 

(w) Audio transformers are most 
widely used in electronic 
equipment as impedance-
matching devices. They are 
used to match the impedance 

(v) 
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of one stage to the impedance 
of the following stage, and they 
are also used to match the im-
pedance of the output stage to 
the loudspeaker voice coil hn-
pedance. 

et) The output stage of a radio or 
TV receiver must be matched 
to the speaker voice coil in 
order to get maximum power 
transfer from the output stage 
to the speaker voice coil. 
A transformer with a tapped 
secondary. The center tap on 
the secondary is either 
grounded or used to feed bias 
to the push-pull stages and the 

signals supplied to the stages 
are 180° out of phase, so when 
the current is increasing in 
one stage of a push-pull am-
plifier it is decreasing in the 
other. 

(z) The turns ratio must be 10:1. 
The turns ratio is equal to the 
square root of 

(Y) 

Z1 
Z2 

Substituting 1000 ohms for Z1 
and 10 ohms for Z2 we find 
that the turns ratio is 

1000 . I 100 
10 

irg = 10 

(aa) An autotransformer is a 
transformer that consists of a 
single winding with a tap. 

(ab) An autotransformer can be 
either a step-up transformer 
or a step-down transformer. 
If the primary voltage is ap-
plied across the entire winding 



and the secondary voltage 
taken off between the tap and 
one of the primary connec-
tions, the transformer will be 
a step-down transformer. On 
the other hand, if the primary 
voltage is applied between the 
tap and one of the outside con-
nections and the secondary 
voltage taken off across the 
entire winding, the output 
transformer will be a step-up 
transformer. 

(ac) The disadvantage of an auto-
transformer is that the pri-
mary and secondary windings 
are not completely isolated 
from each other electrically. 

(ad) An rf transformer is a radio 
frequency transformer used 
between radio frequency am-
plifier stages. 

(ae) RF transformers have either 
an air-core or a powdered iron 
core. 

(af) The secondary winding of an 
i-f transformer, along with 
the capacitor connected a-
cross it, form a series-reso-
nant circuit. This results in 
a high circulating current and 
a resonant voltage step-up 
across the coil and across the 
capacitor. As a result, the 
voltage across the coil will be 
considerably higher than the 
source voltage. We refer to 
this increase in voltage as 
resonant voltage step-up and 
it explains why the voltage 
across the secondary winding 
of an i-f transformer is higher 
than the voltage across the 
primary winding. 

(ag) A filter choke has only one 
winding and therefore it has 
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(ah) 

only two leads. Transformers 
usually have two or three 
windings and therefore will 
have more than two leads. 
The filter choke is used in 
conjunction with filter capaci-
tors to help smooth the pul-
sating de from the rectifier 
output to pure dc. 

(al) The excessive current may 
over-heat and burn out the 
wire used to wind the filter 
choke. In addition, the filter 
choke may become saturated, 
even if it doesn't burn out, due 
to the excessive current flow-
ing through it and its effective-
ness as a filter will be re-
duced. 

(aj) A filter choke offers a low re-
sistance to the flow of de 
through it. The only opposition 
the choke offers to de is the 
resistance of the choke which 
is equal to the resistance of 
the wire used to wind the 
choke. On the other hand, a 
filter choke offers a high op-
position to the flow of ac 
through it. 

(ak) The two filter chokes are 
known as the input choke and 
the output filter choke. The 
choke connected to the recti-
fier is the input filter choke, 
and the other choke is the out-
put filter choke. 

(al) A swinging choke is a choke 
made with a small air gap in 
the core. The choke is usu-
ally somewhat smaller than it 
would normally be for the 
amount of current flowing 
through it and as a result the 
choke saturates easily. Its in-
ductance varies as the current 



flowing through it changes. 
(am) SPST means single-pole sin-

gle-throw. With this type of 
switch there is only one cir-
cuit and in one position the 
switch is closed and in the 
other position it is open. 
SPDT means single-pole dou-
ble-throw. With this type of 
switch one circuit can be com-
pleted with the switch in one 
position and a second circuit 
can be completed with the 
switch in the other position. 

(ao) DPDT means double-pole dou-
ble- throw. 

(ap) A current flowing through the 
relay coil produces a mag-
netic field which attracts a 
bar which is pivoted above the 
magnet. The magnet pulls the 
bar towards the magnet and the 
the bar closes the relay con-
tacts. 

(aq) A time-delay relay is a relay 
in which the contacts do not 
close when the relay is at first 
energized until after a pre-

(an) 

determined time has elapsed. 
This type of relay is frequently 
found in transmitting equip-
ment - its purpose is to permit 
the tubes to come up to op-
erating temperature before 
the high voltages are applied 
to the tubes. 

(ar) An overload relay is a relay 
used for protective purposes. 
The relay contacts are nor-
mally closed, but if the cur-
rent flowing through the relay 
coil exceeds a certain pre-
determined value the relay 
contacts will open protecting 
the circuit in which the relay 
is used. 

(as) No; overloads of this type are 
thermal overloads and operate 
when the current flowing 
through them causes the metal 
conductor to reach a certain 
temperature. This causes the 
metal to spring the contacts 
open. An overload device of 
this type is called a thermal 
overload and is not a relay. 
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Lesson Questions 

Be sure to number your Answer Sheet B109. 

Place your Student Number on every Answer Sheet. 

Most students want to know their grade as soon as possible, so they 
mail their set of answers immediately. Others, knowing they will finish 
the next lesson within a few days, send in two sets of answers at a time. 
Either practice is acceptable to us. However,don't hold your answers too 
long; you may lose them. Don't hold answers to send in more than two sets 
at a time, or you may run out of lessons before new ones can reach you. 

1. What do we mean when we say a magnetic circuit is saturated? 

2. Name the three types of core losses encountered in iron-core trans-
formers. 

3. If the primary of a 1:3 step-up transformer is connected to a 120-volt 
power line, what voltage will be produced across the secondary? 

4. If we connect a 200-ohm resistor across the secondary of a 1:2 step-
up transformer, and then connect the primary to a 100-volt source, 
what will the primary current be? 

5. What is the big disadvantage of interstage audio transformers? 

6. What must the turns ratio be of the matching transformer used to 

match a tube with an output impedance of 1600 ohms to a 16-ohm 
speaker? 

7. Why are transformers with separate primary and secondary windings 
more suitable than auto transformers in many applications? 

8. Could a 10-henry, 250-ma choke be used as a replacement for a 10-
henry, 200-ma choke? 

9. Why is a swinging choke often used as the input choke in a two-stage 
filter network? 

10. What does the abbreviation DPDT mean? 



DETERMINATION 

Did you ever watch a modern, diesel earthmover--
one with 10 times the horsepower of a car and rubber 
tires as tall as a man? Wasn't it a thrill to see that 
great machine level obstacles in its path, leaving a 
perfectly smooth roadway? The word "determination" 
always brings to mind that picture of an earthmover --
a machine which goes places once the throttle lever is 
thrown. 

So, too, are you determined to go places, to achieve 
success and happiness. One by one you are complet-
ing your lessons, studying hard and making sure you 
understand everything; step by step you are approach-
ing that greatest of all goals -- SUCCESS. 

Of course, the way is long and not always easy. 
But whenever the going gets a little tougher than 
usual or you feel a bit discouraged, just bring out 
that old determination, and back it up with every 
single ounce of ambition you have. 
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STUDY SCHEDULE 

By dividing your study into the steps given below, you can get 
the most out of this part of your NRI Course in the shortest 
possible time. Check off each step when you finish it. 

111 1. Introduction   Pages 1 - 3 
Electron emission is a basic part of tube operation. Here we 
take a look at the different types of emission. 

D 2. The Diode Tube   Pages 4 - 12 
You learn how a diode is made and how it works. 

D 3. The Triode Tube   Pages 12 - 20 
You learn how adding a third element to a tube makes it 
possible for the tube to be used as an amplifier. 

D 4. Tube Characteristics   Pages 20 - 29 
You study the characteristics of a tube, how they are pictured, 
and how they can be analyzed by using equivalent circuits. 

D 5. Multi-Element Tubes   Pages 29 - 37 
You study screen-grid, pentode, and other tube types. 

D 6. Special Tube Types   Pages 37 - 45 
Here we discuss gas-filled diodes, thyratrons, cathode-ray 
tubes, and other special types. 

D 7. Answers to Self-Test Questions   Pages 45 - 48 

D 8. Answer the Lesson Questions. 

D 9. Start Studying the Next Lesson. 
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HOW VACUUM 
TUBES WORK 

Vacuum tubes are used not only 

in radio and TV entertainment 
broadcasting, but also in commer-
cial radio equipment, telephone re-

peater systems, diathermy equip-
ment, and in many types of indus-
trial electronic equipment. Although 
transistors have taken over many of 
the jobs originally done by tubes, 
there are still many applications 

where the vacuum tube is superior 
to the transistor. Even in those ap-

plications where the transistor is 
superior to the vacuum tube, there 
are many older pieces of electronic 
equipment still in use using vacuum 
tubes which you will have to service. 

There are other applications where 
a transistor could be used in place 
of a vacuum tube, but vacuum tubes 

are used because they cost less than 
transistors or they can be manu-
factured in large quantities to closer 
specifications than transistors can 
be manufactured. 

There are many different sizes 
and shapes of vacuum tubes. Some 

tubes are so small they are scarcely 
larger than a thumbnail; other tubes 

found in large radio and TV trans-

mitters are several feet tall. Re-

gardless of whether the tube is a 
miniature tube such as those found 
in hearing aids or a large tube such 

as those found in transmitters, it 
works on the same basic principles. 

In this lesson you will study tubes 
in detail. Later you will see how 
these tubes are used along with the 
parts you studied in previous les-
sons. 

ELECTRON EMISSION 

In the circuits you studied in pre-
vious lessons, the electrons stayed 
within the circuit wiring and flowed 
only over a solid path. For example, 
when you connect a resistor across 

a terminal of a battery, the electrons 
are set in motion around the circuit. 
Electrons flow through the resistor, 

the wires and the battery, but they 
stay within the closed circuit.Elec-
trons do not leave the wire connect-
ing the resistor to the battery and 
travel off into space around the wire, 
nor do they leave the resistor and 
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move into the space around it. In a 
tube, however, electrons are forced 
to fly off into the space surrounding 
one of the elements in the tube. This 
element is called the cathode. When 
an electron leaves the cathode we 

say it is "emitted" by the cathode; 
the giving up of electrons by the 
cathode is called "emission". 
You will remember that all mate-

rial is made up of atoms and that one 
of the parts of the atom is the elec-
tron. The electrons in an atom are 
in a continuous state of motion. The 
speed and the amount of motion de-
pend, for one thing, upon the tem-
perature of the material. Normally 
the atomic force within the atom 
prevents electrons from escaping 
and flying off into space.This is true 

even in the case of the free elec-
trons in a conductor that move 
through the conductor when current 
flows. However, if enough heat is 
supplied to a conductor, it is some-
times possible to overcome the force 
holding the electrons within the sur-
face of the conductor and to drive 
some of the electrons off into the 
space surrounding it. This is what 
we mean by emission. This type of 
emission is often called "thermi-
onic" emission; thermionic means 
emission by heat. Some materials 
give off electrons more readily and 
at lower temperatures than other 
materials. Often the cathodes of 
tubes are coated with these mate-
rials that will readily give off elec-
trons at low temperatures. 

Altogether there are four ways in 
which electrons can gain enough 
energy to escape from a material 
into the space around it. These are: 
(1) they can be evaporated or driven 
out by applying heat; (2) they can be 
driven off by bombardment by very 
small, high-speed particles such as 

other electrons; (3) they can be 
driven out of some materials by the 
energy in light rays; and (4) they 
can be jerked or pulled out by a very 
high positive potential placed on a 
nearby metallic object. All four of 
these methods are used in various 
types of electron tubes to provide 
the free electrons that all tubes 
depend upon for their operation. 
However, the first method, evapo-
ration by heat, is by far the most 
important, and we will spend more 
time in this lesson on tubes using 
this type of emission. We will also 
briefly discuss the second and third 
types of emission. 
Therm ionic Emission. 
As we mentioned, when electrons 

are driven from a metal or metallic 
compound by means of heat, this 
type of emission is called thermi-
onic emission. Thermionic is pro-
nounced THERM-I-ON-IK. As we 
mentioned, thermo means heat, ionic 
refers to electrons and hence the 
word thermionic is used to describe 
the type of emission where the elec-
trons are driven from the cathode 

by heat. 
In the operation of a vacuum tube 

it makes no difference where the 
heat comes from; if the cathode can 
be made hot enough it will emit elec-
trons. However, the most convenient 
method of producing the heat needed 
is by means of a heater or filament 
placed inside the vacuum tube. A 
voltage is applied to the heater or 
filament and this voltage causes a 
current to flow through the heater 
or filament and causes it to heat to 
at least a red heat, and sometimes 
to a white heat. The hot filament 
or cathode then gives off the elec-
trons required to operate the tube. 
It is important to realize the heater 
or filament voltage applied to the 
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tube for the purpose of heating the 
tube does not actually enter into the 
operation of the tube in any way 
except to provide trie energy nec-
essary to heat the cathode. If in-
stead of using electrical energy to 
heat the cathode we were able to 
heat the cathode with a gas flame, 
the heater or filament voltage could 
be removed entirely and the tube 
would perform just as well. 

The terms heater, filament and 
cathode might be somewhat con-
fusing at this time. A cathode is an 
electrode which gives off electrons. 
It is heated by means of an element 
called a heater. A filament is a com-
bination heater and cathode. We will 
go into this in detail in the next sec-
tion of this lesson. 
Secondary Emission. 

When electrons are driven off a 
metal by bombarding the metal with 
high-speed particles such as other 
electrons, we refer to this type of 
emission as secondary emission. 
What happens in this type of emission 
is that a particle travelling at a very 
high speed strikes the metal object 
with such force that it is able to 
dislodge a number of electrons from 
the material. These dislodged elec-
trons fly off the material into the 
space surrounding it. You will see 
later that this type of emission is 
not always desirable; as a matter of 
fact, it creates a problem in some 
vacuum tubes. 

Photoelectric Emission. 

When electrons are driven out of 
the material by the energy in light 
rays, this type of emission is called 
photoelectric emission. Photoelec-
tric tubes are used in the motion-
picture industry in connection with 
the sound track. A soundtrack is put 
on the side of the film. Light passing 
through this sound track strikes a 
photoelectric tube. The density of the 
sound track varies as the speech or 
sound originally recorded on the film 
varies. This causes the amount of 
light striking the photoelectric tube 
to vary, which in turn varies the 
number of electrons emitted. 

Photo-emission is not often en-
countered in radio and TV servicing, 
but it is of importance to the indus-
trial electronics technician. Even 
the radio-TV serviceman should 
know something about it, because 
photoelectric tubes have been used 
in the past in radio-phono combina-

tions. In addition, you may have 
occasion to service the sound sys-
tem of a home movie projector. 
Now let's see how tubes work. You 

already know something about how a 
vacuum tube operates. However, in 
the explanations we have given you 
previously, we have left out many 
details in order to approach the sub-
ject gradually. Now we will learn 
more about tubes by studying all 
these details. Let us start by study-
ing the simplest tube. 
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The Diode Tube 
The simplest tube has only two 

elements, one to give off the elec-
trons and another to receive them. 
The element that gives off the elec-
trons is called the cathode, and the 
element that receives the electrons 
is called the plate or anode. A simple 
tube having only two elements is 
called a diode. 

Other tubes have other elements 
in addition to these two. Therefore 
as we study the diode, remember 
that tubes with more than two ele-
ments are really diodes with addi-
tional elements added. 

TUBE CATHODES 

Tube cathodes can be divided into 
two types, those that are directly 
heated and those that are indirectly 
heated. Directly heated cathodes are 
called filament-type cathodes or, 
more frequently, simply filaments. 
This type of cathode was used 
in early vacuum tubes and is 
still used in tubes designed for bat-
tery operation, and in large trans-
mitting tubes. Indirectly heated 
cathodes are simply called cathodes. 
Filament-Type Cathodes. 
The schematic symbol used to 

represent a filament type of cathode 
is shown in Fig. 1. The voltage used 
to heat the filament is applied di-

Fig. 1. Schematic symbol used to repre-
sent a filament type of cathode. 

rectly between the two leads from 
the filament. 

In large transmitting tubes the 
filament is made either of pure tung-
sten or of a mixture of tungsten and 
thorium. The very large transmit-
ting tubes generally have a pure 
tungsten filament. Tungsten is a 
metal that can be operated at very 
high temperatures. Most electric 
light bulbs manufactured today have 
a large percentage of tungsten in the 
filament that is heated to a very high 
temperature to give off light. 
The filaments used in many of the 

smaller transmitting tubes are made 
of a mixture of thorium and tungsten 
and are called thoriated filaments. 
The addition of thorium to the tung-
sten provides a material that will 
give off electrons at a somewhat 
lower temperature than pure tung-
sten. Thus the amount of power re-
quired to heat the filament is lower 
than for a pure tungsten filament. 
Thoriated tungsten is not as suitable 
as pure tungsten in large transmit-
ting tubes. The very high voltages 
used on these tubes can pull the 
thorium right out of the filament and 
thus destroy the tube. In smaller 
transmitting tubes the voltages used 
are not high enough to do this. 

Filament-type receiving tubes de-
signed for operation in portable re-
ceivers were widely manufactured 
at one time. The filaments of these 
tubes were coated with oxides of 
certain metals. This type of filament 
is called an oxide-coated filament 
and it has the characteristics of 
giving off electrons at a still lower 
temperature than a thoriated fila-
ment. Thus the filament power re-
quired by this type of tube is even 
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less than that required by the thori-
ated filament. 
Even though filament-type re-

ceiving tubes operated on compara-
tively low voltages and required only 
a very small current, the fact that the 
heater power served no useful pur-
pose led to the disappearance of this 
type of tube. Modern portable re-
ceivers all use transistors since no 
filament power is required. How-
ever, you may occasionally run 
across an older portable receiver 
that some set owner is particularly 
fond of and have to fix this receiver. 
Generally, filament-type tubes are 
available for replacement purposes. 

Oxide filaments are found in some 
small transmitting tubes used in 
mobile applications. However, if the 
voltage applied to the tube exceeds 
500 volts by very much, the oxide on 
the filament may be pulled off by 
this voltage and therefore oxide-
coated filaments will be used only 
in small transmitting tubes. 
The filaments of transmitting 

tubes that are made of either tung-
sten or thoriated tungsten can be 
operated on either ac or dc. How-
ever, the oxide-coated filament used 
in small tubes designed for use in 
battery-operated equipment are 
usually made very small and thin 
in order to keep the filament power 
required as low as possible.11 these 
filaments are operated from ac, as 
the ac drops to zero and then rises 
to a maximum value twice during 
each cycle, the current flowing 
through the filament will vary, 
causing the temperature of the fila-
ment to vary. This will cause a vari-
ation in emission from the filament 
resulting in hum. Therefore the fila-
ment of small transmitting tubes and 
the older obsolete portable receiver 
types must be operated from dc. 

SUPPORTS 

FILAMENT 

SUPPORT 

Fig. 2. Typical filaments. 

The filament of a vacuum tube 
must be supported so it will stay 
in position. Typical filaments show-
ing the type of support used are 
shown in Fig. 2. It is important that 
the filament be held tight so that it 
cannot sag and short to nearby ele-
ments in the tube. As a matter of 
fact, if the position of the filament 
changes, even though the filament 
may not touch any other elements in 
the tube, the characteristics of the 
tube will change because there are 
several tube characteristics that de-
pend upon the spacing between the 
filament and the other elements in 
the tube. 
Indirectly-Heated Cathodes. 
The schematic symbol used to 

represent an indirectly heated cath-
ode is shown in Fig. 3. The indirectly 
heated cathode is simply called a 
cathode. Notice that in addition to 
the cathode we have another element 
drawn beneath the cathode in the 
schematic symbol. This is the 

HEATER J I I CATHODE 

Fig. 3. Schematic symbol used for a heater 
and indirectly heated cathode. 
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heater, which is used to heat the 
cathode. Sometimes this is loosely 
called a filament because of its 
similarity to the filament we have 
just discussed and because the first 

tubes had directly heated cathodes. 
In fact the transformer winding used 
to supply heater voltage is still often 
called the filament winding. 

The cathode is built in the form 
of a hollow cylinder like those shown 
in Fig. 4. The heater is placed in-
side of this hollow cylinder. Voltage 
is applied to the heater, and the heat 
produced by the heater is radiated 
and in turn heats the cathode. 

The cathode is usually coated with 
oxide. This is done in order to pro-
vide an abundant supply of electrons 
at low operating temperatures. This 
type of cathode is used only in re-
ceiving tubes or small transmitting 
tubes where the applied voltage is 
not high enough to pull the oxide 
material off the cathode. 

In many schematic diagrams of 
circuits in which an indirectly heated 
cathode type of tube is used, the 
heater is omitted. The heater actu-
ally serves no useful purpose as far 
as the operation of the tube is con-
cerned, other than to heat the cath-
ode. It does not enter into the char-
acteristics of the tube and therefore 
the heater connections can be omit-
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ted to simplify the schematic dia-
gram. The connections to the other 
elements in the tube are the ones 
that actually determine what the tube 
will do and how it will operate. We 
will follow this practice in many 
cases so we can emphasize the op-
erating circuits. 
Operating Voltages. 
The filament or the heater of a 

vacuum tube is designed to operate 
on a certain definite voltage. The 
first number used to identify re-
ceiving tubes gives an indication of 
the heater or filament voltage. For 
example, a 12 L6 tube operates on a 
heater voltage of approximately 12 
volts. The exact voltage is 12.6 
volts. The number preceding the 
first letter indicates the heater volt-
age. A 35Z5 tube requires a heater 
voltage of 35 volts. A 6F6 tube re-
quires a heater voltage of 6.3 volts, 
and a 2BN4 tube requires a heater 
voltage of 2.3 volts. Keep this in 
mind; it will be helpful to you when 
you start doing service work. The 
first number or group of numbers 
preceding the letters in the tube 
designation is an indication of the 
filament or heater voltage for which 
the tube was designed. This system 
is followed only for modern re-
ceiving tubes. Older receiving tubes 
did not use this system, and trans-
mitting and industrial tubes do not 
use it. 

THE PLATE 

In the first vacuum tubes made, 
the anode that received electrons 
emitted by the cathode was simply 
a flat piece of metal, and hence was 
called a plate. 

In modern vacuum tubes the plate 
completely surrounds the filament 
or cathode. The shape of the plate 



Fig. 5. Typical plate structures. 

depends to some extent on the type 
of cathode used. If the cathode is 
simply a round cylinder, then the 
chances are that the plate will also 
be a round cylinder. However, if a 
filament type of cathode is used, 
such as those shown in Fig. 2, the 
plate will usually be rectangular in 
shape. Typical plate structures are 
shown in Fig. 5. 
Vacuum tube plates may be made 

of any of several different materials, 
such as nickel, molybdenum, carbon, 
iron, tungsten, tantalum, and graph-
ite. Zirconium is also sometimes 
applied as a coating on the plate. The 
plates of most receiving tubes and 
small transmitting tubes are made 
of nickel, which can easily be formed 
into the desired shape. 
The plate of a vacuum tube is sub-

jected to a certain amount of heating. 
Part of this heat comes from the fila-
ment or cathode, and part of it is 
produced by the electrons striking 
the plate. These electrons striking 
the plate can cause considerable 
heating; as a matter of fact in some 
transmitting tubes they produce so 
much heat that the plate becomes a 
bright red color. 
The fact that the plate is heated 

results in a few additional problems. 
First, if the plate gets hot enough it 

will give off electrons, and if this 
happens the tube may not work 
properly because electrons may be 
able to travel both ways through it. 
The tube would simply act like a re-
sistor. Therefore steps must be 
taken to keep the plate below the tem-
perature where it will emit elec-
trons. This is not too big a problem 
in small receiving tubes, but in the 
larger tubes it can be quite serious. 
The plate is often given a dull black 
finish because a black surface radi-
ates heat readily and therefore will 
be cooler than a polished surface. 
The plates of many transmitting 
tubes are fitted with fins to provide 
a larger surface to dissipate or get 
rid of the heat produced at the plate 
of the tube. Large transmittingtubes 
are often water-cooled. As a matter 
of fact, in some large broadcast sta-
tions the water used to cool the tubes 
in the transmitter is used to heat the 
building in the winter. 

Even if the plate is kept cool 
enough to prevent thermionic emis-
sion, the electrons travelling from 
the cathode of the tube over to the 
plate can pick up enough speed to 
strike the plate so hard that they will 
knock other electrons loose from the 
surface of the plate. Remember, this 
is one of the types of emission we 
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discussed before and it is called 
secondary emission. The electrons 
that are knocked off the plate of the 
tube in this way leave the plate at 
a rather low speed. The plate nor-
mally has a positive voltage applied 
to it and the electron is negative, 
so in a diode tube, if the plate is 
positive, the electrons are simply 
attracted back to the plate. Second-

ary emission does not cause any 
difficulty in a diode. However, you 
will see later that in tubes having 
additional elements, secondary 
emission can be a problem. 

Another problem that is created 
when the plate of a tube becomes very 
hot is that almost all metals have a 
certain amount of gas trapped right 
in the metal. When a metal plate be-
comes very hot, the gas trapped in 
it may be forced out of the metal and 
into the space surrounding the plate 
of the tube. Gas in a tube can destroy 

its usefulness. Now let's see why it 
is important that the amount of gas 
in a tube be kept as low as possible. 

CAS EVACUATION 

Tubes are called vacuum tubes be-
cause all the gases inside the tube 
including air are normally evacu-
ated. There are two important rea-
sons why these gases must be re-
moved from inside the tube. First, 
if air is permitted in the tube, the 
filament or heater will oxidize; in 
other words, it will simply burn up 
when heated. Secondly, even if this 
problem could be overcome, there 
is another important reason why all 
gases must be removed from the 
tube. Gases are made up of mole-
cules. Although these particles are 
extremely small, they are neverthe-
less many times the size of an elec-
tron. An electron traveling from the 

cathode of the tube to the plate moves 
at a fairly high speed. The chances 
are that the majority of electrons 
traveling from the cathode to the 
plate would strike one or more gas 
molecules if there were a large 
amount of gas in the tube. If a high 
speed electron strikes a gas mole-
cule the electron will be deflected 
from its path and it will knock elec-
trons out of the gas molecule. 

Normally a gas molecule has no 
charge. However, if it is struck by 
an electron, which knocks other 
electrons out of the molecule, the 
molecule will be short of electrons, 
and hence will have a positive 
charge. We call positively charged 
molecules "ions". These ions are 
large and heavy in comparison to 
electrons and have a fairly high 
positive charge on them. Since the 
cathode of the tube is normally con-
nected to a negative voltage source, 
it is negative, and will attract these 
positive ions. As a matter of fact, 
the positive ions will pick up a fair 
amount of speed traveling to the 
cathode and may bombard it with 
such force that small particles of 
the cathode material will be knocked 
loose. 
Gas inside a vacuum tube is ex-

tremely undesirable. Therefore, in 
the manufacturing process, every 
effort is made to remove all the 
gases from inside the tube. However, 
some of the gas will remain in the 
tube and additional gas will boil out 
of the materials from which the tube 
is made the first time the tube is 
heated. To get rid of these gases 
left in the tubes a "getter" is placed 
inside the tube. 
A getter is a small cup containing 

chemicals. During the manufac-
turing process, the tube is first 
evacuated by means of pumps. This 
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will remove most of the gases from 
the tube. The tube is sealed and then 
it is heated. In the heating process 
gases are driven off the metals in-
side the tube such as the cathode and 
the plate. At the same time, the 
getter is heated and the chemicals 
in the getter combine with any gas 
molecules released, forming metal 
compounds, which are deposited on 
the glass envelope of the tube. The 
compounds in the getter hold onto 
the gas molecules and will not easily 
release them into the space inside 
the tube again. The silvery appear-
ance that many tubes have near the 
base of the bulb is produced by the 
compounds forming on the glass 
envelope of the tube. 
By using this procedure it is pos-

sible to obtain an excellent vacuum 
in tubes with a pure tungsten fila-
ment. The vacuum inside a tube with 
a thoriated tungsten filament is not 
quite as good, and the vacuum inside 
tubes with oxide-coated filaments is 
still poorer. The reason for this is 
that you can heat a tube with a pure 
tungsten filament to a higher tem-
perature than you can the other types 
and hence the action of the getter is 
even more complete in these tubes 
than it is in the other types. 
For this reason, tubes with thori-

ated tungsten filaments or oxide-
coated cathodes are limited to uses 
where the operating voltages are 
somewhat lower than those that can 
be applied to pure tungsten filament 
tubes. 
The leads connected to the vari-

ous elements inside the tube are 
brought through glass seals. The 
glass is heated to a high tempera-
ture and it flows around the leads, 
providing a nearly perfect seal. Thus 
once the tube is evacuated, it is al-
most impossible for air to leak back 

into the tube. We say almost im-
possible because there is no such 
thing as a perfect seal and air will 
gradually leak back into the tube. It 
may take several years for enough 
air to get into the tube to affect its 
performance, but if the tube is left 
around unused long enough, eventu-
ally enough gas will get into the tube 
so that its operation will be im-
paired. 
Tubes that have had all the gas re-

moved from inside them are called 
hard tubes. Most tubes found in radio 
and TV receivers are hard tubes. 
However, there is another group of 
tubes into which certain types of gas 
have been deliberately introduced. 
Mercury is put inside some diode 
tubes. When these tubes are opera-
ted, the mercury will heat and vapor-
ize, filling the inside of the tube with 

mercury vapor. This type of tube is 
called a soft tube or a gaseous tube. 
Other gases are sometimes used, but 
mercury vapor is the gas you will be 
most likely to encounter. It is easy 
to identify a mercury vapor tube be-
cause mercury gives off a char-
acteristic blue glow. Therefore, if 
you see a tube operating with a bright 
blue glow, the chances are it is a 
mercury vapor tube. 

If there is excessive gas inside a 
hard tube it also will have a blue 
glow. However, the blue glow is not 
as bright as it is in a mercury vapor 
tube. Mercury vapor tubes are al-
most always diode tubes, although 
a special type called a thyratron has 

three elements and hence is a triode. 
These tubes are usually quite easy 
to pick out. If you discover a blue 
glow between the elements of a hard 
tube, the tube is gassy and should be 
replaced. 

Before leaving this subject there 
is one other point that should be 
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brought out. Electrons emitted from 
the cathode of a hard tube frequently 
travel at a high speed and miss the 
plate of the tube and strike the glass 
envelope. When they do this there 
will often be a blue glow on the en-
velope of the tube. This does not 
indicate a defect in the tube. If a 
hard tube shows this blue glow on 
the envelope of the tube you can for-
get about it; it does not mean any-
thing. However, if the blue glow ap-
pears between the elements of a hard 
tube, the tube is gassy. 

CHARACTERISTIC CURVES 

Among the information published 
by vacuum tube manufacturers are 
the characteristic curves of their 
tubes. These curves make it possible 
for the engineer or technician to 
predict how the tube will perform 
under a given set of operating con-
ditions. The characteristic curve of 
a diode tube shows how much current 
will flow when a given voltage is ap-
plied to the plate of the tube.A typi-
cal diode characteristic curve is 
shown in Fig. 6. 

Notice that this characteristic 
curve is not a straight line. It is bent 
on the two ends. Also notice that 
there is a very small current flow 
even when the plate voltage is zero. 
This is because a few of the elec-
trons emitted by the cathode travel 
with sufficient velocity to reach the 
plate even without a positive voltage 
on the plate. As the plate voltage is 
slowly increased from zero to a high 
positive value the number of elec-
trons flowing to the plate gradually 
increases. At first the increase is 
non-linear, but as the plate voltage 
is increased still further, eventually 
a point is reached where the char-
acteristic curve becomes quite 

I p 

Ep 

Fig. 6. Characteristic curve of a diode 
showing the relationship between plate 
current and plate voltage. Notice that 
there is a small plate current even when 
the plate voltage is zero. This is caused 

by a few electrons being emitted by the 
cathode at such a high speed that they 
travel over and strike the plate even when 

no voltage is applied to it. 

linear. By this we mean the curve 
is a straight line which indicates 
that we will get an almost constant 
change in plate current for a given 
change in plate voltage. For ex-
ample, on a linear curve, if increas-
ing the plate voltage from 25 to 50 
volts causes an increase in current 
of 5 milliamperes, we can expect an 
increase in plate current of 5 more 
milliamperes when we increase the 
plate voltage from 50 volts to 75 
volts. Again, if we increase the volt-
age from 75 volts to 100 volts and 
the curve is linear, we can expect 
another 5 milliampere plate current 
increase. 

Notice that the top of the curve be-
gins to round out and become flat--
this is called plate current satura-
tion. Eventually a point is reached 
where all of the electrons emitted 

10 



by the cathode are drawn immedi-
ately to the plate of the tube. In other 
words, the electrons do not form a 
space charge or electron cloud 
around the cathode, but instead 
travel immediately from the cathode 
of the tube right over to the plate. 
When this point is reached, increas-
ing the plate voltage still further will 
result in no further increase in the 
plate current flowing in the tube be-
cause the plate is pulling all the free 
electrons over to it and is gathering 
them up as fast as the cathode can 
emit them. As a matter of fact, if 
the plate voltage is increased be-
yond this point, there is the danger 
that some electrons will be emitted 
from the cathode by the process of 
jerking them out of the cathode by 
the high plate voltage. This may 
cause small particles of the cathode 
material to jerk loose, and if this 
happens the cathode of the tube will 
soon disintegrate and the tube will 
no longer be usable. 

SUMMARY 

There are a number of important 
things you should remember in this 
section. First, the cathode found in 
tubes can be divided into two types--
the directly heated cathode which is 
called a filament, and the indirectly 
heated cathode, which is simply 
called a cathode. Remember that the 
heater used to heat an indirectly 
heated cathode performs no useful 
purpose other than to heat the cath-
ode of the tube. It does not enter into 
the electrical circuit and operation 
of the tube itself. 

Three types of cathode material 
are found in vacuum tubes: pure 
tungsten, thoriated tungsten, and 
oxide coatings. 

Several different types of plates 

are used in vacuum tubes; the exact 
shape of the plate is usually deter-
mined by the shape and type of cath-
ode used in the tube. The plate of a 
vacuum tube will give off electrons 
by thermionic emission if it becomes 
too hot. However, some transmitting 
tube plates can operate at a red 
temperature without giving off elec-
trons, the materials used in the 
manufacture of the plates of these 
tubes are selected because they give 
off electrons only at a very high 
temperature. The plate may also 
give off electrons due to secondary 
emission. In some tube types this 
can become a problem. 
The inside of a vacuum tube is 

normally highly evacuated. A tube 
with a high vacuum is called a hard 
tube. Gas is deliberately introduced 
into some tubes, and these are called 
soft tubes. 

SELF-TEST QUESTIONS 

(a) Name the two elements found 
in a diode tube. 

(b) Into what two types can tube 
cathodes be divided? 
What is the name given to a 
directly heated cathode? 

(d) How is the cathode of an in-
directly heated tube heated? 
Why is the cathode of a re-
ceiving-type tube usually 
coated with an oxide? 
What useful purpose does the 
heater of an indirectly heated 
tube serve other than to heat 
the cathode of the tube? 
Approximately what would you 
expect the heater voltage to be 
of a type 8AC9 tube? 

(h) What are the two names given 
to the element in the diode tube 
that receives the electrons? 
What two things cause the plate 
of a vacuum tube to be hot? 

(e) 

(e) 

) 

(g) 
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(j) What two undesirable things 
may happen if the plate on a 
vacuum tube becomes exces-
sively hot? 
What is the purpose of a getter 
inside a vacuum tube? 

(1) What is meant by a hard tube? 
(m) What is a soft tube? 

(k) 

(n) What does a small blue glow 
appearing on the glass en-
velope of a hard-type tube in-
dicate? 

What do we mean when we say 
that the plate current - plate 
voltage curve of the diode is 
linear over most of its range? 

(0) 

The Triode Tube 

The development of the diode or 
two-element tube merely opened the 
door to the field of electronics. The 
diode tube has only limited appli-
cations. It can be used as a rectifier 
to change ac to dc, and in some other 
special circuits, but it cannot be 
used to amplify. 

Early in the start of the twentieth 
century, the triode tube was devel-
oped. This tube touched off the rapid 
development in electronics that has 
occurred since then. The develop-
ment of the triode tube led to the 
development of other multi-element 
tubes which have made possible cir-
cuits undreamed of not too many 
years ago. 
You have already been introduced 

Fig. 7. Different ways of representing the 
grid on schematic diagrams. 

to the triode and know that the triode 
tube has three elements: a cathode, 
a grid, and a plate. The introduction 
of the grid between the cathode and 
the plate of the tube made it possible 
for a vacuum tube to amplify weak 
signals. You already have a general 
idea of how the grid works, but in 
this section we will review this idea, 
expand it, and then learn more about 
tube characteristics. It is extremely 
important for you to understand all 
the details of how a triode tube 
works, because the multi-element 
tubes that you will study later are 
simply triodes with additional ele-
ments added. 

HOW THE GRID WORKS 

The third element inside the vacu-
um tube is placed between the cath-
ode and plate and is called the grid. 
As the name implies, the grid is of 
open construction. The schematic 
symbol used to represent a grid is 
shown in Fig. 7A. On some old dia-
grams you might find the symbol 
shown in 7B used - this symbol is 
obsolete. 
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Fig. 8. Different types of grid structures. 

Several different types of grid 
construction are shown in Fig. 8. 
Notice that in A the grid is made in 
the form of a spiral mesh, like a 
screen, whereas the grid shown in 
B is made up of a spiral-wound coil 
with the turns placed relatively close 
together. In C the same type of con-
struction is used as in B, but the 
space between the turns is much 
greater. In D the grid is more or less 
rectangular in shape and is sup-
ported by the U-shaped elements at 
the end so that the grid is held in a 
very rigid position. The grid is sup-
ported by the frame and this type of 
construction is often referred to as 
a frame grid. It has this advantage 
over the other types: the grid wires 
can be placed very close together 
and very close to the cathode, which 
as you will see later makes it pos-
sible to make a tube with a much 
higher gain than that of the other 
types of grid. 

Before we review how the tube 
amplifies, let's consider the effect 
of the grid on the flow of plate cur-
rent when different voltages are ap-
plied to it. The first case we will 

take up is where the grid is con-
nected directly to the cathode so 
that the voltage applied to it is zero. 
Zero Grid Voltage. 
When the grid is connected di-

rectly to the cathode we have the 
arrangement shown in Fig. 9. Here 
the plate is connected to the positive 
side of the B battery and the cathode 
is connected to the negative side of 
the battery. The grid is connected 
directly to the cathode, and a small 
battery is used to provide the heater 
voltage required to heat the heater, 
which in turn heats the cathode of the 
tube. 
When the cathode is heated, it will 

emit electrons and they will fly off 
into the space surrounding the cath-
ode. These electrons will form a 
cloud of electrons around the cath-
ode. This cloud of electrons is called 
a space charge. Some of the elec-
trons in the space charge will fall 
back to the cathode, others will 
be attracted by the positive po-
tential applied to the plate of the tube 
and they will be drawn through the 
grid wires to the plate. A few elec-
trons in travelling from the cathode 

PLATE 

GRID 

CATHODE 

e 
e 

Fig. 9. When there is no grid bias, an aver-
age number of electrons flow to the plate, 
and the rest form a space charge between 

the cathode and the grid. 

13 



to the plate of the tube may acciden-
tally strike the grid wires. These 
electrons will flow through the ex-
ternal circuit from the grid back to 
the cathode of the tube. As long as 
the grid is connected directly to the 
cathode, the tube acts very much like 
a diode and the grid has very little 
effect on the flow of plate current. 
The amount of plate current flowing 
will depend primarily upon the volt-
age applied between the plate and 
cathode of the tube and the spacing 
between the plate and cathode. 
Positive Grid Voltage. 
Now if we modify the circuit shown 

in Fig. 9, by adding a small C bat-
tery in the grid circuit as shown in 
Fig. 10, we will have a positive volt-
age on the grid of the tube. This 
means that the grid will be slightly 
positive with respect to the cathode. 
The B battery used between the plate 
and cathode has a much higher volt-
age than the C battery, and there-
fore the plate will have a much higher 
positive potential than the grid. 
With the C battery connected in 

the grid circuit, the positive voltage 
on the grid of the tube will attract 
electrons from the space charge 
around the cathode and start these 
electrons speeding toward the grid. 
By the time the electrons travel the 
short distance from the space charge 
to the grid most of them will be 
travelling at such a high speed that 
they will pass right through the grid 
wires and then come under the in-
fluence of the high positive voltage 
on the plate of the tube. Most of the 
electrons will therefore continue 
travelling towards the plate of the 
tube until they eventually will reach 
and strike the plate. 
The number of electrons reaching 

the plate will be much higher than it 
was in the preceding case where 

Fig. 10. Making the grid positive greatly 
increases the number of electrons moving 

to the plate. 

there was no voltage applied to the 
grid. The grid is able to increase 
the number of electrons flowing to 
the plate because the grid is placed 
very close to the cathode, and even 
though there is only a low positive 
voltage applied to the grid it is able 
to pull many electrons from the elec-
tron cloud and start them on their 
way to the plate. 

Because the grid has a positive 
voltage applied to it, there will be 
more electrons striking the grid 
than there were in the preceding 
case when there was no voltage ap-
plied to the grid. However, even 
though a few electrons will be at-
tracted to the grid, a small positive 
voltage applied to the grid will in-
crease the flow of plate current. If 
the positive voltage is made higher, 
in other words if the grid is made 
more positive, it will start to attract 
more and more electrons. Eventu-
ally a point will be reached where 
the grid will be taking many of the 
electrons that would normally flow 
over to the plate of the tube. Then, 
instead of causing the plate current 
to increase, the large number of 
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electrons flowing to the grid of the 
tube will starve the plate so that the 
plate current will be less than it 
would be if the grid were operated 
at zero potential. 
When the number of electrons 

striking the grid becomes high, the 
energy that these electrons give to 
the grid upon striking it may cause 
the grid to become very hot. As a 
matter of fact, if enough electrons 
strike the grid, the grid will become 
red hot. Keep this in mind. If you 
see a vacuum tube where one of the 
grids is showing a red heat, the 
number of electrons reaching the 
grid is too high--there is something 
wrong in the circuit. 
Negative Grid Voltage. 

If instead of putting a positive 
voltage on the tube grid, you put a 
negative voltage on it, you will 
have the circuit shown in Fig. 11. 
Now the negative potential on the grid 
of the tube repels the electrons 
coming from the space charge and 
drives them back to the space charge 
so that the number of electrons 
getting through the grid and reach-
ing the plate of the tube is greatly 

reduced. As a matter of fact, if the 

Fig. 11. Making the grid negative reduces 
the number of electrons moving to the plate. 

negative voltage applied to the grid 
of the tube is made high enough, all 
electron movement between the 
cathode and the plate will be stopped 
--there will be no flow of electrons 
from the cathode to the plate of the 
tube. 
Amplification Factor. 

Current is actually a movement of 
electrons, and since the grid con-
trols the electrons flowing from the 
cathode to the plate of the tube, the 
grid can control the current flowing 
from the cathode to the plate. The 
current flowing in the plate circuit 
is called the plate current. Changing 
the plate voltage on a triode tube will 
cause the plate current to change, but 
because the grid is closer to the 
cathode than the plate, it exerts a 
greater effect on plate current than 
the plate does. As a matter of fact, 
we may have to change the plate volt-
age on a tube as much as 100 volts 
to get the same change in plate cur-
rent that can be obtained by changing 
the grid voltage only 1 volt. The exact 
ratio between the change in plate 
voltage and the change in grid volt-
age needed to get the same change 
in plate current is called the amplifi-
cation factor. If we have to change the 
plate voltage 50 volts to get the same 
change in plate current we can get by 
changing the grid voltage 1 volt, the 

50 
amplification factor is --1 = 50. A 

triode tube may have an amplifica-
tion factor somewhere between 5 and 
about 100. The amplification factor 
of a tube depends primarily upon the 
ratio of the plate-cathode spacing to 
the grid-cathode spacing. 
The amplification factor of a tri-

ode tube is a very important char-
acteristic of the tube. It is a good 
indication of how much voltage gain 
you can expect to obtain from an 
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amplifier stage using the tube. The 
total amplified voltage produced by 
the tube is equal to the amplifica-
tion factor times the signal voltage 
applied between the grid and the 
cathode of the tube. It is not possible 
to get all of this amplified voltage 
out of the tube, because the tube has 
internal resistance, and part of the 
voltage will be dropped across this 
resistance, but in general the higher 
the amplification factor of a tube, the 
greater the gain we can expect to 
obtain from the tube. 
To provide a short form for ex-

pressing the amplification factor of 
a tube, the Greek letter, mu, which 
is pronounced "mew", and written 
u, is used as a symbol to represent 
the amplification factor. The am-
plification factor is often referred 
to as the mu of the tube. Thus a 
high-mu tube is a tube with a high 
amplification factor. 

BOW A TRIODE AMPLIFIES 

You have already had a brief ex-
planation of how a triode amplifies 
a signal, so this will be primarily 
a review. Be sure that you complete-
ly understand how the tube amplifies 
because vacuum tubes are the heart 
of electronic equipment and if you do 
not know how tubes work, you will 
not understand the equipment in 
which they are used. 

First, let's consider what type of 
signal we may want to amplify. For 
example, let's assume that we have 
a sine-wave signal that represents 
a certain sound. The amplitude of 
the signal is extremely weak. In 
order to use the signal to produce 
sound, we must increase the strength 
of the signal. The usual procedure 
is to first build up the voltage of the 
signal. An amplifier stage used for 

SIGNAL 
SOURCE 

Fig. 12. The signal applied between the 
grid and the cathode will result in a vary-

ing plate current. 

this purpose is called a voltage am-
plifier. If we apply the signal between 
the grid and the cathode of a vacuum 
tube connected as shown In Fig. 12, 
we know the ac signal in the grid 
circuit will produce variations in the 
plate current. We know this is true 
because the voltage applied to the 
grid has a pronounced effect on the 
flow of current to the plate. Thus the 
varying signal applied between the 
grid and the cathode of the tube will 
cause the plate current to vary. 

However, we are interested in a 
varying output voltage. If we feed a 
weak signal voltage into the grid of 
a tube to amplify it, what we want is 
an amplified voltage in the output. 
The desired result can be obtained 
with a circuit like the one shown in 
Fig. 13. Now let's stop and consider 
what happens in this circuit first 
when the signal voltage is zero. 

Fig. 13. The signal applied between the 
grid and the cathode will result in an am-

plified voltage in the output circuit. 
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When there is no ac signal applied 

to the input, a steady plate current 
will flow from the cathode of the 
tube to the plate of the tube. The 
exact amount of current is relatively 
=important, but it will depend upon 
the grid bias voltage supplied by the 
C battery, the plate voltage supplied 
by the B battery, the characteristics 
of the tube itself, and the size of the 
plate load resistor marked RL 
The plate current flowing through 

the tube will flow from the negative 
side of the battery to the cathode of 
the tube. The heated cathode will 
give off electrons, which will flow 
through the space between the cath-
ode and the grid of the tube over to 
the plate of the tube. The electrons 
will then flow from the plate of the 
tube through the plate load resistor 
11, to the positive side of the battery, 
through the battery, back to the nega-
tive battery terminal. It sounds as 
though the electrons start from the 
negative terminal and then gradually 

flow around the circuit. Actually, the 
movement of electrons in the circuit 

is instantaneous. The electrons start 
moving in all parts of the circuit at 
the instant the tube is heated and 
power applied. 
When current flows through the 

load resistor R„ there will be a volt-
age drop produced across the resis-
tor. The exact value will depend upon 
the current flow and the size of the 
resistor. We know this is true from 
Ohm's Law which states that E =IR. 
If there is a voltage drop across the 
dropping resistor, this means that 
the plate voltage, which is the voltage 
between the plate and the cathode of 
the tube, will be less than the B sup-
ply voltage by an amount equal to the 
voltage drop across the plate load 
resistor. Again, we know this is 
true because the sum of the voltage 

drops in a series circuit must be 
equal to the source voltage. In this 

series circuit we have the plate-
cathode circuit of the tube in series 
with the load resistor. Therefore, 
the voltage across the tube equals 
the B supply voltage minus the volt-
age drop across the load resistor. 

Before a signal is applied between 

the grid and the cathode of the tube 
the plate current will reach what is 

called a steady state. The voltage 
between the plate of the tube and the 
cathode will be some constant value. 
Now let us consider what happens 

when a signal voltage like the sine-

wave shown in Fig. 14A is applied 
between the grid and the cathode of 

Fig. 14. A sine-wave signal voltage. The 
input signal is shown at A, and the output 

signal at B. 

the tube. Notice the first half cycle, 
which is numbered 1-2-3 on the in-
put signal at A. This signal swings 
in a positive direction. When the ac 
input voltage swings positive, its 
polarity will be such that itwill sub-
tract from the grid bias voltage. This 

will make the grid voltage less nega-
tive. If we make the grid voltage less 
negative, we are moving it in a posi-

tive direction. When the grid be-
comes less negative it will allow 
more electrons to flow from the 

cathode of the tube to the plate. If 
the number of electrons moving in 
this part of the series circuit in-
creases, then the total number of 
electrons in motion in all parts of 
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the series circuit must increase. 
The number of electrons flowing 
through the plate load resistor RL 
increases. When this happens, the 

voltage drop across the plate load 
resistor increases, and there will be 
less of the B supply voltage between 
the plate and cathode of the tube. 
This means that the plate voltage 

will decrease. 
The plate voltage will continue to 

decrease as the input signal moves 
from point 1 to point 2. The plate 

voltage will look like the wave shape 
shown in Fig. 14B and as the input 
moves from point 1 to point 2 on 
curve A, the output will move from 

point 1 to point 2 on curve B. 
If the input signal begins to de-

crease from its peak point 2 back 
to zero voltage at point 3, the plate 
voltage between the plate and cathode 
of the tube will start to increase, be-
cause as the input signal moves from 
point 2 to point 3, the negative grid 
voltage on the tube will be increased. 
This means that there will be fewer 
electrons flowing from the cathode 
to the plate of the tube, and hence 

fewer electrons flowing through the 
load resistor. When the number of 
electrons flowing through this re-
sistor decreases, the voltage drop 
across it decreases. Since the sum 
of the voltage drop across the load 
resistor and the voltage between the 
plate and cathode is always equal 
to the B supply voltage, the voltage 

between the plate and cathode of the 
tube must increase. 

During the second half of the input 
cycle, when the input signal swings 

from point 3 to point 4, the signal is 
swinging in a negative direction, so 
it adds to the grid bias voltage ap-
plied to the tube by the C battery. 
This makes the grid even more nega-
tive, and reduces still further the 

number of electrons moving from 

the cathode to the plate of the tube. 
This reduction in electrons flowing 
in the series circuit means that there 
will be an even smaller voltage drop 
across the plate load resistor It, 
and hence even more voltage between 
the plate and the cathode of the tube. 

As the input signal moves from point 
3 to point 4 and then on to point 5, 
the output signal between the plate 
and cathode of the tube will follow 
the shape shown from point 3 to 
point 4 and then to point 5. 

This variation in the voltage be-
tween the plate and cathode of the 
tube will be several times the am-
plitude of the input signal. 

Before going ahead let's take a 
look at what we have in the plate 
circuit of the tube. Examine the 
waveform shown in Fig. 14B. Notice 
that a single ac cycle has been pro-
duced and the amplitude, frequency, 
and wave shape of the signal depend 
upon the signal applied between the 
grid and the cathode. This signal is 

an amplified version of the signal 
applied between the grid and the 
cathode of the tube. 
The total signal applied between 

the grid and the cathode of the tube 
actually consists of a dc voltage ap-
plied by the C battery plus an ac 
voltage which is superimposed or 
added to it. The voltage between 
the cathode and grid will be the 
algebraic sum of the two voltages. 
When the signal voltage tends to 
swing the grid positive it will actu-
ally be subtracting from the C bat-
tery voltage so that the net negative 
voltage applied to the grid will be 
reduced. When the signal source 
tends to swing the grid in a negative 
direction, it will add to the C battery 
voltage so that the grid will be made 
more negative with respect to the 
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cathode and will reduce the current 
flow through the tube. 
The voltage in the plate circuit 

actually consists of a de voltage ap-
plied to the tube with an ac voltage 
superimposed on it. Notice, how-
ever, that the ac voltage at the plate 
is inverted when compared to the in-
put signal. In other words, when the 
input signal swings in a positive 
direction, the output signal swings 
in a negative direction, and when the 
input signal swings in a negative di-
rection, the output signal swings in 
a positive direction. We say that the 
two signals are 180° out of phase. 

Notice that the cathode of the tube 
in the circuit shown in Fig. 13 is 
grounded. This type of circuit is 
called a "grounded-cathode" ampli-
fier. One of the characteristics of 
the grounded-cathode amplifier is 
that there is a 180° phase-shift 
between the input and output signals. 
The signal voltage applied in 

series with the C bias voltage be-
tween the grid and cathode causes 
the plate current flowing from the 
cathode to the plate of the tube to 
vary. Actually, the current looks like 
a de current with an ac current 
superimposed on it. Therefore, when 
we refer to the ac current in a tube, 
we mean the signal current or 
the variation in dc current caused 
by a signal applied between the grid 
and cathode. Remember that the cur-
rent through a tube always flows 
from cathode to plate; it never re-
verses in direction. However, the 
variation in current through the tube 
due to the signal variations produces 
the same effect as we would have 
with a de current with an ac current 
superimposed on it. 
Remember that when you studied 

the amplification factor we pointed 
out that the amplification factor is 

based on a change in plate voltage 
and a change in grid voltage. An-
other way of expressing the same 
idea is in terms of ac voltages. We 
can say that it is the ratio of ac plate 
voltage to the amount of ac grid volt-
age required to produce the same ac 
plate current. As we mentioned pre-
viously, we are speaking of an ac 
current superimposed on a de 
current. 

SUMMARY 

This section of your lesson is ex-
tremely important. Therefore we 
will not try to summarize it, but in-
stead we suggest you go back and 
read over the entire section of the 
lesson again to be sure you under-
stand it thoroughly. Read the section 
carefully and slowly and try to pic-
ture exactly what is going on inside 
the tube. Grasping clearly the idea 
of how a tube amplifies is extremely 
important. If you master this idea 
now, the remaining material in this 
book should be comparatively simple 
and you will also find that it will be 
much easier for you to understand 
how transistors amplify. When you 
are sure you understand this section 
of the lesson, test yourself by doing 
the following self-test questions. 

SELF TEST QUESTIONS 

(p) Why does the grid voltage have 
a greater effect on plate cur-
rent than the plate voltage 
does? 

(q) If the voltage applied between 
the grid and cathode of a triode 
tube places the grid positive 
with respect to the cathode, 
what effect will this have on 
the current flowing through the 
tube? 

(r) If the grid is made negative 
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with respect to the cathode, 
and the voltage is slowly in-
creased, what will happen to 
the plate current? 

(s) What do we mean by amplifi-
cation factor? 

(t) Between what values would you 
expect the amplification factor 
of a triode to fall? 

(u) 

(v) 

When a signal voltage is am-
plified by a tube in a grounded 
cathode circuit, will the am-
plified signal be the same as 
the input signal? 
What do we mean by ac plate 
current? 

(w) What is a grounded-cathode 
amplifier ? 

Tube Characteristics 

Tube characteristics are impor-
tant both to the engineer and to the 
technician. They are important to 
the engineer because he uses them 
in designing circuits. He must know 
the characteristics of the tube in 
order to select the correct value of 
parts to use along with the tube to 
get the best possible performance 
out of the circuit. They are impor-
tant to the technician because often 
he will have to service equipment 
in which detailed service informa-
tion is not available. By identifying 
the tube types used in the equipment 
and referring to a tube manual which 
describes the characteristics of the 
tubes used, he can obtain a great 
deal of useful information on how 
the equipment should work. 

A great deal of Information about 
tubes is given in the form of char-
acteristic curves. The most impor-
tant of these curves is the Eg-Ip 
(grid voltage-plate current) curve. 

THE Eg-Ip CURVE 

A tube is able to reproduce a sig-
nal only as long as a given change in 
grid voltage will produce a constant 
change in the plate current. Let's as-
sume we have a tube with a voltage 
of 2 volts between the grid and cath-
ode, and that the grid is 2 volts nega-
tive with respect to the cathode. If 
we increase this voltage from 2 volts 
to 2-1/2 volts, we know that the plate 
current will decrease. We could 
actually measure this change in plate 
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current. Now, if we increase the 
voltage still further from 2-1/2 volts 
to 3 volts, we should get the same 
change in the plate current that we 
got when we changed the voltage from 
2 volts to 2-1/2 volts. It is quite 
likely that we would get the same 
change, but eventually a point will 
be reached where changing the grid 
voltage 1/2 a volt will not produce 
this same change in plate current. 
When we reach this situation, we say 
that this tube becomes non-linear. 
This characteristic of a tube limits 
the amount of signal that can be ap-
plied between the grid and cathode 
of the tube. 
The change in plate current that 

can be expected for a given change 
in grid voltage is shown on a curve 
called the Eg-Ip curve. A typical 
Eg-Ip curve is shown in Fig.15.No-

tice how the plate current will be 
different for different values of grid 
voltage. Also notice that part of this 
curve is relatively straight but the 
two ends of the curve are quite bent. 
In the middle of the curve, we have 
a straight section that is called 
linear. This simply means that as 
long as the tube is operated within 
these limits a given change in grid 
voltage will produce the same change 
in plate current. As long as this 
change in plate current for a given 
change in the grid voltage remains 
constant, the output will be a faithful 
reproduction of the input signal. 
However, once the change becomes 
non-linear, the output will be dis-
torted. This means the output signal 
will not be a faithful reproduction 
of the input signal. 

Grid Blas. 
The voltage applied by the C bat-

tery that is connected between the 
grid and cathode of a tube is called 
the grid bias voltage. To bias some-
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15. A typical Eg-lp characteristic 
curve. 

thing means to fix or adjust it. The 
grid bias voltage fixes or adjusts the 
tube to operate under the most favor-
able conditions. The idea in back of 
a grid bias voltage is to apply a volt-
age to the grid that will place the 
tube operation on the desired por-
tion of its characteristic curve. In 
the case of the amplifier we have 
been considering, we bias the tube 
to operate at the center of the linear 
or straight part of the characteristic 
curve. If you look at Fig. 15 you can 
see that the characteristic curve is 
comparatively straight between zero 
grid voltage and the grid voltage at 
-6 volts. Slightly to the right of zero 
grid voltage the curve becomes dis-
torted, and to the left of -6 volts it 
also becomes distorted. Therefore, 

to get the tube operating on the linear 
part of the curve, we would apply a 
grid bias of -3 volts. With a grid 
bias of -3 volts, if the input signal 
drives the grid voltage 3 volts in a 
positive direction, we can expect the 
same change in plate current as we 
will get when the input voltage swings 
3 volts in a negative direction. When 
the input voltage swings 3 volts in 
the positive direction, it will sub-
tract from the grid bias, so the net 
voltage applied to the grid of the tube 
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will be zero, and when it swings 3 
volts in the negative direction, it 
will add to the grid bias so that the 
net voltage applied between the grid 
and the cathode of the tube will be 
-6 volts. Changing the grid voltage 

between these limits produces linear 
or constant changes in plate current. 
On the other hand, if instead of a 

grid bias of -3 volts we had a grid 
bias of -5 volts and a 3-volt in-
put signal, when the grid swings in 
the positive direction we will get a 
total voltage of -2 volts on the grid. 
This will produce a change in plate 
current. However, when the grid 
swings 3 volts in the opposite direc-
tion, due to the signal, we will get a 
total grid voltage of -8 volts. This 
will produce a change in plate cur-
rent, but it will not be the same as 
the change produced when the signal 
went in the opposite direction. As a 
matter of fact, you can see from the 
curve that once the signal is past 
-7 volts little or no change in plate 
current will occur. 

Under these circumstances, a 
plate current change that is different 
when the signal swings in one direc-
tion is different from the plate cur-
rent change when the signal swings 
in the opposite direction and we get 
distortion. This means that the sig-
nal is not reproduced faithfully. For 
an input signal like the one shown 
in Fig. 16A we would get an output 

Fig. 16. The input voltage (A) and the out-
put voltage (11) for a tube with excessive 
grid bias. Notice that the positive half of 

the cycle in the output is flattened. 
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Fig. 17. A typical characteristic curve (A) 
showing how the grid voltage (B) and the 

plate current (C) vary on it. 

signal like the one shown in Fig. 
16B. Notice that in the first half 
cycle when the input signal swings 
in a positive direction the output 
signal swings in the opposite direc-
tion. However, the output signal is 
a faithful reproduction of the input 
signal. During the second half cycle, 
when the input signal swings in a 
negative direction, the output signal 
swings in a positive direction but is 
flattened off at the top. The ampli-
fied signal is not a faithful repro-
duction of the input signal. As we 
mentioned, this is called distortion, 
and this particular case of distor-
tion is called amplitude distortion 
because the amplitude of one half 
of the cycle is compressed. 
Now let us see how different val-

ues of grid bias affect the way in 
which a tube amplifies a signal. As 
you know, the grid voltage is made 
up of a fixed bias voltage, and the 
ac signal is superimposed on it. 
Assume we have a tube with the 
Eg-Ip curve shown in Fig. 17A. The 
center of the linear part of the curve 
is at -3 volts. Now suppose we have 
a bias voltage of -3 volts, and the 
signal voltage shown in Fig. 17B, 
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which varies from 0 to 3 volts, is 
superimposed on it. When the ac 
signal is at the start of its cycle, 
point 1, it will be zero, so the total 
grid voltage will be -3, point 1 on 
the curve in 17A. When it increases 
to point 2, the total voltage will then 
be zero, point 2 on the curve. At 
point 3 the total voltage will be -3 
volts again. At point 4 the total volt-
age will be -6, and at point 5 the 
total voltage will again be -3. 
Now let's draw ourselves a pic-

ture showing what is happening to 
the plate current at each of these 
points. At point 1 the current is 4.5 
ma; at point 2 it is 8 ma; at point 
3 it is again 4.5 ma; at point 4 it 
is 1 ma; and at point 5 it is 4.5 ma 
again. This is shown in Fig. 17C. 
As you can see, this is a faithful 

reproduction of the applied signal. 
We often show these things all on 

one chart as shown in Fig. 18. No-
tice how we have drawn the signal 
voltage. By drawing it in this posi-
tion, we can follow up to the point 
it represents on the characteristic 
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Fig. 18. We often show the information of 
Fig. 17. all on one diagram like this. 

curve, and then show the curve for 
the corresponding plate current. 

In Fig. 19 we have shown what 
happens when the operating bias is 
too high or too low. In Fig. 19A the 
operating bias is too high (too nega-
tive) and the result is that the grid 
is driven beyond the cut-off voltage 

2 3 4 & é + 
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o 

Fig. 19. The effect of too much bias is shown at A, and the effect of 
too little bias at B. 
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on the negative half of each cycle. 
This means that the plate current 
drops to zero and flattens off on the 
negative half of each cycle. 

In Fig. 19B the operating voltage 
is not high enough, so during part 
of each cycle the grid becomes posi-
tive. When this happens the grid 
will start to take some of the elec-
trons that would normally flow to 
the plate of the tube with the result 
that the top of the plate current 
curve is somewhat distorted. The 
variations in plate current for a 
given input signal are not linear 
when the bias is too low. 

THE Ep-Ip CURVE 

The characteristic curves shown 
in a tube manual are usually Ep-Ip 
(plate voltage-plate current) curves 
such as those shown in Fig.20.Each 
curve is for a particular value of 
grid voltage. As you can see, when 
the plate voltage is higher it takes 
a higher grid bias voltage to cut off 
the flow of plate current. You can 
also get a good idea of how a change 
in grid voltage affects the plate cur-
rent. Find the vertical line repre-
senting a plate voltage of 200 volts. 
Follow this line up until you see 
where it cuts the curve representing 
zero grid volts. It cuts this line just 
above the horizontal line represent-
ing a plate current of 6 ma. The -1 
volt grid curve cuts the 200 volt 
line at about 3.5 ma. Thus, changing 
the grid voltage from zero to -1 
volt will change the plate current 
from above 6 ma to 3.5 ma, or about 
2.5 ma. 

Notice how much more effective 
the grid is in controlling plate cur-
rent than the plate is. We saw that 
a change in grid voltage of 1 volt 
caused a plate current change of 2.5 
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Fig. 20. Er lp curves of the 6/1a6 tube. 

ma. The -1 volt grid curve cuts the 
200 volt line at 3.5 ma. If we in-
crease the plate voltage to 250 volte 
and keep the grid bias at -1 volt, 
the plate current will be 5 ma, which 
is a change of only 1.5 ma from the 
200-volt point. Thus the change in 
plate voltage of 50 volts has less 
effect on the plate current than a 
change of grid voltage of only 1 volt. 

PLATE RESISTANCE 

As we mentioned previously, a 
tube has internal resistance. The 
tube, in amplifying a signal, acts very 
much like a generator with an in-
ternal resistance. This internal re-
sistance of the tube is called the ac 
plate resistance. Because the tube 
has this internal plate resistance, 
the gain that can be obtained from 
a tube is never quite equal to the 
amplification factor of the tube. 

The ac plate resistance is defined 
as the ratio of the change in plate 
volts to the change in plate current 
that it produces. The symbol rp is 
usually used to represent the ac plate 
resistance of the tube. The symbol 
ep is used to represent the change in 
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plate voltage and the symbol ip is 

used to represent the change in plate 
current. Thus the plate resistance of 
a tube in ohms is: 

eP 

rP iP 

The ac plate resistance is one of 
the characteristics listed in manu-

facturers' tube manuals. When the 
tube manual gives a plate resist-
ance, it is for a certain value of 
plate and grid voltage. The ac plate 

resistance of a tube is affected by 
the de voltage applied to the plate 
and by the dc voltage applied to the 

grid. Therefore, if the tube is op-
erated at voltages other than those 
listed, the plate resistance will not 
be the same as the values shown. In 
some engineering type tube manuals 
the plate resistance is given in the 
form of a curve so that the plate 
resistance can be determined with 
different values of plate and/or grid 
voltages. 

So far we have been talking about 
the ac plate resistance of a tube. 
However, a tube also has a dc re-

sistance. In a circuit such as the 
one shown in Fig. 13, with no input 
signal applied to the grid, a certain 
value of plate current will flow. This 
plate current produces a voltage 
drop across the tube and a voltage 
across the load resistor. You know 
from Ohm's Law that the resistance 
is equal to the voltage divided by the 
current, thus the dc resistance of the 
tube is equal to the de plate voltage, 
which is the voltage between the plate 
and cathode of the tube divided by the 
dc plate current. Notice that both of 
these values are de values and there-

fore we get a de plate resistance for 
the tube. This particular character-
istic is not usually of importance 

and when we refer to the plate re-

sistance of the tube we will always 
mean the ac plate resistance unless 
we specifically say that we are re-
ferring to the de plate resistance. 

MUTUAL CONDUCTANCE 

Another important tube charac-
teristic is mutual conductance. The 

mutual conductance of the tube is 
usually represented by the symbol 
gm . It is equal to the change in plate 
current divided by the change in grid 
voltage required to produce the 

change in plate current. The unit of 
mutual conductance is the mho. No-
tice that mho is simply ohm written 
backwards. 

The formula for the mutual con-
ductance of a tube is: 

eg 

where gm  is the mutual conductance, 
ip is the change in plate current and 

eg is the change in grid voltage. 
Since the change in plate current 

is usually in milliamperes, and the 
change in grid volts is in volts, the 
mutual conductance of the tube turns 
out to be a fraction of a mho. For 
example, if a change in grid voltage 
of 1 volt produces a change in plate 
current of 1 milliampere, the mutual 
conductance is: 

.001  
gm - 1 - .001 mho 

To eliminate the fraction we usu-

ally express the mutual conductance 
of a tube in micromhos. A micro-
mho is a millionth of a mho. Thus 
.001 mho equals 1000 micromhos. 
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RELATIONSHIP BETWEEN 

TUBE CHARACTERISTICS 

So far we have discussed three 
important tube characteristics. 
They are the amplification factor, 
the plate resistance, and the mutual 
conductance. They can be repre-
sented by symbols as follows: 

Amplification factor = 0. = 

Plate resistance = rp 

Mutual Conductance = gm 

ep 

eg 

ep 

= ip 

1P 

eg 

Now let us look at how these char-
acteristics are inter-related. If we 
multiply the plate resistance by the 
mutual conductance we get: 

ep ip 

rp  X gm  = ip - X — 
eg 

If you look at the second expression 
you will see that you have ip both 
above and below the line so these 
two can be cancelled and we get: 

ep 

eg 

We already know that ep over eg 
equals 0., which is the amplification 
factor. Thus the amplification fac-
tor is equal to the plate resistance 
times the mutual conductance or: 

= rp x gm 

EQUIVALENT CIRCUITS 

It is sometimes difficult to visu-
alize exactly what is happening in-

side a tube and in the circuit associ-
ated with the tube. However, by 
means of what is called an equivalent 
circuit we can analyze the perform-
ance of a tube more easily. A typi-
cal triode amplifier is shown in Fig. 
21A and the equivalent circuit for 
this stage is shown in Fig. 21B.No-
tice that the tube is represented by 
a generator with a resistance con-
nected in series with it. The voltage 
developed by the tube is equal to the 
amplification factor of the tube times 
the grid voltage which is written 
4 eg. We know, however, that the out-
put voltage will be 180 degrees out 
of phase with the input, and we there-
fore put the minus sign in front of 
ueg and indicate that the generator 
vorta.ge is -ueg. This indicates that 
the generator voltage, which is the 
amplified voltage produced by the 
tube, is 180 degrees out of phase with 
the grid voltage. In other words, at 
the instant the grid voltage swings 
positive, the generator will swing 
negative and then when the grid volt-
age swings negative, the generator 
voltage swings positive. 

The ac plate resistance of the tube 
is represented by the resistor rp. 
The voltage dropped across this re-
sistance is lost as far as obtaining 
useful output is concerned. 
Now let us see just exactly how 

o 
,P I 

Fig. 21. A simple amplifier circuit is shown 
at A, and the equivalent circuit at B. 
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much gain we can obtain from the 
circuit shown in Fig. 2 1A. We could 
f1.3 the plate resistance of the tube 
and the amplification factor by look-
ing them up in a tube manual. Let's 
assume that the amplification factor 
of the tube used in the circuit is 100, 
and the plate resistance of the tube 
is 50,000 ohms. The load resistance 
Rt. Is 100K ohms as shown on each 
diagram. 

If the input signal eg had an ampli-
tude of 1 volt, then the generator 
output voltage aeg = 100 x 1 = 100 
volts. The 100 volts produced by 
the generator divides between the 

50,000-ohm plate resistance rp and 
the 100,000 ohm load resistance, R„ 
Thus, since the load resistance is 
twice the size of the plate resist-

ance, the voltage across the load re-
sistance will be twice the voltage 
across the plate resistance. This 
means that one-third of the 100 volts 
at the generator will appear across 
the plate resistance, and two-thirds, 
or approximately 66 volts, will ap-
pear across the load resistance. 
From this we can see that for an 
input voltage of 1 volt, the useful 
output voltage across the load resis-
tor is 66 volts. The gain of the stage 
is equal to the output voltage divided 

by the input voltage, which in this 
case is 66 ÷ 1 = 66. Therefore in 
this circuit using a tube with an 
amplification factor of 100, we ob-
tained a gain of 66. 

Consider what would happen if in-
stead of using a 100,000-ohm plate 
load resistor we used a 2 00,000-ohm 
plate load resistor. Now the plate 
load resistor is four times the plate 
resistance and therefore there will 
be four times as much voltage across 
the load resistor as across the plate 
resistance. This means that one-
fifth of the voltage, or 20 volts, will 

appear across the plate resistance, 
and four-fifths, or 80 volts, will ap-
pear across the load resistor. 
Therefore, the output voltage in this 
case would be 80 volts and the gain 
of the stage would be 80. 
From this you might think that all 

we have to do is make the plate load 
resistor very large and we would get 
even more gain. This is true up to 
a point, but remember that the cur-
rent flowing in the plate-cathode cir-
cuit of the tube must also flow 
through the plate load resistor. The 
current through the plate load resis-
tor produces a voltage drop across 
the load resistor. The higher the re-
sistance of the resistor the greater 
the voltage drop across it. Since the 
voltage available between the plate 
and the cathode of the tube is equal 
to the B supply voltage minus the 
voltage drop across the plate load 
resistor there will be very little 
voltage available between the plate 
and cathode of the tube if we make 
the plate load resistor too large. 
Eventually a point is reached where 
the plate-cathode voltage is so low 
that the amplification factor of the 
tube begins to fall off. When this 
point is reached, increasing the size 
of the plate load resistor results in 
no further increase in the gain of the 
stage. 

A way to calculate the gain of a 
triode stage is by the equation: 

Stage gain = x  RL  
R + r 

This equation shows that the 
larger the value of with respect 

to rP' the greater the gain of the 
stage. However, as we pointed out 
there are practical limits to this 
because the plate voltage does drop 
too low if R, is made too large. 
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SUMMARY 

In this section of this lesson you 

have greatly expanded your knowl-

edge of tubes. There is a great deal 
of information in the section, and you 
should not expect to master and re-
tain all the ideas presented with one 
reading. Be sure to go back and re-
view this section of this lesson sev-
eral times. This is particularly im-
portant because practically all of 
your later lessons are going to be 
based on the assumption that you 
understand how tubes work. 

Characteristic curves are impor-
tant because they give you an indi-
cation of how the plate current of a 
tube is going to change with changes 
in grid voltage. You can also see how 
large a signal a tube can handle with-
out distortion. We do not expect you 
to remember what the characteristic 
curves we show look like, but you 
should remember that they are 
curved on both ends and this curva-
ture in the characteristic curve 
limits the amount of signal that can 
be handled without distortion. 
The three characteristics of tubes 

that you should remember are the 
plate resistance, the amplification 
factor, and the mutual conductance. 
Remember what they are: 

Plate resistance = r - 
P 

Amplification factor = d = 

eP 

eP 

eg 

Mutual conductance = gm  = 
eg 

You should also remember that the 
amplification factor of a tube is equal 
to the plate resistance times the 
mutual conductance. 

Remember what the equivalent 
circuit of the simple triode ampli-

fier looks like. We consider the tube 
as a generator with a resistance in 
series with it. The output voltage of 
the generator is equal to -Jeg. The 

resistance in series with the gen-
erator is equal to rp, the plate re-
sistance of the tube. 
Remember that the equivalent tube 

circuit applies only to the ac signal-

amplifying operation of the tube.We 
did not discuss the de operating volt-
ages when we discussed the equiva-
lent circuit. Later you will see that 
the equivalent circuit is very valu-
able in analyzing and understanding 
the operation of amplifier stages. It 
will be particularly useful when we 
study how amplifiers amplify signals 
of different frequencies. 

SELF-TEST QUESTIONS 

(]() 
(Y) 

(z) 

(an) 

(ab) 

(ac) 
(ad) 

(ae) 

(af) 

(ag) 

(ah) 

What is an Eg-Ip curve? 
What do we mean by the linear 
portion of the Eg-Ip charac-
teristic curve? 
What is a grid bias voltage? 
What will be the effect of op-
erating the tube with too low a 
grid bias? 
What happens when a tube is 
operated with too high a grid 
bias? 
What is an Ep-Ip curve? 

What is the ac plate resist-
ance of a tube? 
What is the dc plate resistance 
of a tube? 
What is the mutual conduc-
tance of a tube? 
In what units is the mutual con-
ductance of a tube measured? 
What is the relationship be-
tween amplification factor, 
plate resistance and mutual 
conductance? 
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(ai) What do we mean by an equiv-
alent circuit of an amplifier 

stage? 
(aj) In an equivalent circuit used 

to analyze the performance of 
a triode amplifier, what is the 

generator voltage? 
(ak) In the equivalent circuit of a 

triode amplifier, what is the 

resistance in series with the 
generator ? 

(al) If a triode amplifier has an 
amplification factor of 50 and 
a plate resistance of 10,000 
ohms, what will the stage gain 
be when the amplifier is used 

in a circuit with a 90,000-ohm 
load resistor? 

Multi-Element Tubes 

From your study of the preceding 
section you can see that the triode 

tube is a very useful device. How-
ever, the triode has some definite 
limitations, and these limitations 
can be overcome by adding additional 
elements to the tubes. First, before 
studying the multi-element tubes, 

let's consider one of the big disad-
vantages of the triode in order to be 
able to understand the advantages of 

multi-element tubes better. 

PLATE-TO-GRID CAPACITY 

You will remember from your les-
son on capacitors that a capacitor 
consists of two metal plates placed 
close to each othe r. In capacitors the 

metal plates are deliberately placed 
near each other in order to have 

capacity. However, when two pieces 
of metal that are insulated from each 
other are brought near each other, 
we will have a capacitor whether we 

want it or not; for example, the plate 
and grid of a vacuum tube. The plate, 
as you know, consists of a cylindri-
cally shaped piece of metal. The grid 

is a spiral wire or mesh. The grid 
and plate, since they are placed near 
and are insulated from each other, 

actually form the two plates of a ca-
pacitor. Because the grid wire is 
small and there is a reasonable 
amount of space between the plate 
and grid, the capacity is small, but 
in some circuits, particularly where 
fairly high frequencies are involved, 

there is a high enough capacity to 

introduce a number of undesired 

effects. 

As you know, at a high frequency 
even a small capacitor has a fairly 
low reactance. Therefore if a triode 
tube is used to amplify a high-fre-

quency signal, the amplified signal 
present in the plate circuit of the 
tube can be fed back into the grid 
circuit through the plate-to-grid ca-
pacity. Under certain circumstances 
this signal fed from the plate back 
to the grid can be in phase with the 

signal applied to the grid of the tube 
so it will add to the input signal. 
This increase in the amplitude of 
the input signal in turn produces a 
still greater signal in the output. 
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The increased signal in the output 
in turn increases the signal fed back 
into the grid circuit which makes 

the grid signal still stronger. This 
increases the output signal still 

more. This action goes on and on 

until eventually a point is reached 
where the signal in the plate cir-

cuit takes control in the grid and 
the tube begins to generate its own 
signal voltage. This is called oscil-
lation. The signal fed from the plate 

of the tube back to the grid is called 
a feedback signal. When the feed-
back signal, or more simply the 
feedback, is of the correct phase 

so that it adds to the grid signal, 
the tube will oscillate, which means 

generate its own signal, and hence 
will not work as an amplifier. 

Not all triode amplifier stages 
will oscillate. It is possible to over-
come this problem by means of suit-
able circuitry. However, in most ap-
plications it is easier and more 
practical to overcome the problem 

in the tube itself. This is accom-
plished by the addition of another 
grid inside the tube. The second 

grid is placed between the plate and 
the first grid to shield or screen the 

grid from the plate and is called the 
screen grid or simply the screen. 
The screen is also called the num-
ber-two grid. 

THE SCREEN-GRID TUBE 

The screen-grid tube is a four-

element tube usually called a tet-
rode. The four elements are the 
cathode, the grid, the screen grid, 
and the plate. Atop view of a screen-

grid tube showing the four elements 
is shown in Fig. 22A, and the sche-

matic symbol for the screen-grid 
tube is shown in Fig. 22B. 
The screen grid is usually made 

TUBE 
ENVELOPE PLATE 

SCREEN GRID 

CONTROL GRID 

CATHODE 

Fig. 22. A screen-grid tube: A, a cross 
section showing the arrangement of the 

elements: B, the schematic symbol. 

just like a spiral-wound coil. The 

screen-grid wires are placed di-
rectly behind the grid wires so they 
are completely hidden from the elec-
trons by the grid wire. A cut-away 
view of the tube would look some-
thing like Fig. 23. Notice that the 
screen-grid wires are immediately 

behind the control-grid wires. 
The effect of the screen grid is to 

break the capacity between the plate 
and the control grid into two sepa-
rate capacitors. In other words, 

there is a small capacity between 
the plate of the tube and the screen, 
and another capacity between the 

screen of the tube and the grid. These 
two capacitors are connected in 
series so that the net plate-to-grid 

SCREEN 
GRID 

CONTROL 
GRID 

- PLATE 

_CATHODE 

Fig. 23. A cut-away view of a screen-grid 
tube. 
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capacity is much smaller than it is 
in the triode. In addition, the screen 
grid of a tube is normally operated 
at signal ground potential. There-
fore any energy fed from the plate 
of the tube back towards the grid is 
fed to ground at the screen. This 
practically eliminates the feedback 
from the plate to the grid of the tube. 
The de potential applied to the 

screen is always positive with re-
spect to the cathode. Usually the 
voltage placed on the screen grid is 
about half the voltage applied to the 
plate of the tube, but in some tubes 
the screen-grid voltage may be as 
high as the plate voltage. This may 
appear to be a contradiction because 
we said that the screen grid is op-
erated at the signal ground potential. 
Actually, it is possible to have a tube 
element at signal ground potential 
and still have a positive or negative 
de voltage applied to it. You will re-
member that a capacitor offers a low 
reactance to the flow of ac through 
it. Therefore we can ground the 
screen of a tube so far as signal is 
concerned by putting a capacitor be-
tween the screen of the tube and 
ground. If the capacitor is large 
enough, its reactance to the signal 
is so low that the screen is practi-
cally at signal ground potential. At 
the same time, since a capacitor 
does not permit the flow of de through 
it, you can connect it to a de voltage 
source and apply a positive voltage 
to the screen. 
The schematic diagram of a typi-

cal screen-grid amplifier circuit is 
shown in Fig. 24. Here the input sig-
nal is fed between the grid and the 
cathode of the tube as in the case of 
the triode. Electrons flow from the 
cathode of the tube to the plate of the 
tube as in the triode. However, in 
the tetrode tube the number of elec-

trons flowing will depend upon the 
plate voltage, the grid voltage and 
the screen-grid voltage. In fact, the 
number of electrons flowing from 
the cathode towards the plate will 
depend much more on the screen 
and grid voltages than on the plate 
voltage. 
As in the triode tube, small 

changes in grid voltage produced by 
the ac signal applied to the input 
will produce comparatively large 
changes in plate current. These 

Fig. 24. Schematic of a screen-grid am-
plifier. RI is used to reduce the B supply 
voltage for the screen, and is called the 
screen voltage dropping resistor, or sim-
ply the screen dropping resistor. Cl is 
the screen by-pass capacitor. R2 is the 
plate load resistor. The heater of the tube 
has been omitted to simplify the diagram. 

changes in plate current will cause 
the voltage between the plate and 
cathode of the tube to vary, and this 
voltage will be the amplified output 
signal. 
A few of the electrons flowing from 

the cathode of the tube towards the 
plate of the tube will strike the 
screen. Thus there will be a small 
current flowing from the cathode of 
the tube, to the screen grid, through 
the power supply and back to the 
cathode. 

Because the plate voltage has 
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much less effect on the plate cur-
rent in a screen-grid tube than in a 
triode tube, screen-grid tubes have 
a much higher amplification factor 
than triodes. In addition they have 
a much higher plate resistance. 
Dleadvantages. 

Although the tetrode is a great 
improvement over the triode, it does 
have certain disadvantages. One of 
these disadvantages, which led to 
the development of the pentode or 
five-element tube, occurs because 
of secondary emission. 
As you already know, electrons 

travelling from the cathode of the 
tube to the plate reach a fairly high 
speed, and when they strike the plate 
they may knock other electrons off 
the plate. In a diode and a triode the 
plate is the only positive element in 
the vicinity of these loose electrons, 
and therefore they are attracted back 
to the plate. However, in a tetrode 
we have, in addition to the plate, the 
screen grid with a positive voltage 
applied to it. If the plate voltage is 
substantially higher than the screen 
voltage, the electrons will be at-
tracted back to the plate, but if the 
screen voltage is almost equal to or 
even higher than the plate voltage, 
then the electrons knocked off the 
plate of the tube will be attracted to 
the screen instead of to the plate. 
Thus, for every electron reaching 
the plate from the cathode there may 
be two or three electrons emitted by 

the plate. This means that if the grid 
swings in a positive direction more 
electrons will strike the plate, 
knocking still more electrons off the 
plate. The net result can be that the 
plate current decreases when the 
grid swings positive. To prevent this 
undesirable action a third grid called 
a suppressor grid was added to de-
velop the pentode tube. 

PENTODE TUBES 

The pentode tube is a tube with 
five elements. It is simply a refine-
ment of the screen-grid tube, which 
is made by adding an additional grid 
between the screen grid and the plate 
of the tube. Thus, the pentode has 
three grids. The third grid, or sup-
pressor grid, gets its name because 
it is put in the tube to suppress 
or eliminate the undesirable effects 
of secondary emission occurring at 
the plate of the tetrode tube. Be-
cause it is also the third grid it is 
sometimes called the number-three 
grid. 
The suppressor is usually con-

nected directly to the cathode of the 
tube, but sometimes it is connected 
directly to ground. It has very little 
effect upon the electrons travelling 
from the cathode of the tube towards 
the plate. These electrons are at-
tracted from the cathode by the posi-
tive potential on the screen of the 
tube. They are accelerated by this 
voltage, but as they approach the 
screen, instead of stopping at the 
screen they pass right through the 
screen wires. Once they get through 
these wires they are attracted to 
the plate by its positive voltage, 
which is usually higher than the 
voltage on the screen. In the pen-
tode tube, after the electrons 
have passed the screen they are 
moving at a fairly high velocity, and 
they travel right on through the sup-
pressor grid to the plate. The sup-
pressor does not have any appreci-
able effect on the progress of the 
electron as it moves from the cath-
ode toward the plate. 
When the electrons strike the plate 

they knock other electrons off the 
plate, as in the case of the screen-
grid tube. However, these electrons 
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are travelling at a comparatively low 
speed when they are knocked off the 
plate. The suppressor, which is con-
nected to the cathode or to ground or 
may be operated with a low negative 
voltage applied to it, repels the elec-
trons emitted from the plate by sec-
ondary emission, and these elec-
trons move back to the plate of the 
tube. Thus, the addition of the sup-
pressor grid eliminates the unde-
sirable current flow from the plate 
of the tube to the screen grid,which 
we found could occur in the tetrode 
tube. 

Because the pentode tube has a 
screen grid, it has the low plate-
to-grid capacity that we found in the 
tetrode tube. In addition, the pentode 
has the advantage that it does not 

suffer from the adverse effects of 
secondary emission. 

It might be well to point out now 

that the plate voltage on a tetrode 
or a pentode tube has very little 
effect on the plate current. The volt-
age on these tubes can be varied 
over wide limits without appreciably 

changing the plate current that will 
flow in the tube. For a given grid 
voltage, the plate current will de-
pend primarily upon the screen volt-
age. The screen is the electrode that 
starts the electrons moving from 

the cathode to the plate and has more 
effect on the number of electrons that 
will flow from the cathode to the plate 
than the plate voltage does. 

You will remember that one of the 
characteristics of vacuum tubes that 

we studied was the amplification fac-
tor. The amplification factor is the 
ratio of the plate voltage required to 

produce a given change in plate cur-
rent to the grid voltage required to 
produce the same change in plate 

current. Remember that the formula 
is: 

ep 
Li - 

eg 

Since the plate voltage has very 
little effect on the plate current in 
a tetrode or pentode tube, it takes 
a very large change in plate voltage 
to produce the same change in plate 
current that can be produced by a 
small change in grid voltage. Thus, 

the amplification factor of a tetrode 
or a pentode tube is very high. We 
mentioned that the amplification fac-
tor of a triode may be somewhere 

between about 5 and 100. A triode 
with an amplification factor of 100 
is called a high-mu triode because 
it has a high amplification factor 

for a triode. However, pentodes with 
amplification factors of over 1000 
are common. 

BEAM POWER TUBES 

Another tube that solves the prob-
lem of secondary emission in 
screen-grid tubes is the beam power 
tube. The beam power tube, like the 
screen-grid tube, is a tetrode or 
four-element tube in which this 
problem has been overcome. A 

sketch of a beam power tube is shown 
in Fig. 25. 

Notice the shape of the cathode of 
the tube. It has two flat surfaces. 
The construction of the cathode is 
such that most of the electrons will 
be emitted by the flat surfaces and 
hence there is a tendency for the 
electrons to form into two beams, 
one on each side of the cathode. Only 

one of these beams is shown in the 
drawing. 

Notice the two small additional 
plates between the screen grid and 
the plate of the tube. These plates 
are called the beam-confining or 
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CATHODE 

GRID 

SCREEN 

Fig. 25. A beam-power tube. 

beam-forming plates. The beam-
forming plates are connected inter-
nally to the cathode of the tube and 
repel electrons. These plates act to 
keep the electrons concentrated into 
the two beams that are formed at the 
cathode. The electrons flowing from 
the cathode of the tube towards the 
plate are bunched together in these 
beams. 
You will remember that an elec-

tron has a negative charge and will 
repel other electrons. Therefore, if 
an electron travelling at a high 
speed from the cathode of the tube 

DUAL 
DIODE 
SECTION 

TRIODE 
SECTION 

Fig. 26. A combination tube containing 
two diodes and a triode. This is called 

a duo-diode triode. 

to the plate knocks additional elec-
trons off the plate, these loose elec-
trons, which will be travelling at a 
low speed, will be repelled back to 
the plate by the negative charge on 
the electron beam. 
Beam power tubes are used in 

radio, TV, and industrial electronic 
equipment. Also, large beam power 
tubes are used in transmitters. The 
beam power tube has proven supe-
rior to the pentode in applications 
where large amounts of power must 
be handled. 

OTHER TORE TYPES 

The diode, triode, tetrode, and 
pentode are the basic tube types. 
However, there are many special 
tubes that have been manufactured 
for special applications. In addition, 
there are tubes that are simply 
combinations of several tubes in the 
same envelope. 
An example of a tube where sev-

eral types have been combined in 
one envelope is the tube with a triode 
and two diodes in it. A schematic of 
this type of tube is shown in Fig. 
26. This tube is called a duo-diode-
triode. As this name indicates, it 
has two diodes and a triode in one 
envelope. 

Other tubes consist of two triodes 
in one envelope such as shown in 
Fig. 27. In the schematic shown at 
A, a common cathode is used for the 
two triode sections; in the one shown 
at B, each triode section has its own 
separate cathode. 
Another combination type is the 

triode-pentode shown in Fig. 28. 
This type of tube is used in radio, 
TV, and many industrial applica-
tions. In this way, one tube can be 
made to do the work of several. 
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Fig. 27. Dual triode tubes. The tube at A 
has a common cathode. The tube at B has 
two separate cathodes. Notice this tube 
has a single heater with a center tap. Not 
all tubes of this type have tapped heaters. 

The pentagrid tube, shown in Fig. 
29, is an interesting tube.It is called 
a pentagrid tube because it has five 
grids. Tubes of this type are used 
as combination mixer-oscillators in 
radio and TV receivers. We will 
study this type in more detail later. 
You will also run into a tube 

called the Compactron. The Corn-
pactron is simply a tube where sev-
eral types are combined in one en-
velope. Compactron tubes have a 
base with twelve pins so it is pos-
sible to put a number of tubes in 
the same envelope. Some Compac-
trons may have three triodes in the 
one envelope; some may have two 

pentodes in the same envelope. 
Others are combinations of diodes, 
pentodes and triodes. Tubes such as 

Fig. 28. A pentode-triode. 

Compactrons offer an advantage 
over tubes in separate envelopes in-
asmuch as they are somewhat less 
expensive to manufacture than sepa-
rate tubes, and also it is possible 
to make more compact equipment 
because the space occupied by the 
multi-function tube is considerably 
smaller than the space that would 
be required for separate tubes. 
The Nuvistor tube is another im-

portant tube. Most Nuvistors are 
simply triode tubes but they are very 
small tubes. They look almost like a 
flat thimble. The advantage of the 
Nuvistor tube, in addition to its small 
size, is the very low capacity be-
tween the elements and the compara-

GRIDS 3 AND 5 - 
SCREEN GRID 

GRID 2 - 
GRID 4 - .7 OSCILLATOR 
CONTROL ANODE GRID 
GRID 

GRID I - 
OSCILLATOR 
CONTROL GRID 

Fig. 29. A pentagrid tube. 

tively high gain that can be obtained 
with this type of tube. Because of 
the very small size of the elements 
used in the Nuvistor tube, this tube 
is quite widely used as an rf ampli-
fier in TV receivers. Later, when 
we start studying specific amplifier 
circuits, you will see why such a 
tube as the Nuvistor would be ad-
vantageous as an amplifier at very 
high frequencies. 

While not all Nuvistor-type tubes 
are triodes, almost all the ones you 
are likely to encounter will be tri-
odes. There have been a few tetrode 
Nuvistors manufactured, but these 
were primarily for industrial appli-
cations rather than entertainment-
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type equipment. In addition, due to 
manufacturing difficulties and com-
petition from transistors, Nuvistors 
other than the triode types have not 
been too widely used. 

CHARACTERISTIC CURVES 

The characteristic curves for 
pentode tubes are quite different 
from those for triodes. The Ep-Ip 
curves for a typical pentode tube are 
shown in Fig. 30. Notice that the 
curves bend rather sharply at the 
left, but then are quite flat. For ex-
ample, notice the curve represent-
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Fig. 30. Ep-lp curves for the 6A116 tube. 

ing the plate current with a grid 
bias of -2 volts. As we start at the 
lower left of the graph this curve 
rises rapidly until we reach the line 
representing the plate voltage of 50 
volts. At this point the plate current 
is almost 2 milliamperes. Then, if 
the voltage on the plate of the tube 
is increased from 50 volts on up to 
450 volts, there is very little change 
in the plate current. This simply 
demonstrates what we mentioned 
previously; in a pentode tube the 
plate voltage has very little effect 

on the current-the plate current is 
primarily determined by the grid 
voltage and the screen voltage. 
The characteristic curves for 

beam power tubes are quite similar 
to those for pentode tubes. We have 
not shown curves for screen-grid 
tubes, because the screen-grid tube 
has been replaced by the pentode and 
beam power tubes in modern design. 

SUMMARY 

In this section of the lesson you 
have studied multi-element tubes. 
Remember that the screen-grid tube 
was developed to eliminate the un-
desirable effects produced by the 
high plate-to-grid capacity found in 
triode tubes. A screen-grid tube is 
a tube with a high amplification fac-
tor and low plate-to-grid capacity. 
However, because the screen is op-
erated with a positive voltage, the 
electrons emitted from the plate by 
secondary emission were attracted 
both to the plate and to the screen 
of the tube. Some of the electrons 
would flow to the screen and intro-
duce a number of undesirable 
effects. 
To overcome the problem created 

by secondary emission in the screen 
grid tube, the pentode or five-ele-
ment tube was developed. The pen-
tode contains three grids: a control 
grid, a screen grid, and a suppressor 
grid. These grids are often referred 
to as grids 1, 2, and 3. 
The undesirable effects of second-

ary emission can also be overcome 
by constructing a flat type of cathode 
and using beam-forming plates. This 
led to the development of the beam 
power tube. The beam power tube is 
a tetrode tube, but it differs substan-
tially in performance and construc-
tion from the old screen-grid tube. 
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In addition to the screen grid, 
pentode, and beam power tubes, 
there are a number of special tubes. 
These tubes may actually be tubes 
designed for one specific application 
such as the pentagrid converter type 
tube, or may simply be two or three 
different tubes combined in the one 
envelope. Tubes of this type consist 
of twin triodes, triode-pentode 
combinations, and duo-diode-tri-
odes. 

SELF-TEST QUESTIONS 

(am) What is the purpose of the 
screen grid in a tetrode tube? 

(an) 

(ao) 

(ap) 

(aq) 

(ar) 

(as) 
(at) 

What dc operating potential is 
applied to the screen of a tube? 
How is the screen of a tetrode 
tube operated in order to pro-
vide maximum shielding be-
tween plate and grid? 
Name the five elements in a 
pentode tube. 
What elements control the flow 
of plate current in the pentode 
tube? 
How are the undesirable ef-
fects of secondary emission 
overcome in the beam power 
tube? 
What is a Compactron? 
What is a Nuvistor? 

Special Tube Types 

There are a number of special-
purpose tubes that have been de-
signed for particular applications. 
Many of these tubes were designed 
for use in transmitting and industrial 
electronic equipment, but some of 
these tubes will also be found in 
equipment that the radio-TV serv-
iceman may be called on to service. 
In most cases it is not particularly 
difficult to understand how these 
tubes operate. 

GAS-FILLED DIODES 

We mentioned earlier that gas is 
sometimes deliberately introduced 
into a tube. A common application 
of this principle is found in some 
diodes where mercury is placed in-
side the tube. The mercury vapor-

izes, filling the inside of the tube 
with mercury vapor. This particular 
type of tube makes an excellent 
rectifier. One of its characteristics 
is that the voltage drop across the 
tube is almost constant regardless 
of the current flowing through the 
tube. Let us look into the mercury-
vapor diode tube and see how it dif-
fers from a high-vacuum diode. 
The circuit shown in Fig. 31 can 

be used to compare the character-
istics of the vacuum diode and the 
mercury-vapor diode. If we use a 
vacuum diode in this circuit, we will 
find that when the voltage applied 
to the circuit is zero, the voltage 
between the plate and the filament 
of the tube is zero, and the current 
flowing in the circuit is zero. If we 
increase the voltage to 5 volts, we 
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Fig. 31. A circuit for comparing vacuum 
and gas-filled diodes. 

will notice a reading on the volt-
meter indicating that there is volt-
age between the plate and the fila-
ment of the tube and that current is 
starting to flow in the circuit. If we 
then increase the variable voltage 
source to 10 volts, we will find that 
the voltage between the plate and the 
filament of the tube has increased 
and that the current flowing in the 
circuit has increased. If we keep in-
creasing the voltage in 5-volt steps, 
we will find that the reading on the 
voltmeter will gradually increase, 
and at the same time the current 
flowing in the circuit will increase. 
This will continue in this way until 
a plate voltage is reached where all 
the electrons being emitted by the 
tube are being attracted to the plate. 
Then, increasing the voltage would 
result in little or no increase in 
current flowing through the tube. If 
we plotted the curve to show the 
relationship between the voltage 

across the tube and the current flow-
ing through the tube, we would get a 
curve like the one shown in Fig. 32A. 

If we perform the same experi-
ment with a mercury vapor diode, 
we would obtain somewhat different 
results. If we started with the volt-
age from the variable voltage source 
at zero, we would find the reading 
on the voltmeter connected between 
the plate and filament of the tube was 

zero and again that the current flow-
ing in the circuit was zero. When 
we increase the source voltage until 
we get a reading on the voltmeter of 
about 5 volts, there will be a current 
flowing in the circuit. A further in-
crease to 10 volts would result in a 
further increase in the current flow-
ing in the circuit. If we increase the 
voltage to 15 volts, we would get an-
other increase in the current flow-
ing in the circuit. However, when 
we increase the voltage above 15 
volts something unusual will hap-
pen. At some voltage above 15 volts, 
the tube will fire; this means that it 
will suddenly start to glow with a 
blue glow. When this happens, the 
reading on the voltmeter connected 
between the plate and the filament 
of the tube will drop back to 15 volts. 
We would find that increasing the 
voltage from the variable voltagE 
source further would not result in 
any increase in the voltage between 
the plate and the filament of the tube. 
However, the current flowing in the 
circuit would continue to increase 
as long as we increased the voltage 
of the source. If we plotted a curve 
to show the relationship between the 
voltmeter reading and the milli-
ammeter readings for this tube, we 
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Fig. 32. The Ep-lp curve for a vacuum 

diode is shown at A. and the curve for a 
mercury-vapor diode is shown at B. 
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would get a curve similar to Fig. 
32B. Notice that up to some voltage 
slightly over 15 volts this curve is 
very similar to the curve obtained 
for the vacuum diode, but when the 
firing point is reached, the voltage 
between the plate and the filament 
of the tube drops down to 15 volts 
and then remains constant at this 
value, while at the same time the 
current through the tube can in-
crease almost indefinitely. 
Now let us see what is happening 

inside the mercury vapor tube. When 
the low positive voltage is applied to 
the plate of the tube, electrons emit-
ted by the filament are attracted to 
the plate. These electrons do not 
reach any great velocity, so they 
simply travel over to the plate of 
the tube. Some of them will strike 
the gas molecules inside the tube, 
but they are not traveling at a high 
enough speed to knock any electrons 
off the molecules. As the plate volt-
age is increased, eventually a volt-
age is reached where the electrons 
travelling from the filament to the 
plate of the tube reach a high enough 
speed to knock electrons off the gas 
molecules that they strike. When this 
happens, the electrons knocked off 
the gas molecules travel over to the 
plate of the tube, thus increasing the 
number of electrons reaching the 
plate. At the same time, the mole-
cules that have had some electrons 
removed will have a positive charge 
on them, and they will travel over to-
wards the filament of the tube. As 
these molecules enter into the area 
of the space charge around the tube 
filament, they will pick up electrons 
from the space charge, lose their 
positive charge, and then begin to 
drift away from the tube cathode. 
They, in turn, will be hit by other 
electrons travelling from the fila-

ment of the tube to the plate, which 
will knock electrons off the gas 
molecule again, give it a positive 
charge, and once more it will start 
back to the space charge to pick up 
additional electrons in order to get 
rid of the positive charge. 

If the right amount of mercary 
vapor is present in the tube, the gas 
molecules will neutralize or elimi-
nate the effects of the space charge 
around the filament of the tube. Thus, 
the electrons will be able to leave 
the filament and travel directly to 
the plate of the tube with little or no 
opposition. This results in a tube 
with a very low internal resistance. 
The voltage drop across a tube of 
this type is almost constant and is 
about 15 volts regardless of the cur-
rent flowing through the tube. 
When the gas inside the tube ion-

izes, it gives off a bright blue glow. 
When this happens we say that the 
tube fires. The firing point for a 
mercury vapor tube is slightly above 
15 volts, but once the tube has fired 
the voltage drop across the tube will 
drop back to approximately 15 volts 
and remain essentially constant at 

this value. 
Mercury vapor diodes are used as 

rectifiers. It is a great advantage to 
have rectifier tubes that have a con-
stant voltage drop, particularly in 
equipment where the current drawn 
from the power supply varies ap-
preciably. If the current varies and 
a vacuum type rectifier is used, 
there will be considerable variation 
in the voltage drop across the tube, 
and as a result a variation in the 
output voltage from the power sup-
ply. However, in a mercury vapor 
tube, since the voltage drop across 
the tube is practically constant re-
gardless of the current flowing 
through it, the output voltage from 
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Fig. 33. Dot inside the envelope is used 
to indicate a gas-filled tube. This is the 
schematic symbol for a gas-filled diode. 

the power supply will be almost con-
stant even though the current drawn 
from the supply and through the tube 
may vary appreciably. 
To distinguish tubes containing 

gas from vacuum tubes in a sche-
matic diagram, a dot is usually 
placed inside the tube envelope on 
the schematic symbol. The sche-
matic symbol for a gas-filled diode 

rectifier is shown in Fig. 33. 
Mercury is not the only gas used 

in gas-filled tubes, but it is the most 
commonly used in rectifier tubes. 
Mercury-vapor tubes are not found 

in modern radio and TV receivers 
but are used in many other applica-
tions. 
An example of another gas-filled 

diode is the Ttmgar tube. This tube 
is somewhat similar to and operates 
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/ PLATE TERMINAL 
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Fig. 34. Construction of a thyratron. 

on the same principle as the mer-
cury-vapor diode, but instead of 
mercury, argon gas is introduced 
into the tube. This tube has many 
of the characteristics of the mer-
cury-vapor diode; it has an almost 
constant voltage drop of about 10 
volts across it. It is particularly 
suitable for applications requiring 
a low voltage and a high current. 

THE THYRATRON 

In addition to mercury-vapor di-
odes, mercury-vapor triodes are 
also used. A mercury-vapor tube 
with a grid is called a thyratron. 
The construction of a thyratron is 
somewhat different from the con-
struction of a vacuum-type triode 
tube. A sketch of a thyratron is 
shown in Fig. 34. 
The control that the grid has over 

the flow of plate current in the thyra-
tron is quite different from the con-
trol the grid has in the high-vacuum 
rectifier. In a thyratron, as long as 
the grid is maintained sufficiently 
negative to cut off the flow of plate 
current, there will be no electron 
flow from the cathode of the tube 
to the plate. Even with a high posi-
tive voltage on the plate of the tube, 
the grid, if it is negative enough, can 
block the flow of electrons to the 
plate. Electrons emitted by the cath-
ode are simply driven back into the 
space charge and to the cathode. 
Up to this point the action of the 

grid in a thyratron is similar to the 
action of the grid in a vacuum triode. 
However, if the grid voltage on the 
thyratron is reduced below the val-
ue required for cut-off, something 
entirely different happens. 
A circuit using a thyratron is 

shown in Fig. 35A. If the grid is 
made negative and a positive voltage 
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rig. 35. Circuit using a thyratron. 

Is applied to the plate, the grid is 
able to cut off the flow of plate cur-
rent. Once the grid voltage is re-
duced below cut-off, electrons be-
gin flowing from the cathode of the 
tube to the plate. These electrons 
flowing through the tube will strike 
the gas molecules and knock elec-

trons off them. These electrons will 
flow over to the plate of the tube. 
Meanwhile, the gas molecules that 
now have a positive charge on them 
will drift to the space charge to pick 
up electrons to neutralize the posi-

tive charge. In doing this, they re-
move the electrons in the space 
charge which in effect reduces the 
internal resistance of the tube, and 
permits a high current to flow. 

If we try to cut off the flow of plate 
current by increasing the negative 
grid voltage to the cut off value again, 
the negative grid will attract positive 
ions which are gas molecules that 

have had electrons knocked off them. 
These positive ions will, in turn,at-

tract electrons from the grid. These 
electrons are coming to the grid 
through R1, and as a result there will 

be a voltage drop across this resis-
tor as shown in Fig. 35B. This volt-
age drop has a polarity opposite to 

that of the grid battery and will tend 
to neutralize the negative voltage ap-

plied in the grid circuit so the grid 
itself does not become very negative. 
Therefore, the grid is unable to gain 

control of the plate current, so 
the plate current continues to flow 
from the cathode to the plate of the 
tube even though the negative volt-
age applied to the grid circuit may 
be considerably greater than the ap-

plied voltage that would originally 
cut off the flow of plate current. If 

we increase the negative grid volt-
age to a very high value to try to cut 

off the flow of plate current, we 
simply attract more ions to the grid. 

These positive ions will attract more 
electrons from the grid,with the re-
sult that the number of electrons 
flowing from the grid to the ions may 
become quite high. This current 
could become so high the tube would 

be destroyed if it were not for the 
resistor R1 placed in the grid cir-
cuit which helps to keep the grid 
current down to a safe value. 

In a thyratron, if the plate current 
is to be cut off by the grid voltage, 

the negative voltage needed to cut 
off the flow of plate current must be 
applied to the grid of the tube before 
the plate voltage is applied. Then 

the positive voltage can be applied 
to the plate of the tube, and the grid 
will prevent the electrons from 
reaching the plate of the tube. But 
once the grid voltage is reduced to 
a point called the "starting" point, 

where electrons can begin flowing 
from the cathode to the plate, the 
tube will fire, just as the mercury-
vapor diode does, and the positively 
charged molecules will neutralize 
the space charge. This will permit a 
high current to flow through the tube 

and at the same time be attracted to 
the grid and neutralize any negative 
voltage placed on it to try to cut off 
the flow of plate current. 
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In a circuit using a thyratron, 
once the grid has lost control of the 
flow of plate current, the only way it 
can regain control is by removing 
the plate voltage from the tube. Once 
the plate voltage is removed, the grid 
can regain control; plate voltage 
can then be reapplied to the tube and 
no current will flow through it as 
long as the grid voltage is kept suf-
ficiently negative to prevent any 
electrons from flowing from the 
cathode to the plate of the tube. 

Thyratrons are extremely useful 
in industrial electronic applications. 
In some circuits, ac is applied to 
the plate of the tube instead of dc. 

THE CATHODE-BAY TUBE 

Another important tube found in 
many pieces of test equipment and 
also in TV receivers is the cathode 
ray tube. A photo of a cathode ray 
tube is shown in Fig. 36. 

In the neck of a cathode ray tube 
is a device known as an electron 
gun. A typical electron gun is also 
shown in Fig. 36. The electron gun 
contains a heater, which heats a 
cathode; the cathode emits elec-
trons; and these electrons are at-
tracted by the high positive voltage 
on the anodes in the tube. Between 
the first anode and the cathode is 
the grid, as shown in the figure. The 
grid is used to control the number 
of electrons passing from the cath-
ode towards the anodes. 
The anodes in a cathode ray tube 

are arranged with a hole in the center 
of them so that instead of attracting 
electrons to themselves, they ac-
celerate the electrons down the neck 
of the tube. The electrons pass right 
through the holes in the anodes and 
travel at a very high speed towards 
the face of the cathode ray tube. The 

face of the cathode ray tube is cov-
ered with a phosphorescent type of 
material. When this surface is 
struck by electrons, it glows and 
gives off light. 

If the electrons accelerated down 
the electron gun were permitted to 
travel directly towards the face of 
the tube, they would all strike the 
face at approximately the same 
spot--somewhere near the center of 
the tube. However, the electron beam 
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Fig. 36. A cathode ray tube is shown 
above; an electron gun of a cri below. 
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can be deflected so that it can be 

made to strike any point on the face 
of the tube. 
The electron beam can be deflec-

ted by means of plates inside the 
neck of the cathode ray tube. If a 

positive voltage is put on one plate 
and a negative voltage on another, 

the positive plate will attract and 
bend the electron beam towards it 
and at the same time the negative 
plate will push the beam away from 
it. If two sets of parallel plates are 
installed in a tube, one in the hori-
zontal plane and the other in the 
vertical plane, the horizontal plates 

can be used to move the electron 
beam up and down, and the plates 
installed in the vertical direction 

can be used to move the electron 
beam from side to side. Such a tube 

is called an electrostatic cathode 

ray tube. 
The electron beam may also be 

deflected by magnetic fields pro-
duced by two pairs of coils. This is 

called electromagnetic deflection. 
The picture tubes used in TV re-
ceivers use this type of deflection. 

Color picture tubes are similar 
to the tubes shown in Fig. 36 except 
that three electron guns are used 
inside of the tube. One gun is used 
for each of the three primary colors, 
red, blue and green. These guns are 
arranged to produce three electron 
beams that travel to the face of the 
picture tube and strike phosphors 
that will give off colored light. In 

other words, the blue gun strikes a 
phosphor dot that produces blue; 
the red gun strikes a phosphor dot 
that produces red, and the green gun 
strikes a phosphor dot that produces 
green. Hundreds of thousands of dots 
are placed on the face of the tube, 

and by sweeping the electron beams 
over the face of the tube it is pos-

Fig. 37. Sehematie symbol of a VR tube. 

sible to produce color pictures. Of 
course, the color tube is more com-
plex than this, and there are other 
parts that we have omitted. We will 
study them later, but this will give 
you a general idea of what a color 
tube is like. 

OTHER SPECIAL TUBE TYPES 

There are many other special tube 
types found in electronic equipment. 
Voltage Regulator Tubes. 

One type that is quite common is 
the voltage regulator tube, often ab-

breviated the Vit tube. The sche-
matic symbol used to represent a 

Vit tube is shown in Fig. 37. 
Notice that the Vit tube is a gas-

filled tube. It is often used in a cir-
cuit like the one shown in Fig. 38. 
An important characteristic of this 
type of tube is that it maintains an 
almost constant voltage drop across 
it. If the voltage tends to increase, 

the tube will draw current, which will 
result in a greater voltage drop 
across the resistor so that the volt-

UNREGULATED 
VOLTAGE 

REGULATED 
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Fig. 38. A circuit using a VR tube. 
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age across the tube will remain con-
stant. This type of tube is used to 
regulate the voltage in circuits 
where it is important for the voltage 
to be held as constant as possible. 
Photo Tubes. 

Another type of tube found in elec-
tronic equipment is the photo tube. 
This tube has a cathode and an anode, 
or plate. Instead of emitting elec-
trons by thermionic emission, this 
tube is designed to emit electrons 
when light strikes its cathode.Elec-
trons travel over to the plate of the 
tube and thus current flows through 
the tube. In Fig. 39 we have shown 
a picture of a photoelectric tube and 
the schematic symbol for it. 

Fig. 39. A photoelectric tube and its 
schematic symbol. 

SUMMARY 

There are many special tube types 
in electronic equipment. Among 
these are the gas-filled tubes. Gas-
filled diodes are frequently used in 
power supplies, particularly where 
the current drawn from the power 
supply goes through wide variations. 
Mercury-vapor rectifier tubes are 
found in many pieces of industrial 
electronic equipment and in the 
power supplies of most radio and 
TV transmitters. 

A three-element mercury-vapor 
tube is called a thyratron tube. The 
most important characteristic of a 
thyratron is that the grid can prevent 
the flow of current from the cathode 
to the plate if it is made negative 
enough before the plate voltage is 
applied to the tube. However, once 
the current begins to flow from the 
cathode to the plate of the tube, 
putting a negative voltage on the grid 
of the tube will not cut off the flow 
of plate current because the nega-
tive voltage attracts the positive gas 
ions in the tube and these ions draw 
electrons from the grid. If the grid 
voltage is high enough, this will cause 
such a high grid current that the 
tube may be destroyed. 
The cathode ray tube is found in 

TV and in many pieces of test equip-
ment. It contains an electron gun 
which is used to shape the electrons 
into a beam and to accelerate them 
down the gun towards the face of the 
tube. Electrons striking the face of 
the tube cause the tube to glow and 
give off light. Cathode ray tubes are 
made in two types, those using elec-
trostatic deflection and those using 
electromagnetic deflection. 

Other special tubes are the photo 
tubes and the voltage regulator 
tubes. You will see more of these 
tube types later. 

SELF-TEST QUESTIONS 

(au) What do we mean when we say 
a mercury-vapor fires? 

(ay) What is the advantage of a 
mercury-vapor diode over a 
vacuum-tube diode as a recti-
fier? 

(aw) What is a thyratron? 
(ax) What is the main difference 

between a thyratron and a con-
ventional triode tube? 
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(ay) What is the purpose of the 
anodes in the electron gun of 
a cathode-ray tube? 

(az) What two types of deflection 
may be used with a cathode-
ray tube? 

LOOKING AHEAD 

Now that you have studied the vari-
ous tube types and have learned how 
they operate, the next thing is to see 
them actually used in typical cir-
cuits. In your next lesson you will 
study the most common circuits 
found in electronic equipment. These 
circuits are the basic circuits from 
which more complex circuits have 
been developed. 

ANSWERS TO SELF-TEST 

QUESTIONS 

(a) 

(b) 

A cathode and a plate. 
Tube cathodes can be divided 
into directly heated and in-
directly heated types. 

(c) A filament. 
(d) By means of a heater which 

is a coil of wire placed inside 
the cathode. The cathode is 
usually made in the form of 
a hollow tube. 

(e) To provide an abundant supply 
of electrons at low operating 
temperatures. 
None. Other than to heat the 
cathode the heater serves no 
useful purpose and therefore 
it is often left off the sche-
matic diagram in order to 
simplify the diagram. 
Approximately 8 volts. The 
first number or numbers pre-
ceding the first letter in a tube 
type indicates the approximate 
heater voltage required by the 
tube. 

) 

(g) 
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The plate or anode. 
The plate receives a certain 
amount of heating from the 
cathode of the tube and the re-
mainder is produced by elec-
trons striking it. 
The plate may begin to emit 
electrons and the excessive 
heat may force gases out of 
the plate material into the 
space surrounding the plate of 
the tube. 

(k) The getter is used to elimi-
nate gases that are released 
inside the tube the first time 
it is heated after it has been 
sealed. 
A tube from which all of the 
gases have been removed. 

(m) A tube into which a certain 
amount of gas has been de-
liberately introduced. An ex-
ample of the type of gas fre-
quently introduced into diode 
tubes is mercury vapor. 

(n) It simply indicates that a few 
electrons are missing the 
plate and striking the glass. 
This often happens and does 
not mean that there is any-
thing wrong with the tube. 

(o) When we say the plate current 
-plate voltage is linear we 
mean that a given change in 
plate voltage will produce a 
constant change in plate cur-
rent. In other words, if we in-
crease the plate voltage from 
70 volts to 80 volts it will 
cause a certain increase in 
plate current. If we increase 
the plate voltage another 10 
volts it will cause a similar 
increase in plate current. 
The grid is much closer to the 
cathode than the plate and 
therefore the voltage applied 
to the grid of the tube has a 

(1) 

(P) 



(q) 

greater effect on plate cur-

rent than the same voltage ap-
plied to the plate will have. 
The positive voltage applied 
to the grid of the tube will 
cause the number of electrons 
flowing from the cathode to 
increase. Most of these elec-
trons will flow through the 
grid structure to the plate be-
cause the plate will normally 
have a much higher positive 
voltage than the grid. By 
the time the electrons have 
reached the grid they will be 
travelling at such a high speed 
that they will pass right 
through the grid and flow over 
to the plate. However, some of 
the electrons will be attracted 
by the grid and will cause 
some current to flow in the 
grid circuit. 

(r) As the negative grid voltage is 
increased, the plate current 
will decrease until eventually 
the grid voltage will become 
negative enough to prevent any 
electrons from reaching the 
plate. When this happens we 
say that the plate current is 
cut off. 
The amplification factor of a 
tube is the ratio of the change 
in plate voltage to the change 
in grid voltage required to 
produce the same change in 
plate current. 
Between 5 and about 100. 
The amplified signal will nor-
mally be the same as the in-
put signal except it will be 
180° out of phase. In other 
words, when the input signal 
reaches its maximum positive 
value, the amplified signal will 
reach its maximum negative 
value and when the input sig-

(8) 

(t) 
(u) 

nal reaches its maximum 
negative value, the amplified 
signal will reach its maximum 
positive value. We say that the 

output signal is inverted or 
180° out of phase with the in-

put signal. 
(v) The ac plate current is the 

changing plate current pro-
duced by the input signal volt-
age. It acts like an ac current 
superimposed on the de plate 

current that flows through the 
tube when the input signal is 
zero. 

(w) A grounded-cathode amplifier 
is an amplifier using a tube in 
which the cathode is at signal 
ground potential. 

(x) An Eg-Ip curve is a grid volt-
age-plate current curve. It 
shows how the plate current 
varies with different values 
of grid voltage. 

(y) The linear portion of the Eg-Ip 
characteristic curve is the 
straight portion of the char-
acteristic curve. In Fig. 15, 
the linear portion is between 
approximately -6 volts and 0 
volts. 

(z) A grid-bias voltage is a volt-
age applied between the grid 
and the cathode of the tube to 
fix the operating grid voltage 
so that the tube will operate 
over the linear portion of the 
Eg-Ip characteristic curve. 

(an) When a tube is operated with 
too low a grid bias, the signal 
may drive the grid in a posi-
tive direction. When this hap-
pens, the grid will draw cur-
rent with the result that the 
increase in plate current will 
not be linear. This results in a 
flattening of one half of the 
amplified output signal. 
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(ab) When the operating grid bias 

on a tube is too high, the input 
signal may drive the grid so 
far in a negative direction that 
the flow of plate current may 
be completely cut off. This 

will result in a flattening of 
the negative half of the plate 
current cycle which will pro-
duce amplitude distortion. 

(ac) An Ep-Ip curve is a charac-

teristic curve which shows the 
plate current for different val-
ues of plate voltage. A series 
of these curves are usually 
given, one curve for each val-

ue of grid voltage. 
(ad) The ac plate resistance of a 

tube is the ratio of a change 
in plate voltage to a change in 
plate current that it produces. 
It is represented by the for-

mula: 
ep 

rp - ip 

(ae) The de plate resistance of a 

tube is the dc plate voltage 
measured between the plate 
and cathode of the tube di-
vided by the dc plate current 
flowing through the circuit. 

(af) The mutual conductance of a 
tube is equal to a change in 
plate current divided by the 

change in grid voltage re-
quired to produce the change 
in plate current. Mutual con-
ductance is usually repre-
sented by gm and the formula 
for mutual conductance is 

ip 

gM = eg 

(ag) The mutual conductance is 
measured in mhos. However, 

the mho is a rather large 

unit and thus we usually con-
vert this to micro-mhos by 

multiplying it by 1,000,000. 
(ah) u = rp x gm . 

(ai) An equivalent circuit is a cir-
cuit used to analyze the per-
formance of an amplifier 

stage. 
(aj) The generator voltage is 

The voltage is negative to in-

dicate the fact that it is in-

verted by the stage. In other 
words, the output voltage is 
180° out of phase with the in-

put voltage. 
(ak) The generator internal resist-

ance is the plate resistance of 

the tube. 
(al) The stage gain will be 45. To 

find the gain of the stage we 
use the formila 

stage gain =4. X R RL  
L + rp 

and substituting 50 for the am-
plification factor, 90,000 for 
the load resistance and 10,000 
for the plate resistance we get 

stage gain = 50 x 

= 50 x  

= 50 x 

90,000 
90,000 + 10,000 

90,000 
100,000 

9 

10 

= 45 

(am) The screen grid reduces the 
plate-to-grid capacitance and 
prevents oscillation due to 
feedback from the plate to the 

grid of the tube. 
(an) The screen of a tetrode tube 

is operated with a positive po-
tential applied to it. Usually 
the positive potential is about 
half the plate potential. 

47 



(ao) The screen is operated at sig-

nal ground potential. We ac-
complish this by connecting a 
suitable capacitor between the 
screen of the tube and ground. 

The capacitor offers a low re-
actance to ac signals on the 

screen so, insofar as the sig-
nals are concerned, the screen 
is essentially at ground po-
tential. 

(ap) The five elements in the pen-
tode tube are the cathode, the 
grid, the screen grid, the sup-
pressor grid and the plate. 

(aq) The grid and the screen grid. 
The voltage applied to the grid 
and the voltage applied to the 
screen grid will control the 
flow of plate current in a pen-
tode tube. The plate voltage on 
a pentode tube has very little 
effect on the plate current 
flowing in the tube. 

(ar) In a beam-power tube the elec-
trons are focused in two 

beams. Electrons knocked off 
the plate are moving at a slow 

speed and they are repelled by 
the high-speed electrons in the 

beam back to the plate of the 
tube. 

(as) A Compactron is simply a tube 

where several types have been 
combined in just one envelope. 
The base of the Compactron 
tube has twelve pins so that it 
is possible to combine a num-

ber of complete tubes in the 
same envelope. 

(at) A Nuvistor is a miniature tube 
shaped something like a thim-

ble with a flat top. The tube is 
extremely small and therefore 

the capacity between the plate 
and grid is quite low, making 

the tube suitable for use in rf 
amplifiers. 

(au) When we say a mercury vapor 
tube fires we mean that the 

gas inside the tube ionizes. 

(ay) The mercury vapor tube has 
a constant voltage drop re-
gardless of the current flow-
ing through the tube. The vacu-

um type rectifier does not have 
this desirable characteristic; 

the voltage drop across the 
tube will depend upon the cur-

rent flowing through the tube. 
(aw) A thyratron is essentially a 

triode tube that has been filled 

with a gas such as mercury 
vapor. 
In a thyratron, the grid can 

keep the plate current cut off 
if a high negative voltage is 
applied to the grid before volt-
age is applied to the plate of 
the tube. Once the plate cur-

rent begins to flow, the grid 
loses all control of the flow 
of plate current and normally 
cannot be used to reduce or 
cut off the plate current. In a 

vacuum-type triode tube, how-
ever, the grid always main-
tains control over the flow of 
plate current. 

(ay) The anodes are used to ac-
celerate and focus the elec-
tron beam. They are not de-
signed primarily to attract 

electrons as is the plate in the 
conventional tube, but rather 
they are used to accelerate 
electrons in the form of a beam 
down the electron gun towards 
the phosphor on the face of the 
cathode-ray tube. 

(az) Electrostatic deflection and 
electro-magnetic deflection. 

(ax) 
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Lesson Questions 

Be sure to number your answer sheet B110. 

Place your Student Number on every Answer Sheet. 

Most students want to know their grade as soon as possible so they 
mail their set of answers immediately. Others, knowing they will finish 
the next lesson within a few days, send in two sets of answers at a time. 
Either practice is acceptable to us. However, don't hold your answers too 
long; you may lose them.Don'thold answers to send in more than two sets 
at a time or you may run out of lessons before the new ones can reach you. 

1. What type of emission is used in a vacuum tube with either a directly 
or an indirectly heated cathode? 

2. Approximately what heater voltage would you expect a 12BE6 tube to 
require? 

3. Why does secondary emission occur at the plates of most tubes? 

4. If we find that in a certain triode tube a change in grid voltage of 2 
volts produces the same change in plate current as a change in plate 
voltage of 100 volts, what is the amplification factor of the tube? 

5. When the signal voltage swings the grid of the amplifier shown in Fig. 
13 in a positive direction, in what direction does the plate voltage 
swing? Why? 

6. Why do we apply grid bias to a tube? 

7. Name the three important tube characteristics and give the formula 
for each. 

8. Why can the stage gain of a triode amplifier never quite equal the am-
plification factor of the tube? 

9. How does the suppressor in a pentode tube prevent the undesirable 
effects of secondary emission that occur in a tetrode? 

10. How can you stop the flow of plate current in a thyratron once the 
tube has fired? 



ENTHUSIASM 

Starting work in a new field of endeavor just 
naturally arouses an intense and eager interest in 
what you are doing -- an enthusiasm which not only 
makes study and work a pleasure, but also betters 
your chances for success. 

My students have enthusiasm for their Course of 
training because it is preparing them for a definite 
goal -- an independent business or a good job. They 
are continually finding, in the lessons studied, ex-
planations for mysteries which they have encountered. 
Discovering immediate uses for fundamental facts 
keeps their enthusiasm high. 

When enthusiasm is aroused in an ambitious man, 
he reacts like a thoroughbred race horse, giving all 
the speed and effort in him. If you try to arouse en-
thusiasm in a mule, however, all he will do is kick: 

A real and lasting enthusiasm for electronics will 
make your study and work as pleasant as play, and 
will make your life much happier. 
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STUDY SCHEDULE 
By dividing your study into the steps given below, you can get 
the most out of this part of your NR! Course in the shortest 
possible time. Check off each step when you finish it. 

1. Introduction   Pages 1 - 2 

2. Types of Amplifiers   Pages 2 - 8 
You learn that amplifiers can be divided into classes according 
to operation, and into voltage amplifiers and power amplifiers 
according to the applications for which they are used. 

3. Typical Amplifiers   Pages 9 - 18 
In this section you study examples of both audio and rf 
amplifiers. 

4. Detectors and Rectifiers   Pages 19 - 23 
We study detectors and rectifiers . together in this section, 
because they both work on the principle of allowing current to 
flow in only one direction. 

5. Oscillators   Pages 24 - 28 
You study the Hartley oscillator, the Colpitts oscillator, and 
the multivibrator. 

6. A Complete Superheterodyne Receiver   Pages 29 - 37 
We take the various circuits you have studied and put them 
together to form a complete receiver. 

7. Amplifier Variations   Pages 38 - 43 
We take up grounded-cathode, grounded-grid, and grounded-
plate (cathode-follower) amplifiers. 

8. Answers to Self-Test Questions   Pages 44 - 48 

9. Answer the Lesson Questions. 

10. Start Studying the Next Lesson. 
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HOW TUBES ARE USED 

In the preceding lesson you studied 
tube fundamentals and learned how 
a vacuum tube works. You learned 
that a tube is a unilateral device. 
By this we mean that it works in 
only one direction. Current will flow 
from the cathode to the plate of the 
tube, but it will not normally flow 
from the plate to the cathode. 
You learned that in a three-ele-

ment tube, a grid placed near the 
cathode can control the flow of elec-
trons from the cathode to the plate. 
Because the grid is closer to the 
cathode than the plate is, it has a 
greater effect on the flow of plate 
current than the plate. Hence, a 
small signal voltage applied to the 
grid of a vacuum tube will cause the 
plate current to vary. This varying 
plate current can develop a voltage 
several times the original grid volt-
age across the plate load. This 
ability of the grid to control the flow 

of current from the cathode to the 
plate of the tube is what makes it 
possible for the tube to amplify a 
signal. 

The purpose of this lesson is to 
increase your understanding of how 

tubes operate and to study a number 
of important basic tube circuits. You 
will study amplifiers similar to 
those used to amplify an audio or a 
video signal. You will study rf am-
plifiers, detectors and oscillators. 
All of these circuits will be found 
in modern electronic equipment. You 
will also study rectifiers. Although 
tube-type rectifiers are no longer 
used in new receiving-type equip-
ment, they are still used in trans-
mitters, in industrial applications 
and in many older radio and TV re-
ceivers. 

These are the basic circuits that 
you are most likely to encounter. 
Later on, you will study many other 
circuits. 

After we have looked at the basic 
circuits separately, we will see how 
these different circuits are used to-
gether to form a complete radio re-
ceiver. The basic principles used in 
radio receivers are similar to those 
used in both black and white and 
color television reception. 

In the last section of the lesson 
we will take up some variations in 
amplifier circuits. In the simple am-
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plifier you studied in the preceding 
lesson, the load was placed in the 
plate circuit of the tube and the cath-
ode was operated at signal-ground 
potential. This type of amplifier is 
called a grounded-cathode ampli-
fier. However, there are different 
circuits in which one of the other 
elements is operated at ground po-
tential. In one type of amplifier the 
plate is grounded, and the load is 
placed in the cathode circuit. This 
type of amplifier is called a 
grounded-plate amplifier or more 
frequently a cathode-follower. In 
still another type of amplifier the 
grid is operated at ground potential, 
and the input signal is applied be-

tween the cathode and ground. The 
load is placed in the plate circuit. 
This type of amplifier is called a 
grounded-grid amplifier. In this les-
son you will study all three types. 
While most of the amplifiers you 
will find are grounded-cathode am-
plifiers, grounded-grid amplifiers 
are used both in transmitting and 
receiving equipment. Also, cathode-
followers are quite widely used in 
industrial applications, and they have 
been quite widely used in color TV 
receivers. The material you will 
study in this lesson is primarily an 
introduction to the different types of 
amplifiers. You will study them all 
in greater detail later. 

Types of Amplifiers 

Amplifiers can be divided into 
classes according to the amount of 
bias applied to the tube.You will re-
member that the bias is a negative 
voltage applied between the grid and 
cathode of a tube. If the bias applied 
to a tube is midway between zero 
bias and cut-off bias, the amplifier 
is called a Class A amplifier. A 
Class A amplifier operates on the 
linear or straight portion of the 
characteristic curve. Most of the 
amplifier stages found in radio and 
TV receivers are Class A ampli-
fiers. 

In some, the dc operating bias ap-
plied to a tube is equal to cut-off 
bias. This simply means that the 
negative voltage applied to the grid 
of the tube reduces the plate current 
to zero or almost to zero. This type 
of amplifier is called a Class B am-
plifier. It is found in medium and 
high power audio and video ampli-

fiers and in radio and TV transmit-
ters. 

In still another type of amplifier 
the grid voltage applied to the tube 
is several times the negative volt-
age required to cut off the flow of 
plate current. This type of ampli-
fier is called a Class C amplifier. 
Class C amplifiers are used as 
radio-frequency power amplifiers 
and as oscillators. You will see ex-
amples of all three classes of am-
plifiers in this lesson. 

Amplifiers can also be divided 
into two general types, voltage am-
plifiers and power amplifiers. In a 
voltage amplifier we are interested 
in amplifying the signal voltage. A 
weak signal voltage is applied to the 
input circuit of the stage, and we 
are interested in getting as much 
amplification as possible. In other 
words we want as high an amplified 
voltage in the output as possible. 
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Usually, in order to get a high output 
voltage, the load used is a fairly high 
impedance or resistance. 

In a power amplifier we are not 
particularly concerned about the 
amplitude of the voltage in the out-
put. Instead, we are interested in 
getting as large a current variation 
from the tube as possible. Usually 
the load impedance is much lower 
in a power amplifier than it is in a 
voltage amplifier. However, in many 
cases it is difficult to tell a voltage 
amplifier from a power amplifier 
simply by looking at the circuit un-
less you know something about the 
value of the components used in the 
circuit and the conditions under 
which the tube is operated. 

Voltage amplifiers are Class A 
amplifiers; power amplifiers may 
be Class A, B, or C. 

VOLTAGE AMPLIFIERS 

A simplified schematic of a typi-
cal voltage amplifier is shown in 
Fig. 1. Here the signal source is 
ipplied in the grid circuit between 
the grid and the cathode of the tube 
in series with the bias voltage. In 
the plate circuit of the tube we have 
the load connected in series with a 
B supply battery. The load and bat-
tery are connected between the plate 
and cathode of the tube. With a high-

SIGNAL 
SOURCE LOAD 

1_11,-11.111114 

Fig. I. A grounded-cathode amplifier. 

1r, 

OPERATING BIAS 
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Fig. 2. Operating conditions of a typical 
vol tage ampl ifier. 

impedance load, small current 
variations flowing between the cath-
ode and plate of the tube and through 
the load will result in comparatively 
large voltage variations across the 
load. 
The graph in Fig. 2 shows how a 

voltage amplifier operates. Suffi-
cient bias is applied to the tube to 
place the operating bias on the grid 
approximately midway between 0 and 
cut-off voltage. The idea is to bias 
the tube so that the tube will be op-
erating on the linear portion of its 
characteristic curve. If we have too 
little bias on the tube, the grid may 
be driven positive, which will cause 
the grid to draw current; also the 
variations in plate current will not 
be linear. Similarly if too much bias 
is put on the tube, the grid will be 
driven beyond the cut-off point and 
there will be no plate current flow 
at all during part of the cycle of the 
input signal. 
With the tube operated as shown in 

Fig. 2, the plate current variations 
follow the grid voltage. If the input 
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signal swings in a positive direction 
it subtracts from the grid bias, 
making the bias less negative. This 
is what happens as the input moves 
from point 1 to point 2. As the input 
signal swings between these two 
points, the plate current moves from 
point A to point B. 

During the next quarter of the in-
put cycle, the grid voltage is swing-

ing in a negative direction because 
the inptit signal is decreasing and 
dropping to zero as it moves from 
point 2 to point 3. At this point the 
signal has dropped to 0, and the volt-
age applied to the grid at this in-
stant is the operating bias. During 
this quarter of the cycle the plate 
current moves from point B to point 
C. 
During the next quarter cycle the 

input signal is swinging negative as 
it moves from point 3 to point 4. The 
signal now adds to the grid bias, mak-
ing the voltage more negative. This 
results in the plate current dropping 
still further from point C to point 
D. When the input signal voltage 
reaches point 4 and starts to swing 
back to 0 again towards point 5, the 
grid becomes less negative, with the 
result that the plate current begins 
to increase and move from point D 
to point E. 

There are several important 
things to be noted from the curve 
shown in Fig. 2. First, notice that 
the operating bias is approximately 
midway between 0 grid voltage and 
the grid voltage required for plate 
current cut-off. This places the op-
eration of the tube on the linear or 
straight portion of the characteris-
tic curve. As. we have mentioned, 
an amplifier operated in this way. 
that is biased midway between zero 
voltage and cut-off voltage, is called 
a Class A amplifier. 

Also notice that the input signal is 
small enough so that it neither drives 
the grid into the positive region nor 
does it drive it beyond cut-off.If the 
grid is driven positive or beyond 
cut-off, distortion will result, and 
the output signal will not be a faith-
ful reproduction of the input signal. 

Let us consider what happens to 
the plate current flowing in the tube. 
The line marked plate current 
represents the plate current that will 
flow when there is no input signal. 
Notice what happens when an input 
signal is applied. During one half 
cycle the plate current flow in-

creases; during the other half cycle 
it decreases. The increase during 
one half cycle is equal and opposite 
to the decrease during the next half 
cycle. Therefore, if we consider the 
average plate current, it does not 
change. In other words, although the 
plate current does increase during 
one half cycle, it decreases by an 
equal amount during the next half 
cycle; the average plate current 
flowing remains the same as it was 
when no signal was applied to the 
input. Thus, if a de milliammeter 
is placed in the plate circuit of a 
Class A amplifier, there will be no 
change in the reading when a signal 
is applied to the input because the 
meter will indicate the average de 
flowing, and this does not change. 
If there is a change in the plate cur-
rent, either the bias on the tube is 
incorrect or else the signal applied 
to the input is too strong and is driv-
ing the tube onto the non-linear por-
tion of the characteristic curve. 

The voltage amplifiers found in 
modern electronic equipment are 
Class A amplifiers. Thus, in a volt-
age amplifier you can expect to find 
that the output signal is a faithful 
reproduction of the input signal. 
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Furthermore you can expect to find 
the bias midway between zero bias 
and cut-off bias and also you can 
expect the average plate current 
flowing in the stage not to change 
when a signal voltage is applied 
to the input. 

POWER AMPLIFIERS 

Class A Amplifiers. 
Class A amplifiers are used as 

power amplifiers but usually only 
when the amount of power required 
is comparatively low. The reason 
for this is that the Class A ampli-
fier has relatively poor efficiency. 
The efficiency is the ratio of the 
power output to the power input. 

It is easy to seewhythe efficiency 
of a Class A amplifier is poor. First, 
let's consider the operating curves 
shown in Fig. 3. Let's assume the 
tube is operating with a voltage of 

200 volts applied to it and a plate 
current of 100 milliamperes. Thus 
the power input to the tube is 200 x 
.1 = 20 watts. This is the de power 

input; it represents the power being 
taken from the power supply and fed 
to the tube. 
Now let us consider how much 

signal power we can get out of this 
tube. If the current flowing in the 
tube is 100 milliamperes as shown 
in Fig. 3A, the maximum current 
change we can get in a half cycle is 
100 milliamperes. In other words, 
if the grid voltage is swung all the 
way to the cut-off point by the input 
signal, then the plate current would 
drop to zero. This means that the 
peak current change is 100 mils, 
or .1 amp. The rms or effective cur-
rent change, in amperes,will be only 
.707 of this value, or .1 x .707. 
Similarly, the plate voltage ap-

plied to the tube is 200 volts as shown 
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Fig. 3. Operating conditions for Class A 
operation. 

in Fig. 3B T he maximum change that 
could be made in plate voltage is 200 
volts. To do this, the plate voltage 
would have to drop all the way to 
zero as the current through the load 
changed. Again this is the peak 
change, and the rms or effective 
change, in volts, is 200 x .707. 
The maximum ac power output is 

equal to the effective ac voltage 
times the effective ac current. 
Therefore, the power output is equal 
to: 

200 x .707 x .1 x .707 

If we multiply .707 x .707 we have 
.5, so we can express the formula 
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as: 200 x .1 x .5. Now you will rec-
ognize the 200 x .1 as the input 
power, and we know that .5 is equal 
to 50%. Thus, the maximum power 
output that can be obtained from a 
Class A power amplifier is equal to 
50% of the input power. Therefore, 
the best efficiency that can be ob-
tained from a Class A amplifier is 
50%. In fact, it is usually impossible 
to obtain this high an efficiency under 
actual operating conditions, because 
the grid would have to be driven all 
the way to cut-off on one half cycle, 
and all the way to zero on the other 
half cycle. Under these conditions, 
considerable distortion would re-
sult. Actually, the plate current 
would not be a sine wave as shown 
in Fig. 3, but would be flattened 
somewhat on both top and bottom. 
Efficiency of somewhere around 30% 
to 35% is usually about all that can 
be obtained from a Class A ampli-
fier if reasonable linearity is to be 
maintained. 
Class II Amplifiers. 

Better efficiency can be obtained 
from a power amplifier if the bias 
on the tube is increased to approxi-
mately cut-off bias and a signal large 
enough to drive the grid positive is 
used. Under these conditions the op-
erating curves for the tube will look 
like those shown in Fig. 4. When 
there is no signal applied to the in-
put of the stage, the plate current 
flowing through the tube will be low. 
When the input signal swings in a 
positive direction, plate current 
flows in the form of a large pulse. 
When the signal swings in a nega-
tive direction, it soon drives the 
grid beyond the cut-off point and 
there will be no plate current flow 
in the tube. Thus you can see that 
the only time the tube is called on 
to furnish a large amount of power 

OPERATING BIAS 

Fig. 4. Operating conditions for Class 13 
operation. 

is when the grid is driven in a posi-
tive direction. For approximately 
half of each cycle there is no current 
flow through the tube at all. 

It is immediately apparent that 
with this type of operation only one-
half of the input signal is being re-
produced. In an audio amplifier this 
would result in a great deal of dis-
tortion. However, this problem can 
be overcome by the use of two tubes, 
one to reproduce each half of the 
audio signal. By recombining the 
output from these two tubes, both 
halves of the audio signal can be 
reproduced. We will see examples 
of these circuits later in this lesson. 

It is easy to see that this type of 
amplifier is more efficient than a 
Class A amplifier, because the cur-
rent flowing through the tube when 
there is no signal present is com-
paratively small. Almost all of the 
current capabilities of the tube are 
reserved for the reproduction of the 
output signal. This type of operation, 
with the tube biased to cut-off, is 
called Class B operation. It is used 
quite extensively where large 
amounts of audio or video power 
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must be developed, and it is also 
used to develop rf power in certain 
types of rf equipment. 
Class C Amplifiers. 
A still more efficient power am-

plifier than a Class B amplifier is 
the Class C amplifier. The curve 
shown in Fig. 5 shows how a tube 
is operated as a Class C amplifier. 

Notice that the operating bias is 
greater than the bias required to 
cut-off the flow of current through 
the tube. The Class C amplifier tube 
is generally operated with a bias 
somewhere between 2 and 4 times 
cut-off bias. 

The input signal required for a 
Class C amplifier is considerably 
higher than that required for a Class 
A or Class B amplifier. The input 
signal drives the grid well into the 
positive region so that the grid draws 
substantial current. Plate current 
flows only in a series of pulses and 
these pulses actually flow for con-
siderably less than half a cycle. 

Class C amplifiers are not used 
for audio work, but they can be used 
as radio-frequency power ampli-
fiers. They are used in conjunction 
with resonant circuits. If a parallel 
resonant circuit is placed in the out-
put of a Class C amplifier, the pulse 
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Fig. 5. Operating conditions for Class C 
operation. 

from the Class C amplifier will 
shock-excite the parallel resonant 
tank circuit into oscillation. If the 
tank circuit receives a pulse once 
each cycle, this pulse fed into the 
tank circuit is able to make up any 
losses in the tank circuit. Mean-
while, the current flows back and 
forth in the tank circuit so that the 
voltage appearing across it is actu-
ally a sine wave, even though it is 
being supplied energy only in the 
form of pulses. The tank circuit in 
a Class C amplifier has sort of a 
flywheel effect, and once oscillations 
are set up in it they can be main-
tained by pulsing it once each cycle. 
As a matter of fact, the tank cir-

cuit can often be designed so that it 
does not need a pulse once each 
cycle but can maintain oscillations 
by receiving a pulse every other, or 
perhaps every third cycle. By de-
signing the tank circuit in this way, 
it is possible to double or triple the 
frequency of the signal. 

In addition to Class A, Class B, 
and Class C amplifiers there are 
also amplifiers known as Class AB 
amplifiers. As the name suggests, 
these are simply amplifiers oper-
ated midway between Class A condi-
tions and Class B conditions. The 
operating bias applied to the tube is 
a little higher than that needed for 
Class A operation, but not as high as 
that needed for Class B operation. 
Beam power tubes are often operated 
under Class AB conditions. 

SUMMARY 

The important points to remem-
ber from this section are that there 
are three classes of operation for 
vacuum tubes. A tube that is op-
erated with a bias midway between 
zero bias and cut-off bias is a Class 
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A amplifier. The output of this type 
of amplifier should be an exact dupli-
cate of the input. 
The Class B amplifier is oper-

ated at approximately cut-off bias. 
The zero-signal plate current flow-
ing in this type of stage is low, and 
only the positive half of each cycle 
is reproduced. A Class C amplifier 
is an amplifier operated with bias 
several times cut-off bias. Plate 
current flows in this type of stage 
for less than half of each cycle. 

Voltage amplifiers are Class A 
amplifiers. Power amplifiers may 
be Class A, Class B, or Class C. 
A Class A power amplifier has rela-
tively poor efficiency. The efficiency 
of a Class B amplifier is better than 
that of a Class A amplifier, and the 
efficiency of a Class C amplifier is 
still better than the efficiency of a 
Class B amplifier. Class AB am-
plifiers are amplifiers operated 
under conditions between Class A 
and Class B. 

SELF-TEST QUESTIONS 

(a) What is a Class A amplifier? 
(b) What is a Class B amplifier? 
(c) What -is a Class C amplifier? 
(d) Into what two general types 

can amplifiers be divided? 
(e) What is the purpose of a volt-

age amplifier? 
(f) Into which class does the volt-

age amplifier fall? 
(g) What is the disadvantage of a 

Class A power amplifier? 
(h) What is the maximum pos-

sible efficiency that can be ob-
tained from a Class A power 
amplifier? What is the practi-
cal efficiency of a Class A 
amplifier? 

(i) Can a Class B power ampli-
fier be used in audio power 
amplification? 

(j) What type of signal is the Class 
C power amplifier used to am-
plify? 

(k) What is a Class AB amplifier? 
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Typical Amplifiers 

Look at Fig. 1 again, where we 
have shown a simplified diagram of 
an amplifier. As you can see from 
this diagram, the basic parts of an 
amplifier are the tube, the load, and 
batteries or some other power 
source to supply the power needed 
to operate the tube. Now, let us 
study some practical amplifiers to 
see how the various electronic com-
ponents you have already studied 
are used in conjunction with tubes 
in order to amplify signals. 

AUDIO AMPLIFIERS 

An audio amplifier is an ampli-
fier designed to amplify signal fre-
quencies within the range normally 
heard by our ears. Some amplifiers 
are capable of doing this job better 
than others. The audio amplifier 
found in the average radio or TV 
receiver is not capable of repro-
ducing all of the frequencies that 
our ears can hear. However, an am-
plifier designed for use in a piece 
of high-fidelity equipment has a 
much better frequency response and 
can amplify a wider range of fre-
quencies. Amplifiers found in most 
radio and TV receivers can amplify 
frequencies from about 50 or 60 
cycles per second up to 8000 or 
9000 cycles per seoond. Amplifiers 
designed for use in high-fidelity 
equipment can amplify frequencies 
from about 10 cycles per second up 
to at least 15,000 cycles per second 
and sometimes as high as 100,000 
cycles per second. 

Audio amplifiers may be either 
voltage amplifiers or power ampli-
fiers. Voltage amplifiers are used 

to build up the strength of the weak 
audio signal until it is strong enough 
to drive a power amplifier. A power 
amplifier is then used to supply the 
power to drive the speaker. 
Voltage Amplifiers. 
A typical voltage amplifier is 

shown in Fig. 6. This amplifier is 
called a resistance-capacitance 
coupled amplifier because resistors 
and capacitors are used to couple 
the signal to the amplifier and to 
the output or to the following stage. 

In the circuit shown in Fig. 6, 
capacitor Cl is used to couple the 
signal source to the grid of the tube. 
C 1 will block any dc in the input cir-
cuit and keep it away from the grid 
of the tube. At the same time, if Cl 
is large enough, it will offer a low 
reactance to the flow of an ac signal 
through it and act, as far as the ac 
signal is concerned, as though it 
were not there at all. The input sig-
nal is therefore applied between the 
grid of the tube and ground. 

Resistor R1 is called a grid leak. 
Some of the electrons travelling 
from the cathode to the plate of the 

CI 
o-1 

INPUT 

C3 
1-0 

R3 OUTPUT 

,E. 
B- B. 

Fig.6. A typical resistance-capacitance 
coupled ampl ifier. 
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tube will accidentally strike the grid. 
If there is no way for these elec-
trons to get off the grid of the tube, 
they will be trapped on the grid and 
eventually build up a high negative 
charge on the grid. This negative 
charge will reduce the flow of cur-
rent from the cathode to the plate of 
the tube. As a matter of fact, in some 
tubes this charge may become so 
high it can actually cut off the flow 
of electrons from the cathode to the 
plate of the tube. 
As long as R1 is in the circuit, 

electrons striking the grid can flow 
through R1 back to ground and then 
through R2 back to the cathode of 
the tube. Of course, when electrons 
flow through a resistor they build 
up a voltage across the resistor. 
Electrons flowing from the grid of 
the tube back to ground will develop 
a de voltage across R1 having a po-
larity such that the grid end of the 
resistor is negative. Normally than 
amplifier of this type, however, the 
number of electrons flowing through 
the grid resistor is not large enough 
to develop any appreciable voltage 
across the grid resistor, R1, even 
though the value of the resistor may 
be quite large. Resistors of 100,000 
ohms to 500,000 ohms are frequently 
used as grid resistors. Usually it 
will be impossible to detect any volt-
age across these resistors, even 
with quite sensitive measuring 
equipment. 

Capacitor Cl and resistor R1 
actually form a voltage-divider net-
work that divides the ac signal volt-
age. If R1 is made large in compari-
son to the reactance of Cl, most of 
the signal voltage will appear across 
Rl. This means that most of the 
signal voltage will be applied be-
tween the grid of the tube and ground, 
which is essentially where we want 

it. On the other hand, if R1 is small 
compared to the reactance of Cl, 
then Cl and R1 will divide the sig-
nal voltage so that only a small part 
of it will appear across R1; the re-
mainder will be lost across Cl. This 
situation is to be avoided if maxi-
mum output is to be obtained from 
the amplifier. For this reason, de-
signers make R1 as large as prac-
tical. 
While we are discussing the com-

bination of Cl and R1, remember 
that the reactance of a capacitor de-
pends upon the frequency of the sig-
nal voltage. As the frequency de-
creases, the reactance increases. 
Therefore, at low frequencies the 
reactance of Cl may become large 
enough to appreciably reduce the 
voltage across Rl. When this hap-
pens, the signal amplification will 
fall off; the umplifier will not am-
plify low-frequency signals as well 
as it does higher-frequency signals. 
Making R1 large tends to extend the 
low-frequency gain of an amplifier. 
On the other hand if R1 is made 

too large, then the electrons acci-
dentally striking the grid of the tube 
will develop an appreciable de volt-
age across R1 when they flow through 
it. In an amplifier like the one shown 
in Fig. 6, this voltage is undesirable. 
Therefore the value of R1 must be 
a compromise. It is made as high 
as possible, so that the signal volt-
age will be high, without making it 
so high that a troublesome de volt-
age will be developed across it. 
The de voltage supply used to sup-

ply the plate voltage to the tube is 
represented by the terminals B- and 
B+. This could be a B battery or it 
could be the terminals of a power 
supply. A power supply is a unit that 
converts ac from the power line to 
de for use in applications such as 
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this. You will study power supplies 
shortly. 

Resistor R2 is put in the cathode 
circuit of the tube to eliminate the 
need for a C battery to supply a grid 
bias voltage. Let's consider what 
happens with this resistor in the cir-
cuit. Electrons flowing through the 
tube are emitted by the cathode, at-
tracted by the plate, then flow 
through R3, then through the B sup-
ply to ground, and finally through 
R2 back to the cathode. The minute 
power is applied, this action is in-
stantaneous, and electrons start 
flowing in all parts of the circuit. 
The electrons flowing through R2 
will develop a voltage across this 
resistor with the polarity indi-
cated on the diagram. This makes 
the cathode slightly positive with 
respect to ground. If the tube is de-
signed to operate with a grid volt-
age of -3 volts, R2 is selected so 
that the electrons flowing through 
it will develop a voltage of 3 volts 
across the resistor. This will make 
the cathode 3 volts positive with re-
spect to ground. 
To see how this voltage biases the 

tube and eliminates the need for a C 
battery, let us consider the potential 
of the grid with respect to ground. 
The number of electrons flowing 
through R1 is so small that little or 
no voltage is developed across it. 
Therefore, the grid is normally at 
ground potential. This means that 
the cathode is positive with respect 
to the grid. If the cathode is positive 
with respect to the grid, then the 
grid is negative with respect to the 
cathode. 

R2 is often called a cathode bias 
resistor. By using this resistor in 
the cathode circuit, we can eliminate 
the need for a C battery. Batteries 
deteriorate and have to be replaced 

periodically, whereas the resistor 
will last almost indefinitely provid-
ing it is not overloaded. 

Capacitor C2 is connected across 
R2 in order to stabilize the voltage 
across R2. Without C2, as the input 
signal caused the tube current to 
vary, the current through R2 would 
vary. This would result in varying 
voltage or varying bias across the 
resistor. To eliminate this effect, 
we connect capacitor C2 across the 
resistor. C2 must be large enough 
to maintain the voltage across R2 
constant. It does this by charging 
when the current through R2 in-
creases and the voltage tends to rise, 
and discharging through R2 when the 
voltage tends to fall. The capacitor 
actually acts as a low reactance path 
for the ac signal through it.The grid 
of the tube, in causing the plate cur-
rent to vary, is actually producing 
an ac signal superimposed on the dc 
in the plate-cathode circuit. This ac 
signal component flows through C2; 
the de component flows through R2. 

Resistor R3 is the plate load re-
sistor. The value of this resistor is 
usually quite large. The larger the 
resistor, the closer the gain of the 
stage will approach the amplification 
factor of the tube. You will remem-
ber that the tube acts like a genera-
tor, and this generator has an in-
ternal resistance, the ac plate re-
sistance of the tube. Resistance R3 
Is, in effect, connected in series 
with the plate resistance of the tube, 
and the voltage developed by the tube 
is divided between the plate resist-
ance and the plate load. By making 
the plate load resistor as large as 
possible, we will get as much of the 
amplified signal voltage across this 
resistor as possible. 
However, there is a limit to how 

large we can make this resistor. 
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Since the plate current flows through 
the resistor, there will be a voltage 
drop across the resistor. This volt-
age drop subtracts from the sup-
ply voltage so that the net voltage 
available to operate the tube is equal 
to the supply voltage minus the volt-
age drop across the plate load resis-
tor. If we make the plate load resis-
tor too large, there will be a very 
high voltage drop across it with the 
result that there is very little volt-
age left to operate the tube. Again, 
the selection of the size of resistor 
to be used is a compromise.A value 
is chosen that will give a reasonably 
high gain without an excessive volt-
age drop. If the voltage drop across 
R3 is excessive, then the power 
supply voltage must be very high in 
order to get the voltage we need on 
the plate of the tube. This could re-
quire a costly power supply, so it is 
often more economical to use two 
stages to get the gain we need than 
to try to get it from one stage by 
using an excessively large plate-
load resistor. 
A schematic diagram of another 

voltage amplifier is shown in Fig. 7. 
This amplifier is called a trans-
former-coupled amplifier. Notice 
that in some respects the circuit 
is similar to the circuit shown in 
Fig. 6. In the transformer-coupled 
amplifier, transformer Ti is 
taking the place of Cl and R1 in the 

Fig. T. A transformer-coupled amplifier. 

resistance-coupled stage. Similarly, 
transformer T2 is taking the place 
of load resistor R3 and blocking ca-
pacitor C3 in the output.Bothtrans-
formers can be step-up transform-
ers, so that there will be voltage 
amplification in the transformers 
themselves as well as in the tube. 
Bias for the stage is still obtained 
by placing a resistor in the cathode 
circuit of the tube. R1 in Fig. 7 is 
the cathode-bias resistor, and it is 
bypassed by the capacitor Cl. 

Transformer-coupled amplifiers 
of this type are not used in modern 
electronic equipment. The trans-
formers are more expensive than 
the resistor-capacitor combination, 
and modern tubes have such high 
gain that it is not necessary to rely 
on the step-up transformer to get 
a reasonable gain in the stage.How-
ever, you may be called on to serv-
ice an older piece of equipment that 
might employ a transformer-cou-
pled stage, so you should be aware 
that this type of coupling exists. 
Power Amplifiers. 

Fig. 8A shows a power amplifier 
using resistance-capacitance cou-
pling in the input circuit. The input 
circuit is essentially the same as the 
circuit used in Fig. 6. 
The output transformer is a step-

down transformer. This trans-
former is primarily an impedance-
matching device. It is used to match 
the low-impedance speaker, which 
would be connected across the output 
terminals, to the plate circuit of the 
tube. Remember that the tube works 
like a generator, and maximum 
power transfer will be obtained when 
the load matches the generator. The 

transformer matches the load im-
pedance to the generator or tube 
Impedance. 

Fig. 8B shows a transformer-
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Fig. 8. Two single-ended power amplifier 
stages. 

111 OUTPUT 

o 

coupled power amplifier. The input 
transformer is a step-up transform-
er, and the output transformer will 
be a step-down transformer to serve 
as an impedance-matching device. 
The circuit shown in Fig. 8B is 
obsolete; you will not run into a cir-
cuit of this type except in old equip-
ment. 

Both of the amplifiers shown in 
Fig. 8 are Class A power amplifiers. 
They are also called single-ended 
stages because each circuit uses a 
single tube. In some audio ampli-
fiers, in large radio receivers, and 
in some TV sets you will run into 
a double-ended power output stage 
such as the one shown in Fig. 9. 
This circuit is called a push-pull 
amplifier. It can be operated as 
either a Class A, Class AB, or a 
Class B power amplifier. If the 
stage is operated as a Class A power 
amplifier, the stage preceding it can 
be a voltage amplifier and Tl may 

be a step-up transformer. On the 
other hand, if the stage is operated 
as a Class B amplifier the stage pre-
ceding it must be a power amplifier 
because power must be supplied to 
the grid circuit, and Ti must be a 
step-down transformer. 

If the stage is a Class AB 1 power 
amplifier, the preceding stage can 
be a voltage amplifier since the grid 
does not draw current and no power 
is consumed in the grid circuit. On 
the other hand, if the stage is a Class 
AB2 power amplifier, the grid does 
draw grid current and power must 
be supplied to the grid circuit. The 
preceding stage, therefore, must be 
a power amplifier. 

This stage is called a push-pull 
amplifier because it acts as though 
one tube is pushing electrons through 
the primary of T2 while the other 
is pulling electrons in the opposite 
direction. Briefly, the operation of 

[ OUTPUT 

d2, 
Fig. 9. push-pull amplifier stage is 
shown at the input signal is shown 
al IL the output pulses from the two tubes 

at C, and the combined output at D. 
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the stage is as follows: the sec-
ondary of transformer Ti is tapped, 
and the center tap is at signal ground 
potential. When the end of the sec-
ondary of Ti that is connected to 
V1 is swinging positive with respect 
to ground, the other end will be 
swinging negative with respect to 
ground. The positive voltage applied 
to tube V1 will cause its plate cur-
rent to increase, while the negative 
voltage applied to the grid of V2 will 
cause its plate current to decrease. 
Thus the current in one half of T2 
increases while the current in the 
other half of T2 decreases. During 
the next half cycle, when the end of 
the secondary of T1 that is connected 
to V2 is positive with respect to 
ground, the other end will be nega-
tive. At this time the plate current 
of V2 will increase while the plate 
current of V1 decreases. 
When this type of stage is used as 

a Class B amplifier, the tube that is 
driven positive conducts current 
heavily while the other tube does not 
conduct current at all. During the 
next half cycle the second tube 
carries the whole load while the 
other tube rests. If the input signal 
is a sine wave like that shown in 
Fig. 9B, the plate currents for the 
two tubes look like Fig. 9C and com-
bine to produce a signal like Fig. 
9D in the secondary of transformer 
T2. This explains how two tubes can 
be used in a Class B amplifier to 
amplify an audio signal when each 
tube conducts during only half of 
each cycle. One tube reproduces one 
half of the cycle; the other tube re-
produces the other half of the cycle. 
The two signals are combined in 
transformer T2 to give an output 
signal that is an amplified repro-
duction of the input signal. 

Push-pull amplifiers are used in 

some radio and TV receivers. They 
are found in high-fidelity equipment 
and in many radio and television 
transmitters. Push-pull amplifiers 
are used wherever it is necessary 
to develop a large amount of audio 
or video power. Operating these 
tubes as Class B amplifiers gives 
much better efficiency than operat-
ing them as Class A amplifier.s. As 
a matter of fact, the same amount 
of audio power can usually be de-
veloped more economically by using 
two small tubes operated as Class 
B amplifiers than by using one large 
tube operated as a Class A amplifier. 

RADIO-FREQUENCY 

AMPLIFIERS 

Radio-frequency amplifiers like 
audio amplifiers can be divided into 
two types, voltage amplifiers and 
power amplifiers. The radio-fre-
quency amplifiers found in receiving 
equipment are voltage amplifiers, 
whereas those found in transmitting 

equipment are power amplifiers. In 
receiving equipment, we are in-
terested in taking the weak radio-
frequency signal picked up by the an-
tenna and amplifying it in order to 
extract whatever intelligence it may 
carry. In transmitting equipment, 
we are interested in developing 
power to feed to the antenna in order 
to radiate a strong signal. 
Voltage Amplifiers. 
A radio-frequency voltage ampli-

fier is shown in Fig. 10. Notice that 
in many respects it is similar to the 
single-ended transformer-coupled 
audio amplifier. In the rf amplifier, 
we have used a pentode.Triodes are 
not as suitable as pentodes in rf 
amplifiers in most cases. Notice 
that both the input and output cir-

cuits are tuned. These circuits are 
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INPUT 

B - B+ 

TPUT 

10. A radio-frequeney voltage ampli-
fier. 

adjusted to resonance at the fre-
quency of the rf signal. 
As in the audio amplifiers we 

studied, operating bias for the stage 
is obtained by inserting a resistor 
in the cathode circuit. This is the 
resistor marked R1 on the diagram; 
it is bypassed by capacitor Cl. The 
purpose of capacitor C2 is to ground 
the screen of the tube insofar as 
signal voltages are concerned. Ca-
pacitor C2 is selected so that its 
reactance is low at the operating 
frequency. Thus, insofar as the sig-
nal is concerned, the screen is in 
effect operating at ground potential. 
This isolates the plate from the grid 
of the tube so that there is not enough 
energy fed from the plate of the tube 
back to the grid to cause the tube to 
go into oscillation. Resistor R2 is 
called the screen dropping resistor. 
Its purpose is to drop the B supply 
voltage to a suitable value for the 
screen. In many voltage amplifiers 
of this type, the screen voltage is 
somewhat less than the plate volt-
age. Plate voltage is applied to the 
tube through the parallel resonant 
circuit installed in the plate circuit. 
With modern pentode tubes, a 

comparatively high voltage gain can 
be obtained in a stage of this type. 
It is easy to get a gain on the order 
of 100. 
Power Amplifiers. 

Radio-frequency voltage ampli-
fiers are biased to operate at the 

mid-point of the characteristic 
curve. In other words, they are 
Class A amplifiers. However, rf 
power amplifiers are usually op-
erated either in Class B or in Class 
C, although some rf power ampli-
fiers operate in Class AB. A sche-
matic diagram of a Class C rf power 
amplifier is shown in Fig. 11. No-
tice that this circuit differs some-
what from the voltage amplifier. 

In this circuit, bias is obtained 
by means of a resistor in the grid 
instead of the cathode circuit. In a 
Class C amplifier a high value of 
bias is used. The signal applied to 
a Class C stage must be sufficient 
to drive the grid positive. When the 
grid is driven positive, electrons 
will leave the cathode and strike the 
grid to charge C2 with the polarity 

shown. During the time when the 
input signal is not positive, C2 will 
discharge through RFC and R1, 
making the grid negative with re-
spect to ground. By selecting the 
proper value of R1, the correct bias 
can be developed across this re-
sistor. 

Since the tube in a Class C ampli-
fier is normally operated at bias 
voltages several times cut-off, plate 
current does not flow through the 
tube except when the input signal 

A111\11_ 

Fig. II. Schematic of a Class C rf power 
amplifier. 
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swings positive and drives the grid 
into the region where plate current 
can flow. Current then flows from 
the cathode to the plate of the tube 
in the form of a series of pulses as 
indicated. These pulses shock-
excite the parallel resonant tank 
circuit, consisting of the primary of 
the output transformer and the ca-
pacitor across it, so that current 
flows back and forth between the 
coil and capacitor, producing the 
sine wave output shown. 

Class C rf power amplifiers have 
very high efficiency--in the range 
of 75%. This means that for each 
watt that is fed into the amplifier 
plate circuit, about 3/4-watt of rf 
power can be developed. The effi-
ciency of this type of amplifier is 
somewhat better than that of a Class 
B amplifier and is much better than 
that of a Class A amplifier. 

The stage shown in Fig. 11 is a 
single-ended stage. Push-pull Class 
C rf amplifiers can also be used. 
The power output of this type of stage 
is approximately double what could 
be obtained from a single-ended 
stage using the same tube type. 

EFFICIENCY OF 

AMPLIFIERS 

The amount of power you can get 
from a tube depends on which class 
of amplifier stage it is used in. As 
you have learned, a Class A stage 
has a practical efficiency of about 
30 per cent. This means that 70 per 
cent of the power fed to the stage 
is lost. Most of this power is wasted 
at the plate of the tube. We say it 
is "dissipated" by the tube. 

All power tubes have a rating 
known as the plate dissipation. This 
rating tells how much power can be 
dissipated at the plate of the tube 

without overheating the tube. Con-
sider a power tube with a plate dis-
sipation rating of 10 watts. If we use 
this tube in a power amplifier, we 
cannot let the plate dissipate more 
than 10 watts. This means that if the 
amplifier is a Class A amplifier with 
an efficiency of 30 per cent, 70 per 
cent of the input must not exceed 10 
watts. The total power input to the 
stage must not exceed: 

10 x 100= 14.28 watts 
70 

This means the total power input to 
the stage should be about 14 watts, 
and the power output will be about 
4 watts. The remaining 10 watts will 
be dissipated by the tube. 

In a Class B amplifier we will get 
much better efficiency than in a Class 
A amplifier. The efficiency will be 
between 50 and 60 per cent. Let's 
see what power we can get out of the 
same tube as in the preceding ex-
ample in a Class B stage with 50 
per cent efficiency. 

In the Class B stage, the total 
power input to the stage must not 
exceed: 

100 
10 x —50 - 20 watts 

This means that with an efficiency 
of 50 per cent, the power input will 
be 20 watts and the useful power 
output 10 watts. The remaining 10 
watts will be dissipated by the tube. 
Notice that we have over twice the 
power output that we got from a 
Class A amplifier, and that the plate 
dissipation rating of 10 watts has not 
been exceeded. 

Let's go one step farther and see 
what would happen if we used the 
same tube in a Class C amplifier 
with an efficiency of 75 per cent. 
Here the maximum power input to 
the stage can be: 

16 



100 
10 x —25 - 40 watts 

This means that with an efficiency 
of 75 percent, the power input to 
the stage can be 40 watts and the 
useful power output 30 watts. The 
remaining 10 watts will be dissi-
pated by the tube. 

Notice how the efficiency of the 
amplifier improved as we went from 
a Class A amplifier to a Class B 
amplifier. We got a higher per cent 
of the input power out as useful out-
put power. You can see a still further 
improvement in going to a Class C 
stage. Another point that you should 
notice is the increase in total power 
that can be handled by a tube in going 
from a Class A stage to a Class C 
stage. In a Class A stage, the power 
input could be a maximum of about 

14 watts, but in a Class C stage we 
can feed 40 watts to the stage. Thus, 
the efficiency of the stage and the 

plate dissipation rating of the tube 
determine the permissible power in-
put to the stage. The input must be 
limited so that the power wasted in 
the stage does not exceed the plate 
dissipation rating of the tube. The 
power wasted will be determined 
by the input power and the efficiency 
of the stage. 

SUMMARY 

In this section of this lesson we 
have covered a number of different 
types of circuits. We do not expect 
you to remember all the details of 
each type of circuit at this time. The 
important thing for you to remem-

ber is that there are two types of 
amplifiers, voltage amplifiers and 
power amplifiers. Remember also 
the general appearance of the dif-
ferent circuits. The best way to re-
member these circuits is by actu-

ally drawing them. Notice the simi-
larity between the different types of 

circuits. In the input of each stage, 
there is a means of applying the sig-
nal between the control grid and 
cathode of the tube. In each stage, 
there is some method of developing 
the required bias. In addition, in 
each stage you will find some type 
of load in the plate circuit. By care-
fully studying these different cir-
cuits you will see that there is a 
great deal of similarity between 
them and that each circuit is in fact 
like the basic circuit shown in Fig. 1, 
but modified for the particular ap-
plication for which it is designed, 
You will study all these circuits in 

more detail later on, but if you can 
learn what the circuit looks like now 
and in general how the amplifier 
works, you will find it much easier 
to pick up the various circuit de-
tails later. 

SELF-TEST QUESTIONS 

(1) Into what two types of ampli-
fiers can we divide audio am-
plifiers? 

(m) Try to draw from memory a 
schematic diagram of a re-
sistance-coupled voltage am-
plifier. 

(n) How is the grid-bias battery 
eliminated in a typical voltage 
amplifier? 

(o) What limits the size of the 
resistor that can be used as 
the grid leak in a voltage-
coupled amplifier? 
What is the purpose of the 
bypass capacitor connected 
across the cathode-bias re-
sistor? 
In the power amplifier circuit 
shown in Fig. 8A, is the output 
transformer a step-up trans-

(4) 
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former or a step-down trans-
former? 

(r) Fill in the missing words: a 
power amplifier using one tube 
such as shown in Fig. 8 is 
called a ended 
stage whereas one using two 
tubes such as shown in Fig. 9 
is called a ended 
stage. 

(s) What type of amplifier, a volt-

(t) 

age amplifier or a power am-
plifier,is used as the rf am-
plifier in a radio or TV re-
ceiver? 
What is the purpose of the ca-
pacitor C3 in the rf power am-
plifier shown in Fig. 11? 

(u) Which class of power ampli-
fier has the best efficiency? 
Which class has the poorest 
efficiency? 
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Detectors and Rectifiers 

Tubes were used for many years 
as detectors and rectifiers. How-
ever, they are not used for this pur-
pose in modern equipment nearly as 
often as solid-state devices are. You 
will study solid-state detectors and 
rectifiers shortly, but now you will 

study tube detectors and rectifiers. 
You will find some tubes used as 
rectifiers even in modern equipment 
and, of course, you will probably 
service many pieces of equipment 
where tubes have been used as both 
detectors and rectifiers. 
We will study detectors and recti-

fiers together, because the detector 
is basically a rectifier. They both 
work on the principle of allowing 
current to flow in only one direction. 
There are, however, some differ-
ences in their application. A recti-
fier is used to change alternating 
current to direct current. A detector 
is used to extract information from 
a radio-frequency carrier. 

RECTIFIERS 

There are a number of different 
types of rectifier circuits found in 
electronic equipment. We will look 
into two of these circuits in some 
detail and see in general how these 
circuits work. There are many de-
tails that you will study later. 
Half-Wave Rectifiers. 

A half-wave rectifier is one that 
rectifies only half of the ac power-
line cycle. During one half •cycle, 
one terminal of a generator is posi-
tive and the other terminal is nega-
tive. During the next half cycle the 
terminal that was originally positive 
becomes negative, and the terminal 

that was originally negative becomes 
positive. In a half-wave rectifier 
circuit the rectifier is arranged so 
that it conducts when one of these 
generator terminals is positive but 
does not conduct when this terminal 
becomes negative. 
A schematic diagram of a half-

wave rectifier along with a filter 
network is shown in Fig. 12. This 
type of rectifier and power supply 
is called a universal ac-dc power 

supply. It is the type of power sup-
ply that was used for many years 

in almost all of the table-model 
radio receivers manufactured. Even 
though it is seldom used in modern 
receivers, the chances are that re-
ceivers using this type of supply 
will be around for many years, and 
you'll be called on to service a set 
using this type of power supply. It's 
called an ac-dc power supply be-
cause when it is used in a receiver 
the receiver can be used on either 
ac or de power. 

During ac operation, when termi-
nal 1 is positive with respect to 
terminal 2, the plate of the tube is 
positive. Thus electrons will be at-

IA 

POWER LINE 

INPUT AC 

LOAD 

Fig. 12. A half-wave rectifier circuit and 
a filter network. 
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tracted from the cathode of the tube 
to the plate. The complete path for 
electrons is from terminal 2 through 
the load, through the filter choke 
Li, to the cathode of the tube and 
then through the tube to the plate 
and back to the other side of the 
power line. When the polarity of the 
power line reverses, the plate of 
the tube becomes negative, and there 
will be no current flow through the 
tube and hence no current drawn 
from the power line. 

In a half-wave rectifier, current 
flows from the power line in a se-
ries of pulses as shown in the figure. 
When the power-line voltage be-
comes greater than the voltage 
stored in capacitor Cl, there is a 
large pulse of current that flows 
through the rectifier tube. This 
charges capacitor Cl. During the 
remainder of the cycle no current 
flows through the rectifier tube, and 
capacitor Cl can be considered as 
supplying power to the circuit during 
this part of the cycle. The action of 
filter choke Li and filter capacitor 
C2 is to help smooth the pulsating 
current to pure dc. The action of 
these components will be treated in 
a later text. 

Although tube type half-wave 
rectifiers of the tube just studied 
are not used in modern receivers, 
very similar types of rectifier cir-
cuits using tubes are still widely 
used as high-voltage rectifiers in 
both black and white and color TV 
receivers and in a circuit called the 
damper stage in TV. When you study 
these circuits later in your course, 
you will see that they are both forms 
of the half-wave rectifier circuit. 
run-Wave Rectifiers. 
The schematic diagram of a full-

wave rectifier is shown in Fig. 13. 
This type of circuit was widely used 

Fig. 13. A full-wave rectifier circuit and 
a filter network. 

in both radio and television re-
ceivers for many years. Therefore, 
even though it has been replaced by 
power supplies using solid-state 
rectifiers, you should know how it 
works because you can be sure you 
will run into power supplies of this 
type. 

In this type of circuit, the high-
voltage winding on the power trans-
former is center tapped, and the 
center tap is connected to ground. 
One end of the high-voltage winding 
is connected to one plate of the recti-
fier tube, and the other end is con-
nected to the other plate of the recti-
fier tube. Insofar as the tube opera-
tion is concerned, it acts like two 
separate diodes. When the terminal 
marked 1 on the high-voltage sec-
ondary is positive with respect to 
the center tap, terminal 2 will be 
negative with respect to the center 
tap. Thus the rectifier plate that is 
connected to terminal lwill be posi-
tive and the rectifier plate connected 
to terminal 2 will be negative. Dur-
ing this half cycle, current flows 
from the center tap of the high-
voltage winding on the transformer, 
through the load, through the filter 
choke to the filament of the rectifier 
tube. Current then flows from the 
filament to plate 1 to terminal 1 of 
the power transformer. 

During the next half cycle, termi-
nal 1 of the transformer will be nega-
tive with respect to the center tap, 
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and terminal 2 will be positive. Dur-
ing this half cycle, current flows 
from the center tap through the load, 
through the filter choke, to the fila-
ment of the rectifier tube, to plate 
2 of the rectifier tube and then to 
terminal 2 of the transformer. 
As you can see, in the full-wave 

rectifier circuit of this type cur-
rent flows first through one half of 
the high-voltage secondary winding 
and one half of the tube and then 
through the other half of the high-
voltage secondary winding and the 
other half of the tube. Thus, if the 
power supply is operated from a 60-
cycle power line there will be two 
current pulses each cycle. This 
means that there will be 120 pulses 
available to charge the filter ca-
pacitor marked Cl. This is twice as 
many pulses as can be obtained from 
the half-wave rectifier. The greater 
the number of pulses, the easier it 
is to obtain pure dc. Therefore, it 

is much easier to filter the pulsating 
dc at the output of a full-wave recti-
fier than at the output of a half-wave 
rectifier. 

Pulsating dc at the output of the 
rectifier is often referred to as dc 
with a ripple voltage or hum voltage 
superimposed on it. You will see 
later that there will always be some 
ripple present at the output of the 
power supply regardless of how 
effective a filter network is. The 
filter network is designed to cut the 
ripple to such a low value that it does 
not appreciably affect the perform-
ance of the equipment. The filter 
systems in most power supplies re-
duce the ripple voltage so that it is 
1% or less of the dc output voltage. 

DETECTORS 

There have been a number of dif-
ferent kinds of detectors used in 

Fig. 14. .‘ diode detector circuit. 

electronic equipment, but most 
pieces of modern electronic equip-
ment use a diode detector. A sche-
matic diagram of a diode detector 
using a vacuum tube is shown in 
Fig. 14. 
The diode detector shown in Fig. 

14 works in much the same way as 
the half-wave rectifier. When the 
plate of the tube is positive, current 
flows through the tube; when it is 
negative, current cannot flow. 
To see how the diode detector can 

extract intelligence from a radio-
frequency signal, let's look at the 
modulated rf carrier shown in Fig. 
15A. We see here an example of am-
plitude-modulated radio frequency 
signals. The amplitude or strength 
of the radio-frequency signal is 
varying at an audio rate. The audio 
signal is the intelligence being 
transmitted. 

In the diode detector circuit the 
current that flows will depend upon 
the strength of the rf signal applied 
to it. Thus, as the strength of the rf 
signal varies, the strength of the 
pulses of current flowing through the 
tube will vary. The current flowing 
through the tube will flow from the 
cathode to the plate of the tube, 
through the secondary of the i-f 
transformer and then through the 
load resistor R1, setting up a volt-
age drop across this resistor having 
the polarity shown on the diagram. 
The voltage across this resistor will 
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charge capacitor Cl. As the strength 
of the signal varies , causing the cur-
rent to vary, the voltage across R1 
and hence the charge across Cl will 
vary. Since the strength of the rf 
signal is varying at an audio rate, 
the voltage across R1 will vary at 
an audio rate. This will cause a 
voltage to appear across R1 and Cl 
like the voltage shown in Fig. 15B. 
Notice that this is the audio signal 
that was actually being carried by 
the rf signal. 

It might be well to point out at this 
time that the current flows through 
the diode in a series of pulses like 
those shown in Fig. 15C. Notice that 
these pulses are somewhat similar 
to the pulses obtained from a half-
wave rectifier with the exception 
that the amplitude of these pulses is 
varying. These pulses tend to charge 
capacitor Cl. The charge across the 
capacitor will be determined by the 

11 Ifh 
Fig. 15. A modulated rf carr er s shown 
at A, the extracted audio signal 's shown 
at B, and the series of current pulses 
flowing through the diode are shown at C. 

11 
Fig. 16. A grid-leak detector. 

amplitude of the pulses, which in 
turn is determined by the strength 
of the signal being received and the 
amplitude modulation on the signal. 

In the interval between each cycle 
there is some tendency for the ca-
pacitor to discharge through the re-
sistor, but if the values of the ca-
pacitor and the resistor are selected 
correctly, the discharging is so 
small that it does not cause any ap-
preciable difficulty. On the other 
hand, Cl and R1 must be selected 
so that they are not too large, be-
cause Cl must be able to discharge 
rapidly enough to follow the audio 
signal variations. 
Triode Detectors. 
A diode is not the only tube that 

can be used as a detector. One of 
the earliest forms of detector was 
the triode grid-leak detector. The 
schematic of a grid-leak detector 
is shown in Fig. 16. The operation 
of this type of detector is not a great 
deal different from the operation of 
a diode detector followed by a triode 
audio amplifier. If for the present 
we ignore the plate of the tube and 
consider only the grid and the cath-
ode, you will see that the circuit is 
very similar to that of a diode de-
tector. All we would need to do is 
move the resistor and capacitor to 
the other side of the transformer to 
give us the identical circuit. 

22 



In a grid-leak detector the rec-
tification actually occurs in the grid 
circuit with the grid acting like a 
diode plate. When the rf signal drives 
the grid positive, electrons are at-
tracted to the grid and current flows 
to charge the grid capacitor Cl. 
When the rf signal swings negative 
and there is no grid current flow, 
capacitor Cl discharges through 
grid resistor R1, setting up a voltage 
drop across this resistor as shown. 
The net result is that we have an 
audio signal voltage appearing 
across the grid capacitor and grid 
resistor. This will cause the grid 
potential to vary at an audio rate so 
the tube now acts like a triode audio 
amplifier and amplifies this audio 
signal. 

The grid-leak detector was quite 
widely used in the early days of 
radio, but it has disappeared al-
most entirely in favor of the diode 
detector. However, as you can see, 
the operation is similar to that of a 
diode detector followed by a triode 
audio amplifier. 

SUMMARY 

In this section of the lesson you 
have seen examples of both detec-
tors and rectifiers. You have learned 
that a detector is a rectifier inas-
much as it operates on the principle 
of allowing current to flow through 
it in only one direction. There is a 
great deal of similarity between the 
operation of a detector and that of a 

rectifier. However, a rectifier is 
used to convert ac power todc power 
where a detector is designed pri-
marily to extract information from 
an rf carrier signal. 

The half-wave rectifier operates 
on only one half cycle, whereas the 

full-wave rectifier operates on both 
half cycles, producing two pulses 
for each ac power-line cycle. 
The diode detector is the most 

widely used detector in modern elec-
tronic equipment. As the amplitude 
of the signal applied to the diode de-
tector varies, the current flowing 
through it varies. This causes the 
voltage across the diode load resis-
tor and capacitor to vary at a rate 
that follows the intelligence super-
imposed on the rf signal. 

The grid-leak detector is an ex-
ample of a triode type detector. Its 
operation is similar to that of a diode 
detector followed by a triode audio 
amplifier. 

SELF-TEST QUESTIONS 

(v) On what principle do detectors 
and rectifiers operate? 

(w) If a half-wave rectifier cir-
cuit is operated from a 60-
cycle power line, how many 
current pulses per second will 
be fed to the filter network? 
How many pulses per second 
will the filter network receive 
from a full-wave rectifier cir-
cuit operating on a 60-cycle 
power line? 
What is the advantage of a full-
wave rectifier over a half-
wave rectifier? 

(z) Draw a schematic diagram of 
a diode detector circuit. 
What causes the amplitude of 
the pulses flowing through a 
diode detector to vary? 

(ab) In the grid-leak detector, 
where does rectification oc-
cur? 

(ac) To what type of circuit can we 
compare the grid-leak detec-
tor? 

(x) 

(Y) 

(an) 
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Oscillators 

One of the most important uses of 
vacuum tubes is in oscillator cir-
cuits. An oscillator is a stage that 
generates its own signal. Without 
oscillators, the entire field of elec-
tronics would be extremely limited. 

In communications, vacuum tubes 
are used in oscillator circuits to 
generate radio-frequency signals. 
Although it is possible to generate 
ac by mechanical means, there is a 
limit to how high a frequency can 
be generated. To generate signals 
of a very high frequency, electronic 
means rather than mechanical 
means must be used. 

Practically all oscillators work 
on the same basic principle: part 
of the signal from the output of the 
stage is fed back to the input. The 
signal fed back to the input is called 
a feedback signal, or simply feed-
back. The feedback must be in phase 
with the signal in the input in order 
to reinforce it, so the stage can gen-
erate an ac signal. Actually, this 
stage simply converts the dc sup-
plied by the power supply to ac. The 
exact frequency of the ac signal de-
pends upon the circuit and the value 
of the components used in the circuit. 

HARTLEY OSCILLATORS 

Fig. 17 shows an oscillator circuit 
called a Hartley oscillator. In this 
circuit, energy is fed from the plate 
of the tube through C2 to coil Ll. 
This energy is fed through the lower 
hall of the coil to ground. The energy, 
in flowing through the lower half of 
Li, sets up a magnetic field which 
cuts the turns of the upper half of 
Li and induces a voltage in it. This 

voltage is applied between the grid 
of the tube and ground and produces 
additional current flow in the plate 
circuit which will set up a field that 
will reinforce the signal in the grid 
circuit still further. 
The coil that is marked RFC and 

is located in the plate circuit of the 
tube is a radio-frequency choke. It 
is put in the plate circuit to act as 
a high impedance to the flow of sig-
nal current and thus keep signal cur-
rents out of the power supply and 
force them through capacitor C2 to 
coil Ll. 

One of the interesting character-
istics of an oscillator circuit is that 
it develops its own bias. The energy 
fed from the plate into Li is of suffi-
cient magnitude to produce a strong 
enough field to induce a high enough 
voltage in the upper half of the coil 
to drive the grid of the tube positive. 
When this happens, the grid will at-
tract electrons; these electrons will 
charge the grid capacitor Cl with 
the polarity shown on the diagram. 
During the rest of the cycle, when 
the grid is negative, capacitor Cl 
discharges through grid resistor R1 
and sets up a voltage drop across 
this resistor, as shown in Fig. 17. 

Fig. 17. A Hartley oscillator circuit. 
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Thus, the grid of the tube is main-
tained at a negative potential with 
respect to the cathode. If the amount 
of feedback from the plate circuit to 
the grid circuit is increased, the grid 
will be driven even more positive, 
charging capacitor Cl still higher, 
which will increase the bias on the 
grid of the tube. This in turn will 
automatically tend to reduce the 
plate current flowing through the 
tube. This automatic action tends to 
adjust the plate current of the tube 
and maintain it at a nearly constant 
value. 

The frequency at which the circuit 
will oscillate will be determined pri-
marily by the inductance of Li and 
the capacity of C3. This coil and ca-
pacitor form a parallel resonant cir-
cuit. Changing the value of these 
components will change the fre-
quency of oscillation. 

COLPITTS OSCILLATORS 

Another type of oscillator, the 
Colpitts oscillator, is shown in Fig. 
18. Here the feedback is controlled 
by a capacitive voltage-divider net-
work consisting of C3 and C4. Bias 
for this stage is produced by grid 

capacitor Cl and grid resistor R1 
as in the Hartley oscillator. 
The frequency at which this cir-

cuit will oscillate depends primarily 
on the inductance of coil Li and the 
capacity of capacitors C3, C4, and 
C5. Capacitor C5 is variable; the 
frequency of the oscillator can be 
adjusted by changing the capacity 
of C5. Increasing the capacity will 
cause the oscillator to operate at a 
lower frequency; decreasing the ca-
pacity will cause the oscillator to 
operate at a higher frequency. 
The output of the Colpitts oscilla-

tor as well as that of the Hartley 

LI 

Fig. 18. 1 Colpitts oscillator circuit. 

oscillator is a sine wave. However, 
not all oscillators have sine-wave 
outputs. In some cases an output 
signal other than a sine wave is de-
sired. An example of an oscillator 
that produces a signal other than a 
sine wave is the multivibrator. 

MULTI VIBRATORS 

The multivibrator is widely used 
in television and in many industrial 
applications. The output from this 
type of oscillator is not a sine wave, 
in fact it is almost a square wave. 
The schematic diagram of a typi-

cal multivibrator is shown in Fig. 
19. This type of multivibrator is 
called a plate-coupled multivibrator 

Fig. 19. plate-coupled multivibrator. 
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because the energy necessary for 
oscillation is fed between the tubes 
from the plate of each tube to the 
grid of the other tube. 
The multivibrator is a rather in-

teresting circuit. Let us see how it 
works. When the multivibrator 
shown in Fig. 19 is first turned on, 
the cathodes of the tubes will not 
immediately be hot enough to emit 
electrons, so no current will flow 
through either tube. Meanwhile the 
power supply will heat and begin to 
operate so there will be B+ voltage 
available. Since there is no current 
flow through the tubes, there will be 
no voltage drop across R1 or R4 
due to plate current flowing through 
them. Therefore Cl and C2 will 
start to charge to a voltage equal 
to the full power-supply voltage. 
To understand this action better, 

look at Fig. 20. We have shown just 
the parts involved. The parts shown 
at A could be drawn as in B; and 
those shown at C could be drawn as 
at D. As you can see, when the B 
supply is operating, Cl will charge 
through R2 and R4; and C2 will 
charge through R3 and Rl. As these 
capacitors are charging, the tubes 
V1 and V2 will be heating and will 
start passing current. 
When V1 and V2 start to pass cur-

rent, there will be plate current flow 
through R1 and R4 that will result 
in voltage drops across these resis-
tors. If Cl and C2 have charged to 
a voltage higher than the voltage be-
tween the plates of the tubes and 
ground, they must now discharge 
through R2 and R3 respectively. This 

will result in a voltage across these 
resistors that will make the grid end 
of the resistors negative. The exact 
voltage will depend on how big a 
charge the capacitors must get rid 
of. This in turn will depend on how 

much current flows through the 
tubes. It is very unlikely that the 
two tubes will pass exactly the same 
current, so one of the capacitors 
will be discharging at a faster rate 
than the other, and this will result 
in a higher negative voltage appear-
ing across one grid resistor than 
the other. 
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Fig. 20. When the multivibrator shown in 
Fig. 19 is first turned on, Cl and C2 will 
charge. This part of the circuit is shown 

here. 

Let's assume that the current 
through V1 is higher than the current 
through V2. This will mean that there 
will be a higher voltage drop across 
R1 than across R4. C2 will be dis-
charging at a fairly high rate through 
R3, which will produce a high nega-
tive voltage on the grid of V2. This 
negative voltage on the grid of V2 
will reduce the plate current through 
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this tube still further, sothe voltage 
drop across R4 will decrease. Cl 
will now start to charge to the higher 
voltage between the plate of V2 and 
ground. To charge, the capacitor will 
draw electrons through R2. These 
electrons will flow through R2 in a 
direction that will make the grid end 
of this resistor positive. This posi-
tive voltage on the grid of Vi will 
cause V1 to draw still more current. 

The higher current through V1 will 
result in more current flowing 
through R1, which will cause a 
greater voltage drop across the re-

sistor. The voltage between the plate 

of VI and ground will therefore drop, 
and capacitor C2 will have to dis-
charge still further. In discharging 
it will make the grid of V2 even 

more negative, so the flow of plate 
current through this tube will be 
completely cut off. 

With plate current through V2 cut 
off, Cl will eventually charge up to 
a voltage equal to the B supply volt-
age. When the capacitor is charged 
to this voltage, the chargingcurrent 
through R2 will stop flowing, and 

the positive voltage on the grid of 
Vi will disappear. When this hap-
pens, the current flowing through 
Vi will drop, causing the voltage 

drop across R1 to decrease. This 
will mean that the voltage between 

the plate of V1 and ground will in-
crease. As soon as this happens, C2 
will begin to charge through R3, put-

ting a positive voltage on the grid of 
V2. Almost instantly V2 will start 
conducting heavily; the plate voltage 
on V2 will drop, and capacitor Cl 

will start to discharge through H2, 
placing a high negative voltage on 
the grid of VI and cutting off the 
flow of plate current through this 
tube. When this happens, current 

will stop flowing through R1, so 

o 

o 

o 

Fig. 21. ( tepid of symmetrical and non-
symmetrical multivibrators. 

there will be no voltage drop across 
this resistor and the voltage be-
tween the plate of Vi and ground 
will jump up to a value equal to the 
supply voltage. C2 will now have to 
charge to an even higher voltage, so 
the grid of V2 will be driven highly 
positive by the current flowing 
through R3 to charge this capacitor. 

This action of first one tube con-
ducting and cutting off the flow of 
plate current through the other, and 
then reversing so that the other tube 
conducts and cuts off the first tube, 

will continue as long as power is 
applied to the oscillator. 

Notice that in the multivibrator 
two tubes are used, whereas in the 
oscillators we studied before only 
one tube was needed. In actual prac-
tice a dual triode tube that has two 
separate triodes in the one glass 
envelope is often used in a multi-
vibrator circuit. Even though this 
may look like only one tube, we have 
two-tube action. 
The frequency of oscillation will 

depend primarily on the values of 
Cl-R2 and C2-R3. 

If the combination of R2 and Cl 
has a time constant equal to that of 
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R3 and C2, the multivibrator is called 
a symmetrical multivibrator. Each 
tube will conduct and be cut off for 
the same length of time, and the out-
put will look like Fig.21A.However, 
if the time constant of C2 and R3 
is longer than that of Cl and R2, V2 
will be cut off for a longer time than 
V1, and the output will be like Fig. 
21B. On the other hand, if the time 
constant of Cl and R2 is longer than 
that of C2 and R3, V1 will be cut off 
longer than V2, and the output will 
be like Fig. 21C. 
The plate-coupled multivibrator 

is only one type of multivibrator; 
there are several other types that 
you will study later. 

SUMMARY 

Oscillators are important to the 
electronics technician. You will find 
them in radio and TV receivers. 
Every superheterodyne has a local 
oscillator. Television receivers 
have oscillators similar to the 
multivibrator to generate the sig-
nals that move the electron beam 
over the face of the picture tube. 
The Hartley oscillator and the 

Colpitts oscillator both generate a 
sine-wave output. In the Hartley os-
cillator, feedback is obtained by in-
ductive means, whereas in a Col-
pitts oscillator feedback is obtained 
by means of a capacitive voltage 
divider. The two oscillators are 
otherwise basically similar. 
The multivibrator is an RC cou-

pled oscillator. Its output is not a 

sine wave. It is useful in TVreceiv-
ers and in many industrial applica-
tions. Two tubes are needed in a 
multivibrator circuit. The two con-
duct alternately; when the first tube 
is conducting, the second is cut off, 
and when the second tube is conduct-
ing, the first is cut off. 

SELF-TEST QUESTIONS 

(ad) 

(ae) 

(af) 

(ag) 

(ah) 

(ai) 

(aj) 

(ak) 

(al) 

(am) 

On what principle do oscilla-
tors operate? 
Draw a schematic diagram of 
a Hartley oscillator. 
Across what part is grid bias 
for the Hartley oscillator de-
veloped? 
In the Hartley oscillator cir-
cuit shown in Fig. 17, which 
two parts primarily control 
the oscillator frequency? 
What controls the feedback in 
the Colpitts oscillator circuit 
shown in Fig. 18? 
What parts primarily deter-
mine the oscillator frequency 
in the Colpitts oscillator 
shown in Fig. 18? 
What type of output signal is 
obtained from the Hartley and 
Colpitts oscillators? 
What type of output signal is 
obtained from a multivibra-
tor ? 
What parts primarily control 
the frequency of the multivi-
brator shown in Fig. 19? 
What is the name given to 
the particular multivibrator 
shown in Fig. 19? 
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A Complete Superheterodyne 
Receiver 

Now let us see how the different 
circuits are put together in a radio 
receiver. We have already men-
tioned that modern radio receivers 
use what is called the superhetero-
dyne circuit. A block diagram of a 
typical superheterodyne receiver is 
shown in Fig. 22. In Fig. 22A we 
have shown the various functions 
performed in the receiver. The block 
diagram is often drawn like the dia-
gram in B because the mixer and 
oscillator are usually combined in 
one tube and the second detector 
and first audio stage are also com-
bined in the tube. Therefore the dia-

MIXER I-F 
AMPLIFIER 

OSCI LLATOR 

gram, shown in Fig. 22B, shows in 
block diagram form the functions 
performed by the various tubes. 

In the superheterodyne receiver, 
the signal is picked up by the antenna 
and is fed to the first stage which 
is the mixer stage as shown in Fig. 
22A. At the same time, a signal 
from a local oscillator is also fed 
to the mixer stage. The local oscil-
lator always operates at a fixed fre-
quency above the frequency to which 
the mixer is tuned. In modern radio 
receivers the oscillator is usually 
operated 455 kHz above the incoming 
signal. In the mixer circuit the in-

2ND 
DETECTOR 

1ST 
AUDIO 

MIXER 
OSCILLATOR 

I- F 
AMPLIFIER 

2ND 
DETECTOR 
1ST AUDIO 
AMPLIFIER 

POWER 
OUTPUT 

POWER 
SUPPLY 

POWER 
OUTPUT 

POWER 
SUPPLY 

Fig. 22. A block diagram of a 5-tube superheterodyne receiver. 
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coming signal is mixed with the sig-
nal produced by the local oscillator. 
This mixing of the two signals re-
sults in two new signal frequencies 
appearing in the output of the mixer, 
one equal to the sum of the local os-
cillator and the incoming signal fre-
quency, and the other equal to the 
difference between the two frequen-
cies. 

We mentioned that the oscillator 
is operated 455 kHz above the in-
coming signal frequency. Therefore 
the difference between the incoming 
signal frequency and the oscillator 
signal frequency will be 455 kHz. 
The second stage in the super-

heterodyne is a radio-frequency am-
plifier stage called the i-f ampli-
fier. It is tuned to the i-f frequency. 
which is equal to the difference be-

tween the frequency of the incoming 
signal and the frequency of the local 
oscillator in the receiver. 
The i-f amplifier is what is called 

a fixed-frequency amplifier. In other 
words, it is always tuned to the same 

frequency, which in most cases is 
455 kHz. Because the amplifier is 
tuned to a fixed frequency, it is pos-
sible to design a stage with a very 
high gain without running into any 
problems such as instability or os-
cillation. Therefore the i-f ampli-
fier amplifies the i-f signal sub-
stantially. 

The i-f signal is then fed to the 
stage called the second detector, 
which is usually a diode detector. 
Here the intelligence is separated 
from the radio-frequency carrier. 
The intelligence signal is the audio 
signal used to modulate the carrier 
signal at the transmitter. The audio 
signal produced by the second detec-
tor is fed to the first audio stage 
where it is amplified and finally 
fed to the output stage, which is a 

power amplifier that produces the 
power necessary to drive the loud-
speaker. 
A schematic diagram of a super-

heterodyne receiver is shown in Fig. 
23. We will not go through this re-
ceiver stage by stage to see how 
each stage works. We have already 
studied most of these stages in this 
lesson, so we will now concentrate 
on taking up a few additional details 

and also seeing how the stages are 
used together. 

THE MIXER-OSCILLATOR 

The tube used in the mixer-oscil-
lator stage is a 12BE6 tube marked 
Vi. This tube is a pentagrid con-
verter. Pentagrid means five grids; 
the tube is called a converter be-
cause it is designed for service as 
a frequency converter, which is what 
the mixer-oscillator stage is often 
called. 

In this tube the first and second 
grids in conjunction with the cathode 
act like a triode tube. The first grid 
is the control grid and the second 
grid acts as the plate of the triode 
section of the tube. Thus the cath-
ode, the first grid, and the second 
grid are used as an oscillator. This 
oscillator modulates the stream of 
electrons flowing from the cathode 
to the plate of the tube. The incoming 
signal picked up by the loop antenna 
is fed into the No.3 grid. This signal 
also modulates the electrons flowing 
from the cathode to the plate of the 
tube so that the resultant flow of 
electrons from the cathode to the 
plate of the tube will be modulated 
both by the signal produced by the 
local oscillator and by the incoming 
signal. This modulation will produce 
a signal with a frequency equal to 
the difference in the frequency of the 
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two signals which will be the i-f sig-
nal, in addition to a signal equal to 
the sum of the frequencies of the 
two signals. 
The primary winding of the trans-

former Ti and the capacitor con-
nected across it form a parallel 
resonant circuit. This circuit is 
tuned to resonance at the difference 
frequency produced in the converter 
stage. Therefore it acts as a high 
resistance at this frequency, while 
at the same time it acts as a low 

impedance at the frequency of the 
incoming signal, the frequency of 
the local oscillator, and the fre-
quency equal to the sum of the two 
frequencies. Thus in the parallel 
resonant circuit we will have a high 
circulating current having a fre-
quency equal to the difference fre-
quency. The other three frequencies 
appearing in the plate circuit of the 
mixer tube will produce little or no 
current flow in the resonant circuit. 

THE I-11 AMPLIFIERS 

The secondary of Ti is inductively 
coupled to the primary. Thus a volt-
age will be induced in series with the 
secondary winding. The secondary 
winding of the transformer is tuned 
to resonance by the capacitor con-
nected across it, and this coil and 
capacitor form a series resonant 
circuit. In a series resonant circuit 
there will be a high circulating cur-
rent, and a resonant voltage step-
up. This voltage is applied between 
the grid and cathode of the i-f am-
plifier. 
The difference-frequency signal 

applied between the grid and cathode 
of the i-f amplifier is amplified by 
this stage. In the plate circuit of 
this tube, which is a conventional 
pentode rf amplifier, there is an-

other parallel resonant circuit. This 
is made up of the primary winding 
of T2 plus the capacitor connected 
across it. Again, this transformer 
acts as a high resistance at the dif-
ference frequency and a low imped-
ance at other frequencies. 

Before leaving the i-f stage, no-
tice the lead marked AVC. AVC is 
an abbreviation for automatic vol-
ume control. A variable voltage is 
applied to this lead, which in turn 
is connected to the grid of the i-f 
tube V2 through the 3.3-megohm re-
sistor R2. The voltage is also ap-
plied to the grid of the mixer tube 
through the loop antenna. 
The voltage that is fed to the grids 

of these tubes will depend upon the 
strength of the signal picked up from 
the station. If the signal is very 
strong, a fairly high negative voltage 
is fed to the grids of these tubes and 
this voltage reduces the gain of the 
stages. If the signal is weak, the 
negative voltage drops almost to 
zero so that the two stages operate 
at maximum gain. We will see how 
this voltage is developed when we 
study the second detector used in 
this receiver. 
The tube used in the i-f stage of 

a modern superheterodyne receiver 
is usually what is called a remote 
cut-off type. A remote cut-off tube 
is a tube with a specially made con-
trol grid. The grid is designed so 
that it takes a very high negative 
voltage to completely cut-off the flow 
of plate current. 

In the tubes we have discussed so 
far, the grid wires have been evenly 

and rather closely spaced. The plate 
current flow in a pentode tube that 
is made in this way can be cut off 
with a fairly low negative voltage 
applied to the grid of the tube. This 
type of tube is called a sharp cut-
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off tube. If however, instead of 
spacing the grid wires evenly, we 
space them so that they are close 
together at the ends but spaced quite 
widely apart in the middle as shown 
in Fig. 24, a much higher negative 
voltage must be applied to the grid 
of the tube before the plate current 
can be reduced to zero. As we begin 
to apply negative voltage to the grid 
of the tube to cut off the flow of plate 
current, the grid wires at the ends 
are able to cut off the flow of plate 

CLOSE SPACING OF 
GRID WIRE FOR 
HIGH MU ACTION 

GRID SUPPORTING 
POST 

}WIDE SPACING FOR LOW 
MU ACTION 

CATHODE 

Fig. 24. The grid of a remote cut-off type 
pentode. Here the spacing between the 
grid wires is greater at the center of the 

grid than at the ends. 

current through them, but because 
of the wide spacing in the center 
part of the grid, electrons will still 
travel from the cathode to the plate 
of the tube. In order to cut off the 
flow of plate current with this type 
of grid structure, a much higher 
negative grid voltage is required 
than with the sharp cut-off tube. 
The remote cut-off tube is ideally 

suited for i-f amplifiers where aye 
is used. However, this type of tube 
usually does not have quite as high 
a gain as a sharp cut-off tube. A 
compromise between the sharp cut-
off and the remote cut-off tubes is 
the semi-remote cut-off tube. In 

this type of tube, the spacing be-
tween the grid wires in the center 
of the tube is not quite as wide as 
the spacing between the grid wires 
in the remote cut-off tube. 

THE DETECTOR - FIRST 

AUDIO STAGE 

In our superheterodyne receiver 
the i-f signal is fed from the i-f 
stage to the second detector. The 
secondary of the i-f transformer 
forms a series resonant circuit with 
a capacitor connected across it. One 
end of the secondary is connected 
directly to the plate of the diode de-
tector and the other end is connected 
to the diode load, which is made up 
of the 47K-ohm resistor R5 and 1-
megohm volume control R6. These 
two resistors are in parallel with 
the diode load capacitor C8. Youal-
ready know how a detector works 
and how an audio voltage will appear 
across the diode load resistors R5 
and R6 and the diode load capacitor 
C8. 
The i-f signal flowing through the 

detector can flow in only one direc-
tion with the result that there will 
be a series of pulses at the detec-
tor output which will charge the diode 
capacitor C8. The charge across this 
capacitor will depend upon two 
things, the audio signal and also the 
strength of the signal being received. 
By connecting a filter network con-
sisting of a resistor and a capacitor 
such as R3 and C3 across this ca-
pacitor a de voltage can be obtained 
across C3 that will depend upon the 
strength of the incoming signal.Now 
let's see where this voltage comes 
from. 
We have a series of pulses flow-

ing through the diode, charging ca-
pacitor C8. The amplitude of these 
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pulses, and hence the voltage across 
C8, depends on the audio signal and 
the strength of the signal being re-
ceived. C8 discharges through R5 
and R6, producing a voltage having 
a polarity such that the junction of 
R5 and the i-f transformer is nega-
tive. This voltage also will depend 
on the audio signal and the strength 
of the signal being received. 

This voltage also is across the 
combination of R3 and C3 in series. 
However, R3 and capacitor C3 form 
a voltage divider network. The re-
sistance of R3 is much higher than 
the reactance of C3. Therefore most 
of the audio signal appearing across 
the two will be dropped across E3 
so that the voltage across C3 will 
be almost pure dc and its strength 
will depend upon the strength of the 
incoming signal. This voltage is then 
fed to the avc line and used to con-
trol the gain of the mixer and i-f 
tubes. If the strength of the signal 
being picked up is strong, then a 
fairly high negative voltage is de-
veloped across C3, whereas, if the 
signal is weak, the voltage across 
C3 will be low. This voltage is used 
to control the gain of the mixer and 
i-f stages so they operate at maxi-
mum gain when a weak signal is 
being received, and at reduced gain 
when a strong signal is being re-
ceived. 
AVC is used in most modern radio 

receivers to regulate the gain of the 
set, so that as you tune across the 
broadcast band from one station to 
another, they all come in at approxi-
mately the same volume. Actually, 
this system is an automatic gain con-
trol rather than an automatic vol-
ume control, but when the scheme 
was first introduced manufacturers 
called it an automatic volume con-
trol because they felt that this would 

have more appeal to the public than 
the name automatic gain control. The 
name automatic volume has stuck, 
but the same system used in tele-
vision receivers is called automatic 
gain control. 

The tube used in the second de-
tector-first audio stage is a combi-
nation tube. The tube contains two 
diodes and one triode. Only one of 
the diodes is used in the detector 
circuit; the other diode plate is un-
used and simply connected to ground 
and to the cathode. The triode sec-
tion is used as the first audio stage. 
You will notice that the diode load 
is actually made up of two resistors. 
The 47K resistor R5 is only one 
twentieth of the size of R6 so most 
of the voltage will appear across 
R6. R6 is a potentiometer. The posi-
tion at which the center tap con-
nects to the resistor can be con-
trolled by rotating the control shaft 
on the potentiometer. By moving 
this tap up and down the resistor, 
the amount of audio signal fed tothe 
first audio stage can be varied. This 
control is called a volume control 
since it will vary the volume or out-
put from the sound system inthe re-
ceiver. The audio signal is then fed 
through coupling capacitor C5 to the 
grid of the first audio tube. 
The first audio tube uses a bias 

system that we have not discussed 
previously. Notice that the cathode 
of the tube is connected directly to 
ground, and the grid resistor R8 is 
a 6 .8-megohm resistor. You already 
know that some of the electrons leav-
ing the cathode of the tube and travel-
ling toward the plate will acciden-
tally strike the grid of the tube. The 
number striking the grid is quite 
small, and these electrons flow 
through the grid resistor back to 
ground and from there back to the 
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cathode of the tube. In most stages 
the grid resistor is kept low enough 
so the number of electrons flowing 

through it do not produce an ap-
preciable voltage. However, by using 
a large value of grid resistor, a 
voltage can be developed across it 
to bias the tube. This type of bias 
is usually called "convection" bias 
and is frequently used in the first 
audio stage of modern radio re-
ceivers. 

THE OUTPUT STAGE 

The output stage in most modern 
receivers is either a pentode or a 
beam power tube. The tube is op-
erated as a Class A amplifier. 

In this receiver, the signal from 
the plate of the first audio stage is 
coupled to the grid of the output stage 
through capacitor C7. R9 is a grid 
leak resistor and 1110 is the cathode 
bias resistor. The cathode bypass 
capacitor is omitted from this stage 
to improve the frequency response 
of the stage. You will see in a later 
lesson exactly why this happens. 
The loudspeaker is a permanent-

magnet dynamic speaker. This 
speaker is coupled to the output tube 
by means of transformer T3, which 
is called the output transformer. We 
have already studied output trans-
formers and know that they are im-
pedance-matching devices designed 
to match the low impedance speaker 
to the high impedance of the plate of 
the output tube in order to get as 
high a power transfer as possible. 
There are a number of different 

types of tubes used as output tubes, 
but in general the circuit is similar 
to the one shown in Fig.23,although 
the values of the components used 
in the circuit may vary slightly with 
different tubes. 

THE POWER SUPPLY 

The only section of the receiver 
left to discuss is the power supply. 
This is a universal ac-dc type of 
power supply using a half-wave 
rectifier similar to the one shown 
in Fig. 12. 
The Plate Supply. 

Notice that the plate voltage for 
the output tube is taken directly from 
the cathode of the rectifier tube 
through the primary of the output 
transformer instead of from the out-

put of the filter network. We can 
do this because the plate current 
flowing in a pentode or beam power 
tube depends primarily on the screen 
voltage, and the plate voltage has 
little or no effect on it. Thus the ac 
ripple applied to the plate of the tube 
will not cause any appreciable hum 
current to flow through the tube and 
the primary of the output trans-
former. The output tube alone will 
draw as much current as all the rest 
of the tubes in the receiver. If we 
take the plate supply of the output 
tube directly from the cathode of the 
rectifier, we can use a resistor in-
stead of a choke in the filter net-
work, as we have done here-R11 in 
Fig. 23. 

If we connected the plate of the 
output tube to the other side of the 
filter network, we would have to use 
a choke, because the high current 
drawn by the output tube through a 
resistor would cause such a high de 
voltage drop that the output voltage 
for the rest of the plates would be 
too low. A choke has a high ac re-
actance, so it would filter any ripple 
voltage, but it has a low dc resist-
ance, so the de voltage drop across 
it would be lower. 
The advantage of using a resistor 

in place of a choke is simply one of 
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economy. A resistor is much 
cheaper than a filter choke. As long 
as the current through the resistor 
can be kept to a reasonably low value, 
the de voltage drop across the resis-
tor will not be too great. The resis-
tor will form a voltage divider net-
work with the output filter capacitor 
so that the hum voltage from the 
cathode of the rectifier will be re-
duced enough to provide suitably 
pure de for the operation of the re-
ceiver. The plate and screen volt-
ages for the rest of the tubes and 
the screen voltage for the output 
tube are obtained from the output 
of the filter network. These voltages 
will be much better filtered than the 
voltage supplied to the plate of the 
output tube. If these tubes, particu-
larly the first audio tube or the 
screen of the output tube, were op-
erated directly from the cathode 
of the rectifier tube there would be 
an extremely loud hum produced by 
the speaker. 
The Heater Circuit. 

The heaters of the various tubes 
in this receiver are connected in 
series, and the series circuit is con-
nected directly across the power 
line. The tubes are designed so that 
they all require the same operating 
current. The voltage requirements 
for the various tubes are different. 
The 35W4 rectifier tube requires a 
heater voltage of 35 volts. The 5005 
output tube requires a heater volt-
age of 50 volts. Each of the other 
tubes requires a heater voltage of 
12.6 volts. If you add these voltages 
together, you will find that the total 
is 122.8 volts. In actual practice, 
these tubes can be operated from a 
line voltage of anywhere between 
about 110 volts and 125 volts, and 
give satisfactory performance. No-
tice the pilot light marked Il on the 

diagram. The heater of the 35W4 is 
tapped, and the pilot light is con-
nected in parallel with part of the 
heater to get the voltage needed to 
operate the light. 

Notice that 12-volt heaters are 
closer to the side of the power line 
that connects to B-, so that the volt-
age between these heaters and B-
is maintained as low as possible. 
The first audio tube is almost al-

ways connected at the end of the 
string so that one side of its heater 
is connected to B-. This keeps the 
potential between the cathode and 
heater of this tube as low as pos-
sible. This particular tube is more 
susceptible to hum pickup than are 
the other tubes in the receiver. The 
arrangement used in this receiver 
is pretty standard for this type of 
set. If you trace the heater circuit 
in an ac-dc receiver starting at the 
side of the power line that connects 
to B-, you will find the tubes con-
nected in the following order: the 
first audio-second detector; the 
mixer oscillator; the i-f amplifier; 
the power output tube, and finally 
the rectifier. 

Since the tube heaters in this re-
ceiver are connected in series, if 
any one of the heaters burns out, 
none of the tubes will light. This is 
probably the most common defect 
you will find in ac-dc receivers. 
Keep this point in mind. If you are 
asked to service a small ac-dc re-
ceiver and you find that none of the 
tubes light, look for a tube with an 
open heater. The chances are that 
replacing this tube will clear up the 
trouble. 

SUMMARY 

In this section of this lesson we 
have shown how the various stages 
that you have studied previously are 
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put together to form a complete re-
ceiver. From this discussion you can 
see that a complete radio receiver 
is simply made up of a number of 
different stages, each performing 
the task for which it was designed. 
Complex electronic equipment is 
made up in the same way; it is made 
of a number of simple separate 
stages designed to work together. 
There are a number of things that 

we have not discussed about these 
various stages, but we will discuss 
them in more detail in later lessons. 
At present you should have a gen-
eral understanding of how each stage 
works and how they are put together 
to form a complete receiver. 

SELF-TEST QUESTIONS 

(an) To what stage is the signal 
from the antenna fed in a typi-
cal five-tube superheterodyne 
receiver? 

(ao) In a modern superheterodyne 
receiver is the oscillator fre-
quency higher or lower than 
the frequency of the incoming 
signal? 

(ap) If you tune a superheterodyne 
receiver to a broadcast station 

operating on 1500kc, and the 
i-f amplifier operates on a 
frequency of 456kc, at what 

frequency must the local os-
cillator in the receiver be op-
erating? 

(aq) In the 12BE6 tube used in the 
circuit shown in Fig. 23, which 

grid acts as the plate of the 
oscillator tube? 

(ar) In the i-f transformer Ti in 
Fig. 23, both the primary and 
secondary circuits are tuned 
to resonance. Are these cir-
cuits series-resonant circuits 
or are they parallel-resonant 
circuits? 

(as) What is meant by a remote 
cut-off tube? 

(at) In the second detector in the 
circuit shown in Fig. 23, 
across what part is the audio 
signal voltage developed? 

(au) How is bias for the first audio 
stage in the circuit shown in 
Fig. 23 developed? 

(ay) What class of power amplifier 

is used in the circuit shown in 
Fig. 23? 

(aw) In the circuit shown in Fig. 
23, the heaters of all the tubes 
are connected in series across 
the power line. If you were 
called on to service a receiver 

of this type and saw that none 
of the tubes were lighting, what 
type of trouble would you look 
for ? 
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Amplifier Variations 

We have already mentioned that 
there are three basic types of am-
plifiers, the grounded-cathode, the 
grounded-grid, and the grounded-
plate. All the amplifiers you have 
studied so far have been grounded-
cathode amplifiers. Most of the am-

plifiers you will encounter will be 
the grounded-cathode amplifiers, 
but the other two types are also im-
portant. They have some special 
characteristics that are very use-
ful in certain applications. The 
grounded-grid amplifier is widely 
used as the rf amplifier in VHF 
tuners of TV receivers. It is also 
quite widely used in transmitting 
equipment. The cathode-follower, 
which is the more frequently used 
name for the grounded-plate ampli-
fier, is widely used in industrial 

applications, and also it has recently 
been used in a large number of color 
TV receivers. The cathode-follower 
is particularly useful as an imped-
ance-matching device to match a 
high-impedance circuit to a low-
impedance circuit. 

In this section of this lesson you 
will study some of the important 

characteristics of all three types. 
You will see how these amplifiers 
differ from each other and see some 

examples of grounded-grid and 
grounded-plate amplifier circuits. 

THE GROUNDED-CATHODE 

AMPLIFIER 

As we mentioned, the amplifiers 
we have been studying have all been 
grounded-cathode amplifiers. We 
have repeated the basic grounded-

cathode circuit shown in Fig. 1 as 
Fig. 25. Notice that the signal is 
applied between the grid and cathode 
of the tube; the cathode is operated 
at signal ground potential, and the 
load is placed in the plate circuit. 
The output signal is developed 
across the load, so in this circuit 
it is developed between the plate of 
the tube and ground. Remember that 
the end of the load that is connected 
to the B supply is at ground potential 

as far as the signal is concerned. 

SIGNAL 
SOURCE 

LOAD 

1---41---11.1111111-1 

Fig. 25. The grounded-cathode amplifier 
shown in Fig. I is repeated here for your 

convenience. 

Circuit Characteristics. 
You already know how the ground-

ed-cathode circuit amplifies a sig-

nal, so we will not go through an ex-
planation of how this circuit works. 
Instead we will discuss some of the 

important characteristics of this 
type of circuit. 

One important characteristic of 
this type of amplifier is that the out-
put signal is greater than the input 
signal; in other words, the stage is 
capable of amplifying. The actual 
gain of the stage is equal to the ratio 
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of the output voltage divided by the 
input voltage. The gain obtained from 
this type of stage may be quite low, 
sometimes as low as only two or 
three, or it may be quite high, some-
times as high as two hundred or 
more. The exact gain will depend on 
the tube used in the amplifier and 
the value of the components used 
with the tube. 

Another important characteristic 
of this type of stage is that there is 
a phase shift of a half-cycle or 180° 
between the input and output signals. 
This means that when the input sig-
nal drives the grid in a positive di-
rection, the output signal between 
the plate and ground will be going in 
a negative direction. Similarly if the 
grid is being driven negative, the 
output signal will be going positive. 
Two other important character-

istics are the input and output im-
pedances of the stage. The input im-
pedance is important because it tells 
you how the stage will load the signal 
source. The output impedance is im-
portant because it gives an indication 
of the type of load that must be con-
nected in the output circuit in order 
to obtain proper results from the 
stage. 
You will remember that in a Class 

A voltage amplifier the tube is biased 
so that it operates on the mid-point 
of its characteristic curve. The in-
put signal is not strong enough to 
drive the grid positive, so there will 
be no grid current flow. Thus the in-
put circuit of a Class A voltage am-
plifier is a high-impedance circuit. 
This is important because it tells 
us that this type of stage will take 
little or no power from the source 
driving the stage. 

In a Class B or Class C power 
amplifier the grid is driven posi-
tive, so grid current will flow. Thus 

these stages have a comparatively 
low input impedance and will require 
power from the driving stage. 
We can summarize the input char-

acteristics of the grounded-cathode 
amplifier as follows: Voltage ampli-
fiers and Class A power amplifiers 
draw no grid current, and hence have 
a high input impedance. Class Band 
Class C power amplifiers draw grid 
current, require power from the 
driver stage, and have a fairly low 
input impedance. 
The grounded-cathode amplifier 

also has a fairly high output imped-
ance. The load is placed in the plate 
circuit of the tube, and the output is 
developed across this load. If the 
load impedance is low, the output 
will be low. 

THE GROUNDED-PLATE 

AMPLIFIER 

The grounded-plate amplifier is 
more commonly called a cathode fol-
lower. The load in this type of cir-
cuit is connected in the cathode cir-
cuit between the cathode of the tube 
and ground. A block diagram of this 
type of amplifier is shown in Fig.26. 

SIGNAL 
SOURCE 

LOAD 

 -*--,1,111,1-

Fig. 26. A grounded-plate or cathode-fol-
lower circuit. 
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Fig. 27. Schematic diagram of a cathode 
follower stage. 

Notice that the signal is applied be-
tween the grid of the tube and ground, 
as in the grounded-cathode ampli-
fier, but the difference between the 
two is in the placement of the load. 

Putting the load in the cathode cir-
cuit completely alters the charac-
teristics of the amplifier. Let us 
study the operation of a typical cath-
ode follower such as the one shown 
in schematic form in Fig. 27 to see 
why this type of amplifier is so dif-
ferent from the grounded-cathode 
type. 

Capacitor Cl is used in the input 
circuit to isolate the grid circuit of 
the stage from the signal source and 
to keep any de that may be present 
at the signal source away from the 
grid of the tube. Resistor R1 is the 
grid resistor and is placed in the 
grid circuit to act as a grid leak 
and provide a path back to the cath-
ode for any electrons that acciden-
tally strike the grid of the tube. The 
load is R2. It is placed in the cath-
ode circuit of the tube between the 
cathode and B-. The plate of the tube 
is connected directly to B+, and since 
B+ is at ground potential insofar as 
the signal is concerned, the ampli-
fier is a grounded-plate amplifier. 
The operation of this type of am-

plifier is quite different from that 
of the grounded-cathode amplifier. 
When the input signal drives the grid 
in a positive direction, the current 
flowing from the cathode of the tube 
to the plate will increase. This will 
cause the voltage across the cathode 
resistor R2 to increase because the 
plate current flows through this re-
sistor. However, notice that the in-
put signal is applied between the grid 
of the tube and ground. The actual 
voltage that will control the flow of 
plate current through the tube is the 
voltage between the grid and cath-
ode. If the grid voltage goes posi-
tive, the increase in plate current 
will cause the voltage between the 
cathode and ground to increase and 
become more positive. In other 
words, the positive voltage at the 
grid produces a more positive volt-
age at the cathode. This subtracts 
from the signal voltage so that it 
reduces the net grid-to-cathode 
voltage. This means that we have a 
situation where the output signal be-
ing produced by the stage subtracts 
from the input signal and reduces 
the input to the tube. Thus the out-
put signal must always be less than 
the input signal in this type of am-
plifier. Technicians say that the gain 
of the stage is less than one. If the 
output signal were greater than the 
input signal, it would completely 
cancel the input signal producing 
it. 
You might wonder why the cath-

ode follower would be of any use at 
all if the output signal is less than 
the input. The stage is useful for 
two reasons. First, the output sig-
nal is in phase with the input. This 
means that when the input signal 
swings positive, the output signal 
swings positive; and when the input 
signal swings negative, the output 

40 



signal swings negative. There are 
some applications where it is im-
portant not to change the phase. 

Another and more important use 
of the cathode follower is as an im-
pedance-matching device. The cath-
ode follower has a high input im-
pedance, but because the load is in 
the cathode circuit, it has a low out-
put impedance. Thus, if we have a 
high-impedance generator and want 
to connect it to a low-impedance 
load, we can use a cathode follower 
to match the two impedances. 

Cathode followers are very useful 
in any application where it is im-
portant to isolate the load from the 
signal source. They are often found 
in the input of a cathode ray oscil-
loscope, which is a test instrument 
used in servicing many kinds of elec-
tronic equipment. The cathode fol-
lower is used in the input circuit to 
provide isolation between the cir-
cuit under test and the test instru-
ment so that connecting the test in-
strument to the equipment does not 
affect the performance of the equip-
ment. 

THE GROUNDED-GRID 

AMPLIFIER 

The grounded-grid amplifier is 
used in some special cases as a 
power amplifier. You will remem-
ber that we pointed out that when a 
triode tube is used as an rf ampli-
fier, unless special precautions are 
taken, the tube will oscillate. This 
oscillation that occurred in a triode 
tube was one of the factors that led 
to the development of the tetrode 
tube. Remember that the screen 
grid was added to the tube in order 
to shield the grid from the plate and 
keep the energy fed from the plate 

back to the grid of the tube as low 
as possible. 

In some circuits a triode tube will 
operate where a beam power tube 
or a pentode tube will not give sat-
isfactory service. This situation is 
encountered at very high frequen-
cies. It comes about because of the 
time it takes an electron to travel 
from the cathode of the tube to the 
plate. At very high frequencies a 
single cycle may take only a frac-
tion of a millionth of a second. A 
half cycle will take only half this 
time. It could take the electrons 
longer than the time of one half cycle 
to travel from the cathode to the 
plate of the tube if the spacing be-
tween the cathode and plate were too 
great. The spacing between the cath-
ode and plate in a beam power tube 
or a pentode is greater than in a tri-
ode because there must be room for 
the extra elements. 

In higher-power amplifiers using 
beam power tubes with a high sensi-
tivity, there will sometimes be os-
cillation because of energy getting 
through the screen from the plate of 
the tube to the grid. If the tube is a 
very sensitive tube, a small amount 
of energy getting through the screen 
may be enough to cause oscillation 
in the stage. 

Oscillation in a triode stage or in 
a high-gain beam power stage can 
often be eliminated by using a 
grounded-grid circuit, because the 
grid is operated at ground potential. 
The signal is fed into the cathode 
circuit, and the grid, which is 
grounded, acts to shield the output 
circuit from the input circuit. 
A simplified diagram of a ground-

ed-grid amplifier is shown in Fig. 
28. Notice that in this circuit the 
input is fed into the stage between 
the cathode and ground, and the grid 
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Fig. 28. IIlock diagram of a grounded-
grid amplifier. 

is operated at signal ground poten-
tial. The load is connected in the 
plate circuit of the tube as in the 
grounded-cathode amplifier. 
The schematic diagram of a 

grounded-grid amplifier using a 
beam power tube is shown in Fig. 2 9. 
In this circuit the input signal is fed 
between the filament-type cathode 
and ground. The filament of the tube 
is isolated from ground by the two 
radio-frequency chokes, marked 
RFC1 and RFC2 on the diagram. 
These chokes are simply coils that 
have high inductive reactances at the 
operating frequency. Because they 
have high reactances, the filament 
cathode is isolated from ground in-
sofar as the signal is concerned, 
while at the same time the chokes 
offer little or no opposition to the 
flow of de or low-frequency ac used 
to heat the filament of the tube. 

In this type of amplifier, if the in-
coming signal drives the cathode 
positive with respect to ground, it 
drives the cathode positive with re-
spect to the grid, because the grid 
is connected to ground as far as the 
signal is concerned through capaci-
tor Cl, which has a low reactance 
at the signal frequency. If the cath-
ode is driven positive with respect 

to the grid, it is the same as driving 
the grid negative with respect to the 
cathode, so the current flowing from 

the cathode to the plate of the tube 
will decrease. On the other hand, 
if the cathode is driven negative with 
respect to the grid, it is the same 
as driving the grid positive with re-
spect to the cathode, so the plate 
current will increase. 

Since both the grid and the screen 
grid of this tube are connected to 
ground as far as the signal is con-
cerned, it will be almost impossible 
for any energy to get from the plate 
of the tube back into the input cir-
cuit. As long as energy cannot get 
from the plate circuit back into the 
input circuit, the stage will not os-
cillate. 

It is not important to go into all 
the details of the grounded-grid am-
plifier at this time. The important 
thing for you to remember is the 
general configuration of the circuit. 
Remember that the signal is fed into 
the cathode circuit, and the load is 
connected into the plate circuit. Re-
member also that the big advantage 
of this type of circuit is that the 
energy fed from the plate circuit 

Fig. 29. Schematic diagram of a grounded-
grid amplifier. 
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back into the input is low, so that 
the possibility of oscillation is 
remote. 

SUMMARY 

The important thing for you to re-
member from this section of the les-
son is the general pattern of the 
circuit. Remember that there are 
three types of amplifier circuits: 
the grounded-cathode ,the grounded-
plate or cathode follower, and the 
grounded-grid amplifier. Most of 
the amplifiers that you will en-
counter will be grounded-cathode 
amplifiers, but the other types are 
found in some special applications. 
The grounded-cathode amplifier 

is important because a high gain can 
be obtained from this type of circuit. 
This type of amplifier has a high in-
put impedance and a high output im-
pedance. 
The cathode follower circuit al-

ways has a gain of less than one. 
This means that the output will be 
less than the input. This circuit is 
often used as an impedance-match-
ing device; it has a high input im-
pedance and a low output impedance. 
The grounded-grid amplifier is 

often used as an rf power amplifier. 
It is particularly useful with triode 
tubes operating at very high fre-
quencies and with beam power tubes 
having a high sensitivity. In con-
ventional circuits, the screen may 
not offer enough isolation to prevent 
a beam power tube with a high sensi-
tivity from oscillating. 

SELF-TEST QUESTIONS 

(ax) Where are the signal source 
and the load placed in a 
grounded-cathode amplifier? 

(ay) Name two important charac-

teristics of the grounded-
cathode amplifier? 

(az) What is the more common 
name by which the grounded-
plate amplifier is known? 

(ba) Where are the signal source 
and load placed in the cathode 
follower? 

(bb) How does the amplitude of the 
output signal compare with the 
amplitude of the input signal 
in a cathode follower? 

(bc) How does the phase of the out-
put signal compare with the 
phase of the input signal in a 
cathode follower? 

(bd) Name two important applica-
tions where a cathode-follow-
er stage may be used? 

(be) Where are the input signal and 
load placed in the grounded-
grid amplifier ? 

(bf) How is oscillation prevented 
when a triode tube is used as 
an rf amplifier in a grounded-
grid circuit? 
How do the input impedances 
of the grounded-cathode and 
cathode-follower stages com-
pare? 

(bh) How do the output impedances 
of the grounded-cathode and 
cathode-follower stages com-
pare? 

(bg) 

LOOKING AHEAD 

In later lessons many of the cir-
cuits you have studied in this les-
son will be discussed in much more 
detail. The purpose of this lesson 
is to give you a look at some of the 
circuits in which tubes are used in 
order to help you better understand 
how tubes work. Later you will see 
that there are many other important 
things to be considered in the vari-
ous stages that we have studied. 
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It is important for you to under-
stand how all the various types of 
circuits commonly found in elec-
tronic equipment operate. You will 
remember that we have pointed out 
several times that complex elec-
tronic equipment is made up of a 
large number of simple circuits con-

nected to work together. If you 
understand how the individual cir-
cuits work, you will be able to under-
stand how they work together. If you 
understand how a piece of electronic 
equipment is supposed to work, you 
should have no difficulty locating a 
defect in the equipment. 

Answers To Self-Test Questions 

(a) A Class A amplifier is an am-
plifier that is biased to op-
erate midway between zero 
bias and cut-off bias. 
A Class B amplifier is an am-
plifier operated with the bias 
approximately at cut-off. 
A Class C amplifier is an am-
plifier operated with a bias two 
to four times cut-off bias. 
Voltage amplifiers and power 
amplifiers. 
A voltage amplifier is an am-
plifier that is designed to take 
a small signal voltage and 
amplify it to a larger signal 
voltage. 
Voltage amplifiers are Class 
A amplifiers. 
The chief disadvantage of a 
Class A power amplifier is its 
relatively poor efficiency. 
The maximum theoretical ef-
ficiency that can be obtained 
from a Class A power ampli-
fier is 50%. However, usually 
efficiencies in the order of 
30% to 35% are all that is 
practical to obtain. 

(I) A single Class B audio am-
plifier cannot be used because 
it produces only one half of an 
input cycle. However, two 
tubes can be used as a Class 
B power amplifier providing 
they are arranged so that one 
tube reproduces one half of the 
input cycle, and the other tube 
reproduces the other half of 
the input cycle. 
Class C power amplifiers are 
used to amplify radio-fre-
quency signals. 
A Class AB amplifier is an 
amplifier operated with a bias 
between the value that would 
normally be used for a Class 
A amplifier and the value that 
would normally be used for a 
Class B amplifier. Sometimes 
Class AB amplifiers are des-
ignated as Class ABi or Class 
AB2. A Class AB1 amplifier 
does not draw any grid cur-
rent and hence is very much 
like a Class A amplifier. A 
Class AB2 amplifier does 
draw grid current and hence 

(k) 
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is operated closer to a Class 
B amplifier. 

(1) Voltage amplifiers and power 
amplifiers. 

(m) See Fig. 6. 
(n) The grid-bias battery can be 

eliminated in a voltage am-
plifier by inserting a suitable 
resistor in the cathode circuit 
of the tube. Current flowing 
from B- through the resistor, 
to the cathode of the tube, then 
from the cathode to the plate 
and back to the B+will develop 
a voltage drop across the cath-
ode resistor. Lf the cathode re-
sistor is of the correct size, 
the cathode will be sufficiently 
positive with respect to ground 
to provide the required bias. 
The grid will be essentially 
at ground potential and there-
fore negative with respect to 
the cathode. If the voltage be-
tween the cathode and ground 
is equal to the required grid 
bias, the tube grid will have the 
correct negative bias applied 
to it. 

(o) Electrons accidentally strik-
ing the grid of the tube flow 
through the grid resistor back 
to ground and to the cathode 
of the tube. If the grid resis-
tor is made too large, these 
electrons will develop an un-
desired voltage across this 
resistor. The size of the re-
sistor is limited by the num-
ber of electrons striking the 
grid of the tube. 

(p) The capacitor is used to hold 
the voltage across the cath-
ode-bias resistor constant. 
The signal applied to the grid 
of the tube causes an ac cur-
rent, which is superimposed 
on the dc current flowing 

through the tube, to flow in 
the cathode circuit. This ac 
current in effect flows through 
the bypass capacitor so that 
the voltage across the bias 
resistor does not vary. 
The output transformer is a 
step-down transformer. The 
transformer is primarily an 
impedance-matching device; 
it matches the low-impedance 
speaker to the higher imped-
ance of the tube. 

(r) The complete statement is as 
follows: a power amplifier 
using one tube such as shown 
in Fig. 8 is called a single-
ended stage, whereas one 
using two tubes such as shown 
in Fig. 9 is called a double-

ended stage. 
A voltage amplifier. The radio 
frequency amplifier used in a 
radio or television receiver is 
used to build up or amplify the 
voltage of a weak signal picked 
up by the antenna. 
C3 is a screen bypass capaci-
tor. It is used to place the 
screen at signal ground po-
tential so that the screen will 
provide maximum shielding 
between the plate and grid of 
the tube. 

(u) A Class C power amplifier 
has the best efficiency; a Class 
A amplifier has the poorest 
efficiency. 

(v) Both detectors and rectifiers 
work on the principle of allow-
ing current to flow through 
them in only one direction. 
Sixty pulses per second. The 
rectifier will conduct once 
each cycle and therefore on a 
60-cycle power line you will 
get 60 pulses per second. 

(x) 120 pulses per second. A full-

(s) 

(t) 

(w) 
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(Y) 

wave rectifier conducts on 
each half cycle. Since there 
are two half cycles in each 
cycle, on a 60-cycle power 
line you will get 120 pulses. 
The increased number of 
pulses per second from a full-
wave rectifier makes it easier 
to filter the pulsating de to 
pure dc. Thus smaller filter 
chokes and filter capacitors 
may be used with a full-wave 
rectifier rather than with a 
half-wave rectifier. 

(z) See Fig. 14. 
(na) The variation in the strength 

of the signal being received 
causes the amplitude of the 
pulses flowing through a diode 
detector to vary. This varia-
tion in signal received is the 
modulation or intelligence 
signal that is placed on the rf 
carrier. 

(ab) In the grid circuit. In a grid-
leak detector the grid and 
cathode act like a diode tube. 
The grid acts like a plate, and 
when the input signal swings 
the grid positive, current 
flows from the cathode to the 
grid of the tube. When the in-
put signal swings the grid 
negative, no current flows 
from the cathode to the grid. 

(ac) We can compare the grid-leak 
detector to a diode detector 
followed by a triode amplifier 
stage. 

(ad) Part of the signal from the 
output of the oscillator is fed 
back to the input circuit. This 
signal is called the feedback 
signal or simply feedback. 

(ae) See Fig. 17. 
(af) The grid bias is developed 

across the grid resistor, Rl. 
This bias is self-regulating; 

(ag) 

(ah) 

(ai) 

(aj) 
(ak) 

(al) 

(am) 

(an) 

(ao) 

(ap) 

in other words, if the output 
of the stage tends to increase, 
the bias will increase to hold 
the output down. If the output 
tends to decrease, the bias 
will decrease to permit the 
output signal to increase. 
C3 and Ll. 
Feedback is controlled by the 
feedback capacitors C3 and 
C4. These capacitors form a 
voltage divider network to 
control the amount of signal 
fed from the output back to the 
grid-cathode, which forms the 
input circuit. 
Li, C5, C3 and C4 control the 
oscillator frequency. 
A sine-wave signal. 
The output signal from a 
multivibrator is essentially a 
square wave. 
Cl - R2 and C2 - R3 control 
the multivibrator frequency. 
The multivibrator shown in 
Fig. 19 is called a plate-cou-
pled multivibrator. It is given 
this name because the energy 
necessary for oscillation is 
fed between the tubes from the 
plate of each tube to the grid 
of the other tube. 
The mixer stage. This stage 
is sometimes referred to as 
the mixer-oscillator stage be-
cause the two functions of mix-
ing and oscillation are per-
formed in a single tube in a 
five-tube superheterodyne re-
ceiver. 
The oscillator frequency is 
higher than the frequency of 
the incoming signal. 
1956kc. The i-f frequency in 
a receiver is equal to the dif-
ference between the local os-
cillator frequency and the fre-
quency of the incoming sig-
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nal. If the oscillator operates 
higher than the incoming sig-
nal, then the oscillator fre-
quency must be equal to the 
frequency of the incoming sig-
nal plus the frequency at which 
the 1-f amplifier operates. 
Therefore, in this case the os-
cillator frequency must be 
1500 + 456 = 1956 kc. 

(aq) The second grid acts as the 
plate of the triode section of 
the tube which in turn is the 
oscillator section. 

(ar) The primary winding along 
with the capacitor connected 
across it form a parallel-
resonant circuit because the 
signal is fed to the coil and 
capacitor in parallel. The sec-
ondary circuit consisting of 
the coil and capacitor form a 
series-resonant circuit be-
cause the signal is induced in 
series with the turns of the 
coil. 

(as) A remote cut-off tube is a tube 
with a grid specially con-
structed so that it takes a 
rather large negative bias to 
cut off the flow of plate current 
through the tube. This type of 
tube is normally used in i-f 
amplifier stages through 
which an automatic volume 
control voltage is fed. 

(at) The audio signal voltage is de-
veloped by the second detector 
across a 220 pf capacitor C8. 

(au) Bias for the first audio stage 
is developed across the 6.8 
megohm resistor, R8. As you 
will remember, a few of the 
electrons leaving the cathode 
of the tube and travelling to-
ward the plate will actually 
strike the grid of the tube. 
These few electrons flowing 

through R8, which has a high 
resistance, will develop a 
small voltage across this re-
sistor having such a polarity 
that the grid end is negative. 
This voltage biases the stage. 

(ay) The power amplifier stage is 
a Class A power amplifier. 

(aw) The chances are good that one 
of the tubes may have a 
burned-out heater. Since the 
tubes are connected in series, 
if any tube has a burned-out 
heater this will open the cir-
cuit and none of the tubes will 
light. However if all the tubes 
are good, there is a possi-
bility that the on-off switch, 
the line cord, or the line-cord 
plug may be defective. In ad-
dition, the socket into which 
the receiver is plugged may 
be at fault. However, in most 
receivers of this type, when 
all the tubes fail to light, the 
heater of one of the tubes is 
burned out. 

(ax) The signal source is placed 
between grid and cathode, and 
the load is placed in the plate 
circuit of the tube. 

(ay) The output signal will be 
greater than the input signal, 
and the output signal will be 
180° out of phase with the in-
put signal. 
A cathode follower. 
The signal source is placed 
between grid and ground , and 
the load is placed between the 
cathode and ground. 

(bb) The output signal is always 
lower in amplitude than the in-
put signal. We say that the gain 
of a cathode follower is less 
than one - in other words, 
there is a loss in signal ampli-
tude in this stage. 

(az) 

(ba) 
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(be) In a cathode follower the out-
put signal will be in phase with 
input signal. 

(bd) Where it is important not to 
change the phase of the signal, 
and in impedance-matching 
applications. 

(be) The input signal is placed be-
tween the cathode and ground, 
and the load is placed in the 
plate circuit. 

(bf) In a grounded-grid amplifier 

(bg) 

the grid is grounded and acts 
to shield the output circuit 
from the input circuit and by 
so doing prevents feedback 
which could cause oscillation. 

Input impedances of both types 
of stages are high. 

(bh) The output impedance of a 
grounded-cathode stage is 
comparatively high, but the 
output impedance of a cathode-
follower stage is low. 
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Lesson Questions 

Be sure to number your Answer Sheet B111. 
1 

tél Place your Student Number on every Answer Sheet. 

Most students want to know their grade as soon as possible, so they mail 

their set of answers immediately. Others, knowing they will finish the next 
lesson within a few days, send in two sets of answers at a time. Either 
practice is acceptable to us. However, don't hold your answers too long; 
you may lose them. Don't hold answers to send in more than two sets at 
a time, or you may run out of lessons before new ones can reach you. 

1. Which element of a tube is operated at signal ground potential when 
the tube is used as a cathode follower? 

2. Which class of amplifier is operated with a bias several times cut-
off bias? 

3. What will normally happen to the average plate current of a properly 

biased Class A amplifier when a symmetrical ac signal is applied to 
the amplifier? 

4. What is the purpose of R2 in Fig. 6? 

5. In the circuit shown in Fig. 11, what current develops bias for the 
stage? 

6. Which type of rectifier, a half-wave or a full-wave, requires more 
filtering to get pure dc? 

7. In which circuit does detection occur in the grid-leak detector? 

8. On what basic principle do oscillators work? 

9. What does aye found in modern receivers do? 

10. What type of amplifier can be used to match a high impedance to a low 
Impedance? 
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TOMORROW NEVER COMES 

The fellow who coined the phrase, "Don't put off 
till tomorrow what you can do today," was one of the 
world's wisest men. As a sure-fire formula for suc-
cess, this certainly hits the nail on the head. 

Perhaps NRI men wonder why I repeat this warning 
so often. It is because I am convinced that of all the 
reasons for failure, this habit of "putting off" is the 
greatest. We can always find a good excuse for "putting 
off." We can easily convince ourselves that we are too 
tired (or lazy?), or that we don't feel well, or that it's 
too hot, or that we have too muchto do. The reason we 
are "putting off" is not important; the fact that we are 
"putting off" is. 

The best -- in fact, the only-- way to overcome this 
temptation is never to succumb to it. The first time 
you find yourself saying, "I'll skip studying tonight and 
do twice as much tomorrow," is the time to study twice 
as hard as usual. Soon you will no longer have to fight 
temptation; it will no longer exist. It won't occur to 
you to say, "I'll do it tomorrow." Instead, you will 
automatically say, "I'll do it now." 
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STUDY SCHEDULE 

By dividing your study into the steps given below, you can get 
the most out of this part of your NR! Course in the shortest 
possible time. Check off each step when you finish it. 
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E 
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I. Introduction   Pages 1 - 2 
You learn some of the advantages and disadvantages of 
transistors compared to vacuum tubes. 

2. Semiconductor Fundamentals   Pages 3 - 13 
You learn about conductors, insulators and semiconductors. 
You study important characteristics of germanium and silicon 
and how they are "doped" for use in transistors. 

3. Current Flow in Semiconductors   Pages 14 - 18 
You study current flow in N-type and P-type semiconductor 
material. 

4. Semiconductor Diodes   Pages 18 - 29 
You learn about current flow in diodes with forward bias and 
reverse bias. You study several important types of diodes. 

5. Semiconductor Triodes   Pages 30 - 39 
In this section you study PNP and NPN transistors and how 
they are biased. 

6. Semiconductor Types   Pages 39 - 52 
In this section you learn about a number of different types of 
transistors. You also study field-effect and unijunction tran-
sistors. 

11 7. Answers to Self-Test Questions   Pages 52 - 56 

Ill 8. Answer the Lesson Questions. 

E 9. Start Studying the Next Lesson. 
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HOW TRANSISTORS WORK 

In the preceding lessons you stud-
ied tubes, and you saw how they are 
used in different circuits. In this 
lesson you will study semiconduc-
tor devices - these devices have 
already replaced tubes in many im-
portant applications and are rapidly 
moving into new areas that were 
once dominated entirely by tubes. 
An example of the importance 

of semiconductor devices can be 
seen in entertainment-type equip-
ment. Just a few years ago all the 
rectifiers used in this equipment 
were vacuum tubes. Today, however, 
the vacuum tube is no longer used 
for this purpose; rectifiers in the 
modern entertainment-type equip-
ment are all semiconductor devices. 

Semiconductor devices used as 
rectifiers have two elements and are 
called diodes just as two-element 
vacuum tubes are called diodes. 
Semiconductors used to amplify sig-
nals usually have three or more ele-
ments and are called transistors. 
There are a large number of dif-
ferent types of transistors available 

today, but for the most part these 
transistors can be classified into 
two types, the NPN transistor and 
the PNP transistor. If you under-
stand how these two transistor types 
work, you should have little difficulty 
understanding how all others work 
and any new transistors that might 
be introduced in the future. Youwill 
run into many different types of 
transistors identified by different 
names, but these names usually re-
fer to the method used in manu-
facturing the transistor rather than 
the manner in which it operates. 
There are some similarities be-

tween tubes and semiconductors. A 
two-element vacuum tube can be 
used to change an alternating cur-
rent to a direct current; a two-
element semiconductor can be used 
for the same purpose. A triode vacu-
um tube can be used to amplify a 
signal; a transistor can be used for 
the same purpose. However, this is 
where the similarity ends. Most 
tubes are vacuum devices; in other 
words, all the air and gas have been 
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evacuated from inside the tube. On 
the other hand, a semiconductor is 
a solid device and there is no space 
between the elements in it. We have 
a current flow through a vacuum in 
a tube, but we have a current flow 
through a solid in a semiconductor. 
The importance of semiconduc-

tors cannot be overemphasized. 
They have completely supplanted the 
vacuum tube in portable radio re-
ceivers and in automobile receivers. 
Almost all high fidelity and stereo 
equipment manufactured today uses 
semiconductors exclusively - the 
only tube-operated equipment of this 
type you are likely to encounter is 
equipment that is several years old. 

Semiconductors are finding their 
way into television receivers and it 
is probably just a matter of time 
before they completely replace the 
vacuum tube. 

Semiconductors have several ad-
vantages over the vacuum tube. Per-
haps one of the most important ad-
vantages is that they do not require 
any heater or filament power. Not 
only is this a power saving in the 
operation of the equipment1 but it 
also removes considerable heat 
from the equipment. Heat is probably 
the thing that causes the most dam-
age to parts in electronic equipment. 
Thus with the removal of the heater 
or filament power from the equip-
ment, other components such as ca-
pacitors, etc. will last longer. 

Semiconductors are very rugged. 
They are solid devices and hence 
not subject to breakage from me-
chanical shock as tubes are. An im-
portant advantage of transistors is 
that they will operate on a compara-
tively low voltage, and this usually 

results in some reduction of the 
power required in the equipment. 

Although semiconductors have 
many advantages over vacuum tubes , 
they do have some disadvantages. 
One disadvantage is that it is usually 
not possible to get as high a gain in 
an amplifier stage using a transistor 

as it is in a similar stage using a 
tube. Therefore to get the equivalent 
gain, more transistor stages are re-
quired than vacuum-tube stages. An-
other disadvantage of the transistor 
is that its characteristics are not 
as constant as those of a vacuum 
tube. In other words, you are more 
likely to run into difficulty replacing 
a transistor than you are in replacing 
a tube because the replacement tran-
sistor's characteristics might be 
considerably different from the 
characteristics of the original tran-
sistor. Another disadvantage of both 
diode semiconductors and transis-
tors is that their characteristics can 
vary appreciably with changes in 
temperature. As a matter of fact, 
some semiconductor devices are 
easily destroyed by too much heat. 

In spite of the fact that semicon-
ductor devices have some disadvan-
tages when compared to vacuum 
tubes, their advantages more than 
outweigh the disadvantages and their 
importance in the field of electronics 
is continually growing. Therefore it 
is important that the technician have 
a good understanding of semiconduc-
tor fundamentals, how they are used, 
and how they operate. Before going 
ahead to see how semiconductors are 
used as rectifiers and amplifiers, 
we need to know more about certain 
types of atoms, in order to under-
stand how these devices work. 
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Semiconductor Fundamentals 

You have already learned that cer-
tain materials will conduct elec-
tricity readily and that some mate-
rials will hardly pass any electric 
current at all. The materials that 
will conduct current readily are 
called conductors and those that will 
not conduct current are called in-
sulators. Midway between the two 
types of materials is a group of 
materials called semiconductors. 
These materials are not good con-
ductors, nor are they particularly 
good insulators. Two examples of 
semiconductor materials are ger-
manium and silicon. These are the 
materials that we will be mostly 
concerned with in this section. Both 
diode semiconductors and transis-
tors are made from germanium and 
silicon. A new material that shows 
promise for use in semiconductors 
is gallium arsenide. It's likely that 
this material will be used in semi-
conductors in the future. Before 
going ahead with our detailed study 
of semiconductor materials, let us 
review a few important facts about 
conductors and insulators. 

CONDUCTORS AND 

INSULATORS 

You will remember that all mate-
rials are made up of atoms. An atom 
is the smallest particle of a mate-
rial that retains the characteristics 
of the material. 

In the center of the atom is the 
nucleus. This nucleus contains a 
positive charge. The number of posi-
tive charges on the nucleus distin-

guishes one material from another. 
In other words, the nucleus of a cop-
per atom does not have the same 
number of positive charges as the 
nucleus of an iron atom. 

Each atom normally has enough 
electrons, which have a negative 
charge, to exactly neutralize the 
positive charge on the nucleus. Thus, 
the hydrogen atom which has a 
nucleus with one positive charge will 
have one electron, and the helium 
atom which has a positive charge of 
two in the nucleus will have two 
electrons. Another atom that has a 
nucleus with 30 positive charges will 
have 30 electrons to exactly neutral-
ize the positive charge on the 
nucleus. 

The electrons in an atom arrange 
themselves in shells around the nu-
cleus. The total number of electrons 
will normally be just enough to neu-
tralize the charge on the nucleus. 
However, there is a maximum num-
ber of electrons that can be forced 
into each shell. In the first shell 
around the nucleus, the maximum 
number of electrons is 2.In the sec-
ond shell, the maximum number of 
electrons is 8, and in the next shell 
the maximum number of electrons 
is 18. A shell can have less than the 
maximum number of electrons, but 
not more than the maximum number. 
Conductors. 
An example of an atom in a con-

ductor is shown in Fig. 1. We have 
drawn the shells in the form of 
rings, but remember that this atom 
actually has three dimensions, not 
two. Notice that in this atom there 
are two electrons in the first shell, 
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Fig. 1. An atom of a conductor. 

8 electrons in the next shell and 
only one electron in the third shell. 
The outer shell is called a valence 
shell. The single electron in the 
third shell, which is called the 
valence electron, is not very closely 
bound to the nucleus; it can easily 
be removed from the atom. Thus a 
material of this type has a large 
number of electrons that can easily 
be removed from their atoms. When 
these electrons are forced to move 
in one direction we have a current 
flow. Thus a material that has only 
one or two electrons in an outer 
shell that could have many more, 
is a conductor, because the one or 
two electrons in the outer shell are 
not closely bound to the nucleus. 
Insulators. 

An atom of an insulator is shown 
in Fig. 2. Notice that in this atom 

Fig. 2. 1n atom of an insulator. 

there are two electrons in the first 
shell, and 8 electrons in the second 
shell. Both the shells are completely 
filled and will be closely bound to 
the nucleus. This means that it is 
very difficult to get one of these 
electrons out of an atom and there-
fore this material is an insulator 
or nonconductor. 

Remember the important differ-
ence between conductors and insula-

tors. A conductor is a material that 
has one or two electrons in the outer 
shell that are not closely bound to 
the nucleus, whereas an insulator is 
a material in which the outer shell 
of each atom is filled or almost filled 
so that the electrons are closely 
bound to the atom and cannot be 
easily removed. Because these elec-
trons cannot be removed from the 
atom, this type of material normally 
will not conduct current, and hence 
is called an insulator. 

SEMICONDUCTOR 
MATERIAL 

A material that is classified as a 
semiconductor has electrical char-
acteristics midway between those of 
a conductor and those of an insulator. 
The electrons in a semiconductor 
can be removed from their atoms 
when some type of external energy, 
such as voltage, heat, or light is ap-
plied to the material. Then the mate-
rial acts like a conductor. 
The most important semiconduc-

tor materials used for transistors 
are germanium and silicon. The first 
low-cost transistors were germani-
um transistors, but recent develop-
ments have lowered the cost of sili-
con transistors so that most of the 
new transistor types being intro-
duced are silicon. Both germanium 
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and silicon are very abundant ele-
ments, but neither is found in the 
pure state, and it is quite difficult 
to process them to the high state 
of purity required for use in tran-
sistors. The first transistors were 
made of germanium because tech-
niques for getting pure germanium 
were developed first. However, now 
it is possible to refine silicon to the 
high degree of purity required, at a 
reasonable cost, and since silicon 
has several advantages over ger-
manium for use in semiconductor 
devices it has in many ways re-
placed germanium. 

In general, there is not too much 
difference between the operation of 
semiconductor devices made from 
germanium and those made from 
silicon. We will cover the impor-
tant points of these devices made 
from both materials since you will 
run into semiconductor devices of 
both types. 
The Germanium Atom. 
The arrangement of electrons 

about the nucleus in a germanium 
atom is shown in Fig. 3A. The 
nucleus of the germanium atom has 
a positive charge of 32. Thus as 
you might expect, there will be 32 
electrons revolving in the shells 
about the nucleus. There are two 
electrons in the first shell, eight 
in the second, eighteen in the third 
and four in the fourth shell. Thus, 
the first, second and third shells are 
filled, but there are only four elec-
trons in the outer shell. However, 
these four electrons, which are 
called the valence electrons, are 
bound to the nucleus much more so 
than the one or two electrons found 
in the outer shell of a conductor. 
The important electrons in the 

germanium atom, insofar as its use 
in semiconductors is concerned, are 

Fig. 3. (.%) is the germanium atom with 
a charge of 32. (B) shows the simpli-

fied symbol. 

the four electrons in the outer shell 
because the shell is not filled. The 
other electrons are bound so closely 
to the nucleus that they cannot easily 
be removed. Therefore, germanium 
is often represented as shown in Fig. 
3B. 
The Silicon Atom. 

The arrangement of electrons 
about the nucleus in a silicon atom 
is shown in Fig. 4A. The nucleus of 
the silicon atom has a positive 
charge of 14. Therefore, there will 
be fourteen electrons revolving 
about the nucleus. There are two 
electrons in the first ring, eight in 
the second and four in the third. 
Thus the first and second rings are 
filled, but there are only four elec-
trons in the outer shell. These four 

Fig. 4. (A) shows the silicon atom 
Inith a charge of 14. (B) shows the 

outer shell with four electrons. 
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electrons are the valence electrons 
like the four in the germanium atom 
and are bound fairly closely to the nu-
cleus. As in the case of the germani-
um atom, the four electrons in the 
outer ring are the ones that are of 
importance in the use of silicon in 
semiconductors. 

Notice the similarity between the 
silicon and germanium atoms. In 
both atoms, the outer shell or ring 
has four electrons, and all the other 
shells are filled. 
The tendency of some materials 

like silicon and germanium, that do 
not have the outer shell completely 
filled with electrons, is to get addi-
tional electrons to fill up the outer 
shell. In pure germanium and sili-
con, the electrons in the outer shell 
of one atom are bound as closely to 
that atom as the four electrons in the 
outer shell of another atom. There-
fore one atom cannot pull electrons 
away from another atom. Instead, 
two nearby atoms will share one 
outer electron from each atom. In 
other words, two atoms of germani-
um may share electrons as shown 
in Fig. 5A; and two atoms of silicon 
may share electrons as shown in 
Fig. 5B. By sharing electrons in 
this way, each atom will partly fill 
its outer shell. This pair of shared 
electrons, one from each of two 
atoms, is called "a covalent bond". 

g. 5. The sharing of two electrons by two germanium atoms is shown at A; by 
two silicon atoms at B. 

In order to try to fill its outer 
ring with electrons, a single ger-
manium atom or a single silicon 
atom will establish covalent bonds 
with four other atoms. This arrange-
ment of atoms in a piece of ger-
manium is shown in Fig. 6A. A simi-
lar arrangement of atoms in a piece 
of silicon is shown in Fig. 6B. These 
pieces of silicon and germanium are 
called crystals and the way in which 
they are arranged is called a lattice 
structure. Each atom shares each of 
its four valence electrons with one 
valence electron of another atom to 
form these bonds. 

INTRINSIC CONDUCTION 

Even at comparatively low tem-
peratures, there is heat energy in 
all materials. This energy is suffi-
cient to cause a few of the electrons 
to move out of their proper place in 
the lattice structure of either the 
germanium crystal or the silicon 
crystal and become free electrons. 
These free electrons are available 
for conduction of electric current. 
The number of free electrons avail-
able is much higher in germanium 
than it is in silicon. 
When one of these electrons moves 

out of its position in the lattice struc-
ture, it leaves an empty space in the 
crystal lattice. This empty space is 
called a hole. An electron from a 
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Fig. 6. The lattice structure of germanium is shown at ..1; of silicon at B. 

COVALENT BONDS 

nearby atom can move into this hole 
thus creating a new hole at the place 
it left. Another electron may move 

out of still another atom to fill this 
new hole, leaving behind it a hole. 
This movement of an electron to fill 
a hole thus creating a new hole in 
the place it left makes it look as if 
holes themselves move. Further-
more, since the hole represents a 
missing electron, it has a positive 

charge. 
In a piece of germanium or sili-

con, the electrons are in a constant 
state of motion about their atoms. 
If in its movement an electron 
comes closer to a hole than to its 
own atomic nucleus, it will be 
strongly attracted to the hole and 
will leave its atom. When there is no 
voltage applied across the crystal, 
the movement of a hole or an elec-
tron is a random movement. Holes 
and electrons may move in any di-
rection. 

If heat or some other form of ex-
ternal energy is applied to the crys-
tal, the resistance of the material is 

COVALENT BONDS 

reduced. This happens because more 
electrons are freed by the energy 
applied to the crystal. In addition, 
the speed of the random movement 
is increased. 
The movement of an electron out 

of an atom forms a hole in the atom. 
Thus, whenever an electron is freed 
from an atom a hole is formed. This 
free electron and the hole it forms 
are called a "hole-electron pair". 
The formation of hole-electron pairs 
is a continuous process. Also the 
filling of holes by electrons is a con-
tinuous process. In other words,the 
process of an electron leaving its 
atom and forming a hole, and an-
other electron moving in to fill the 
hole and in so doing creating a new 
hole, is a continuous process. The 
conduction of electricity in pure 
germanium or pure silicon crystals 
due to the formation of hole-elec-
tron pairs is called the intrinsic 
conduction. 
The conductivity of a germanium 

crystal or a silicon crystal,which is 
the ability of the material to conduct 
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an electric current, depends on the 
average length of time an electron 
is free and on the number of free 
electrons. We mentioned previously 
that there are more electrons free 
if external energy, such as heat, is 
applied to the material. Therefore 
the conductivity rises as the tem-
perature of the material is in-
creased. 

This type of conduction is much 
higher in germanium than it is in 
silicon. As an example, if we had a 
germanium crystal exactly one 
centimeter on each side and meas-
ured the resistance across two 
parallel surfaces, we would find the 
resistance to be approximately 60 
ohms. The resistance of an equiv-
alent piece of silicon would be ap-
proximately 60,000 ohms. Thus in-
trinsic conduction is much higher in 
germanium than it is in silicon. 

Intrinsic conduction in transistors 
is undesirable. It is kept as low as 
possible by holding the operating 
temperature of the material down. 
Transistors are also shielded from 
light because light is a form of en-
ergy and light striking the crystal 
will increase the intrinsic conduc-
tion. Since silicon has a much lower 
intrinsic conduction than germani-
um, semiconductors made from sili-
con are less affected by heat than are 
semiconductors made from ger-
manium. This is one of the .chief 
advantages of silicon over germani-
um as a semiconductor material. 

In their pure forms, neither ger-
manium nor silicon are useful in 
semiconductor devices. In fact, in 
spite of intrinsic conduction, neither 
material is a good conductor at room 
temperature; they are both fairly 
good insulators. To use these ma-
terials in semiconductors, con-
trolled amounts of other selected 

elements called impurities are 
added to the crystals to alter their 
characteristics. By adding these 
materials we can produce two types 
of silicon and two types of germani-
um. They are called N-type and P-
type. Now, let us study the charac-
teristics of these two types of mate-
rials. 

N-TYPE MATERIAL 

N-type silicon or germanium can 
be produced by adding as an impurity 
an element that has five electrons 
in its outer ring. An example of this 
type of material is arsenic. Arsenic 
has a positive charge of 33 on the 
nucleus and has 33 electrons in the 
shells surrounding the nucleus. 
There are two electrons in the first 
shell, eight in the second, eighteen 
in the third and five in the fourth 
or outer shell. In other words, 
arsenic is just like germanium ex-
cept that the nucleus has one more 
positive charge and there is one addi-
tional electron in the outer shell. 

If a small amount of arsenic is 
added to the germanium,the arsenic 
atoms will form covalent bonds with 
the germanium atoms as shown in 
Fig. 7. However , to form the covalent 
bonds with its neighboring germani-
um atoms, the arsenic atom needs 
only four of the electrons in its outer 
shell. Therefore there will be one 
electron left over when the arsenic 
atom forms covalent bonds with the 
four neighboring germanium atoms. 
This electron is free to move about 
within the crystal in exactly the same 
manner as a single valence electron 
in a good metal conductor. The addi-
tion of arsenic , which produces these 
free electrons, greatly reduces the 
resistance of the material. 
When a small amount of arsenic 
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COVALENT BONDS EXCESS ELECTRON 

Fig. 7. Germanium %.ith arsenic added. 

is added to a silicon crystal exactly 
the same thing happens. The arsenic 
atom forms covalent bonds with the 
silicon atoms. As in the case of the 
germanium atom, only four of the 
electrons in the outer shell of the 
arsenic atom are used in forming 
these covalent bonds so there will 
be one electron left over. 
When germanium or silicon have 

had an impurity added to them we 
say they have been doped. When 
semiconductor material has been 
doped with a material such as arse-
nic that results in there being ex-
cess electrons, we call it an N-type 
material. The N refers to the nega-
tive carriers, which are the free 
electrons. Arsenic is called a donor 
impurity because it donates an easily 
freed electron. 

In addition to arsenic, other ma-
terials have been used as donors. 
Phosphorus, which has a total of 
fifteen electrons, can be used. The 
phosphorus atom has two electrons 
in the first shell, eight in the second 
and five in the third. Four of the 
electrons in the valence shell or 

ring will form covalent bonds with 
germanium or silicon atoms leaving 
a fifth electron free. Antimony, 
which has 51 electrons , also has been 
used as a donor. Antimony has two 
electrons in the first shell, eight in 
the second, eighteen in the third, 
eighteen in the fourth and five in the 
fifth or valence shell. 

P-TYPE MATERIAL 

If instead of adding a material with 
five electrons in its valence shell, 
we add a material with only three 
electrons in the valence shell, we 
have a situation where the impurity 
added to the silicon or germanium 
has one less electron than it needs 
to establish covalent bonds with four 
neighboring atoms. Thus, in one 
covalent bond there will be only one 
electron instead of two. This will 
leave a hole in that covalent bond. 
A material that is frequently used 

for this purpose is indium. Indium 
has 49 electrons, two in the first 
shell, eight in the second, eighteen 
in the third, eighteen in the fourth 
and three in the fifth or valence shell. 

HOLE COVALENT BONDS 

Fig. 8. Silicon %.ith indium added. 
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The manner in which indium forms 
covalent bonds with neighboring sili-
con atoms is shown in Fig. 8. It forms 
covalent bonds with germanium 
atoms in the same way. 
We mentioned previously that even 

at comparatively cold temperatures 
there is some heat energy within 
the crystal and thus there will be a 
few free electrons moving about the 
crystal. These free electrons are 
strongly attracted to the holes in 
the covalent bond produced where 
an indium atom has replaced a sili-
con or a germanium atom. Thus an 
electron will move into a hole in the 
covalent bond producing a new hole 
in another atom and giving the effect 
that the hole is moving as shown in 
Fig. 9. 

Since a hole in the crystal actu-
ally represents a shortage of an 
electron, it is an area with a posi-
tive charge. Therefore when a semi-
conductor material has been doped 
with a material such as indium that 
produces holes in the lattice struc-
ture, we call it a P-type material. 

Fig. 9. 
another 

MOVEMENT 
OF HOLE 

PATH OF ELECTRON 
FILLING HOLE 

ghen an electron fills a hole, 
hole t%ill apparently movc to 

%%here the electron as. 

P stands for positive; since holes 
represent a shortage of an electron 
we say they act as positive carriers. 
The indium is called an accepter 
impurity because its atoms leave 
holes in the crystal structure that 
are free to accept electrons. In addi-
tion to indium, boron and aluminum 
are also used as accepter impuri-
ties. Boron has 5 electrons, two in 
the first shell and three in the sec-
ond which is the valence shell. Alu-
minum has 13 electrons, two in the 
first shell, eight in the second and 
three in the third or valence shell. 

CHARGES IN N-TYPE 

AND 
P-TYPE MATERIAL 

When a donor material such as 
arsenic is added to germanium or 
silicon, the fifth electron in the va-
lence ring of the arsenic atom does 
not become part of &covalent bond. 
This extra electron may move away 
from the arsenic atom to one of the 
nearby germanium or silicon atoms. 
The arsenic atom has a charge of 

+33 on the nucleus and normally has 
33 electrons to neutralize this 
charge. When the electron moves 
away from the atom there will be 
only 32 electrons to neutralize the 
charge on the nucleus, and as a re-
sult there will be a small region of 
positive charge around the arsenic 
atom. Similarly, the excess elec-
tron that has moved into a nearby 
germanium or silicon atom will pro-
vide an excess electron in the atom. 
In the case of the germanium atom 
there will be a total of 33 electrons 
around a nucleus requiring only 32 
electrons to completely neutralize 
it, and in the case of the silicon 
atom there will be 15 electrons 
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around the nucleus requiring only 
14 electrons to neutralize it. This 
means that the atom will have an 
extra electron so that there will be 
a region of negative charge around 
this atom. 

It is important to notice that al-
though there is a region of positive 
charge around the arsenic atom after 
the electron has moved away, and a 
region of negative charge around the 
germanium or silicon atom taking up 
the extra electron, the total charge 
on the crystal remains the same. In 
other words, a given crystal will 
have a net charge of zero. This 
means that there will be exactly 
enough electrons to neutralize the 
positive charges on the nuclei on 
the various atoms. But because some 
of the electrons may move about in 
the crystal, there will be regions in 
the crystal where there are nega-
tive charges and other regions where 
there are positive charges, even 
though the net charge on the crystal 
is zero. 

In a P-type material to which ma-
terial such as indium has been add-
ed we will have a similar situation. 
You will remember that the indium 
atom has only three electrons in its 
valence ring. These are all that were 
needed to neutralize the positive 
charge on the nucleus. However, with 
only three electrons in the valence 
ring, there is a hole in one of the 
covalent bonds formed between the 
indium atom and the four adjacent 
germanium or silicon atoms. If an 
electron moves in to fill this hole, 
then there is one more electron in 
the indium atom than is needed to 
neutralize the charge on the nucleus. 
Thus there will be a region of nega-
tive charge around the indium atom. 
Similarly, if one of the germanium 
or silicon atoms has given up an 

electron to fill the hole in the co-
valent bond, then the atom which has 
given up the electron will be short 
an electron so that there will be a 
region of positive charge around 
this atom. Again, while this giving 
up of an electron by a germanium 
atom and the acceptance of an elec-
tron by the indium atom ionizes or 
charges both atoms involved, the 
net charge on the crystal is still 
zero. We simply have one atom that 
is short an electron and another 
atom that has one too many. The 
crystal itself does not take on any 
charge. 

These ionized atoms produced in 
both the N-type and the P-type ger-
manium and the N-type and the P-
type silicon are not concentrated in 
any one part of the crystal, but in-
stead are spread uniformly about 
the crystal. If any region within the 
crystal were to have a very large 
number of positively charged atoms, 
these atoms would attract free elec-
trons from other parts of the crystal 
to neutralize part of the charged 
atom, so that the charge would be 
spread uniformly about the crystal. 
Similarly, if a large number of atoms 
within a small region have had an 
excess of electrons, these electrons 
would repel each other and spread 
throughout the crystal. 

Both holes and electrons are in-
volved in conduction at all times. 
Holes are called positive carriers 
and electrons negative carriers. The 
one present in greatest quantity is 
called the majority carrier; the 
other is the minority carrier. In an 
N-type material, electrons are the 
majority carriers and holes are the 
minority carriers, whereas in a P-
type material , holes are the majority 
carriers and electrons the minority 
carriers. 
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SUMMARY 

This is a very important section 
of this lesson. You have covered 
many of the fundamentals of semi-
conductors on which we will build 
the remainder of the lesson. It is 
important that you understand the 
basic theory of semiconductors in 
order to be able to understand how 
semiconductor diodes and transis-
tors work. We will summarize the 
important points that were covered 
in the preceding section. 

If any of these points are not clear, 
you should go back and study the les-
son again until they are clear. If you 
understand the first section of the 
lesson, you should be able to under-
stand the material following without 
too much difficulty. However, if you 
do not understand what has been 
covered previously, you will have 
difficulty understanding what is to 
follow. 

Pure semiconductor material 
such as germanium or silicon is a 
very poor conductor. In fact, it is 
an insulator if it is protected from 
all outside sources of energy. How-
ever, even at room temperature 
there is enough heat present in ger-
manium and silicon to produce some 
electron and hole movement. The 
movement is much greater in ger-
manium than it is in silicon. 
An electron movement out of a 

covalent bond in a germanium or 
silicon atom leaves a hole in that 
bond. The hole will attract an elec-
tron from a nearby atom, producing 
a hole in that atom. Thus, both the 
hole and the electron appear to move. 
The holes are positive carriers and 
the electrons negative carriers of 
electricity. This formation of hole-
electron pairs is undesirable in 

transistors and steps are taken to 
keep it as low as possible. The for-
mation of hole-electron pairs in-
creases as the temperature in-
creases and is a much more serious 
problem in germanium-type semi-
conductor material than in silicon-
type semiconductor material. 

Semiconductor materials can be 
doped by adding small amounts of 
Impurities. If a material with five 
electrons in the valence ring is add-
ed, the material is called a donor-
type impurity. This type of mate-
rial has one electron left over after 
it forms covalent bonds with four 
neighboring germanium or silicon 
atoms. Thus there will be an excess 
of electrons. We then refer to this 
kind of material as an N-type 
material. 

If the germanium or silicon is 
doped with an impurity, called an 
accepter impurity, having three 
electrons in the valence shell, the 
impurity forms covalent bonds with 
the four neighboring germanium or 
silicon atoms. However, there will 
be a hole in one of the covalent bonds 
because the impurity has only three 
electrons available to form covalent 
bonds with four neighboring ger-
manium and silicon atoms. This type 
of germanium or silicon is called 
P-type because there will be holes 
in the material, and these holes act 
as positive carriers. 

Another point to remember is that 
when an electron is freed or when a 
hole captures an electron, the atoms 
involved become charged, or ion-
ized. Thus throughout both N-type 
and P-type germanium or N-type 
and P-type silicon we have small 
regions of charge. However, the net 
charge on the crystal is zero and the 
charged regions are evenly distri-
buted throughout the material. 
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SELF-TEST QUESTIONS 

(a) How many electrons are there 
in a valence shell or ring in a 
silicon atom? 
What are the two types of ma-
terial most widely used in 
semiconductor devices? 

(c) What is meant by a covalent 
bond? 

(d) How many covalent bonds will 
a single germanium or silicon 
atom establish? 
What is intrinsic conduction? 
Is intrinsic conduction de-
sirable? 
In which type of conductor ma-
terial, germanium or silicon, 
is intrinsic conduction the 

greatest? 
What is the greatest cause of 
an increase in intrinsic con-
duction in germanium? 
Which semiconductor mate-
rial, silicon or germanium, 

(3) 

(e) 

(f) 

(g) 

(h) 

(i) 

(I) 
(k) 
(1 ) 

(m) 
(n) 

(0) 

(P) 

(q) 

has greater resistance? 
What is an N-type material? 
What is a donor material? 
Name two materials used as 
donors. 
What is P-type material? 
What is an accepter impurity? 
Name three types of accepter 
material. 
In N-type material what is the 
majority carrier? 
What are the majority car-
riers in the P-type material? 

(r) When a donor impurity such as 
arsenic loses an electron in a 
semiconductor material, what 
happens to the arsenic and to 
a nearby atom that gains the 
electron insofar as their rela-
tive charge is concerned? 
Although there are small 
areas that have positive and 
negative charges in a doped 
semiconductor, what is the 
overall charge on the crystal? 

(s) 
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Current Flow in Semiconductors 

In order to understand how tran-
sistors operate, there are several 
new ideas that you must master. 
First, you must understand how cur-
rent flows through both N-type and 
P-type semiconductor materials. 
Current flow through an N-type ma-
terial is not too different from cur-
rent flow through metals, which you 
have already studied. However, 
there is quite a difference in the way 
current flows through a P-type ma-
terial. 
When a P-type material is placed 

next to an N-type material, we have 
what is called a junction. The action 
that occurs at the point of contact 
between these two different types of 
materials is extremely important. 
It is this action that makes the tran-
sistor possible. 

In this section of the lesson we 
will study how current flows through 
N-type and P-type materials. We 
need to understand current flow 
through both types of germanium or 
silicon to be able to understand how 
a junction works. In a later section 
we will see how a junction works. 
Later, we will see what happens in 
a transistor, which has two junc-
tions. 

This section is extremely impor-
tant, and you should be sure that you 
understand it completely. Once you 
understand this material, it will be 
a simple step to see how transistors 
can be used to amplify signals. 

DIFFUSION 

As we have mentioned, adding im-
purities to pure germanium or sili-
con adds free electrons or holes. 

You might at first think that when 
there is no voltage applied there 
would be no motion of the free holes 
and electrons. However, this is not 
true--as you learned when we dis-
cussed intrinsic conduction, there 
is a certain amount of energy pres-
ent in the crystal. This energy might 
be due to the temperature of the 
crystal, because as we pointed out 
before, even at room temperature 
the crystal does have heat energy. 
Motion of the free holes or electrons 
due to energy of this type is at ran-
dom; in other words there is no net 
movement in any one direction. 
Holes move one atom at a time, and 
any hole may move from its starting 
location to any of the surrounding 
atoms. This means that a hole may 
start off in one direction as it moves 
from one atom to another, and then 
may move in almost the opposite 
direction as it moves to still a third 
atom. Similarly, elçctron movement 
is in a random direction; a given 
electron may move in first one di-
rection and then in another. 
When electrons and holes are in 

motion, the different carriers are 
moving in different directions. Re-
member that when there is a hole in 
one atom, and an electron moves 
from another atom to fill that hole, 
a new hole appears in the second 
atom. In other words, the electron 
has moved from the second atom to 
the first, whereas the hole has moved 
in the opposite direction from the 
first atom over to the second atom 
that gave up the electron. The re-
sult is that the effective current flow 
of any one carrier is cancelled by 
the movement of the other carrier 
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and the resulting current flow in any 

direction is zero. 
This random motion of carriers is 

called diffusion. It goes on at all 
times in a crystal whether there is 
a voltage applied to the crystal or 
not. Every effort is made in the de-
sign of transistors to keep this dif-
fusion as low as possible. 

Another type of carrier movement 
in semiconductors is known as 
"drift". This is the type of move-
ment that is obtained when a voltage 
is applied across the crystal. Since 
the manner in which current flows 
through N-type and P-type material 
is different, let's consider them 
separately. 
N-Tvoe Moterinl. 

In Fig. 10 we have shown an N-
type crystal with a voltage applied 
to it. The voltage difference sup-
plied by the battery provides a force 
which makes it easier for the elec-
trons to move in one direction than 
in the other, In an N-type material. 
the electrons will be attracted by the 
positive terminal of the battery. Be-
cause in the N-type material the 
electrons greatly outnumber the 

ELECTRONS 

Fig. 10. \-t' pe crystal %%ith voltage 
applied to it. 

POSITIVE 
IONS 

holes, they will carry the current. 
When the electron.s are attracted 

by the voltage applied to the positive 
terminal, they will move towa rds the 
positive terminal. When an electron 
moves away from the covalent bond 
that produced this free electron, it 
will leave behind an atom with a posi-
tive charge, which we call a positive 
ion. The electrons moving towards 
one end of the crystal set up a region 
that has a local negative charge, as 
shown in Fig. 10. This negative 
charge sets up a potential difference 
between that part of the crystal and 
the positive terminal of the battery. 
In other words the attraction of the 
positive battery terminal causes 
electrons to bunch up near the end of 
the crystal connected to the positive 
terminal. The electrons are drawn 
from the crystal into the wire con-
necting the crystal to the positive 
terminal of the battery by this po-
tential difference. 

Meanwhile, the electrons that have 
left the atoms at the other end of the 
crystal have left behind positive 
ions. This sets up a region of posi-
tive charge around the end of the 
crystal connected to the negative 
terminal of the battery so there will 
be a potential difference between the 
negative terminal of the battery and 
this region of positive charge. This 
potential difference will pull elec-
trons from the wire into the crystal. 
These electrons replace the free 
electrons that were attracted to the 
positive terminal of the battery. 

The number of electrons leaving 
the crystal at the end connected to 
the positive terminal of the battery 
will be exactly equal to the number 
of electrons entering the crystal at 
the end connected to the negative 
terminal of the battery. Since the 
crystal was electrically neutral be-
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NEGATIVE 
IONS 

P-TYPE MATERIAL 

HOLES 

Fig. 11. P-type crystal with voltage 
applied to it. 

fore the battery was connected and 
the number of electrons in it are 
constant, the crystal remains elec-
trically neutral. 
P-Type Material. 

Conduction through P-type mate-
rial is quite different from conduc-
tion through N-type material. In the 
P-type semiconductor, nearly all of 
the current is carried by holes. When 
a battery is applied to a P-type 
semiconductor, as shown in Fig. 11, 
the voltage causes the holes to drift 
towards the negative terminal. They 
are repelled by the positive potential 
applied to the one end of the mate-
rial and attracted by the negative 
potential applied to the other end. 
When a hole starts moving away 
from the end of the material con-
nected to the positive terminal of 
the battery, it moves because it is 
filled by an electron attracted from 
a nearby germanium atom. 
When the hole in an accepter type 

atom is filled with an electron, the 
atom actually has one electron more 
than it needs to neutralize the charge 
on the nucleus. Thus, the atom has a 
negative charge, or in other words it 
becomes a negative ion. Negative 
ions that are formed near the end of 
the semiconductor that is connected 

to the positive terminal of the bat-
tery build up a region of negative 
charge at this end of the material. 
The extra electrons are drawn from 
these ions by the positive terminal 
of the battery, and a new hole is 
formed. These holes then drift to-
wards the end of the semiconductor 
that is connected to the negative ter-
minal of the battery, and build up a 
positive charge at this end of the 
semiconductor. This positive charge 
attracts free electrons from the ex-
ternal circuit. As a hole is filled 
with an electron, it disappears. 

Thus in the P-type material, we 
have an electron flow in the external 
circuit from the negative terminal 
of the battery to the semiconductor, 
and from the semiconductor to the 
positive terminal of the battery. 
However, in the semiconductor it-
self, current flow is by means of 
holes, which drift from the end of 
the semiconductor that is connected 
to the positive terminal to the end 
that is connected to the negative 
terminal of the battery. Keep this 
point in mind, that even in the P-
type material where conduction 
within the material is by holes (which 
are positive carriers) the current 
flow in the external circuit is by 
means of electrons and is in the 
conventional direction from the 
negative terminal towards the posi-
tive terminal of the battery in the 
external circuit. 
There are several important dif-

ferences between conduction in N-
type semiconductors and conduction 
in P-type semiconductors. In both 
cases electrons flow from the ex-
ternal circuit into the crystal and 
then out of the crystal into the ex-
ternal circuit. However, in the N-
type crystals, the excess electron 
produced when a donor atom forms 
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covalent bonds with four germanium 
atoms is a free electron that can 
move about in the crystal. However, 
in the P-type material, the electrons 
are not free, but can move only to 
holes. Since a hole can capture an 
electron from any of its surround-
ing atoms, it is the hole that is free 
to move in any direction. 

Another important difference be-
tween the N-type and the P-type ma-
terials is that a free electron moves 
approximately twice as fast as a 
hole. This affects the conductivity of 
the two types of semiconductor ma-
terial. If we have two crystals, one 
an N-type and the other a P-type, 
if the N-type material has the same 
number of free electrons as the P-
type has holes, the N-type will have 
a lower resistance because the free 
electrons can move approximately 
twice as fast as the holes in the P-
type material. 

SUMMARY 

The important thing to remember 
from this section is that there are 
two types of carrier movement in 
semiconductors. The first is called 
diffusion and is simply a random 
movement of the carriers in the 
semiconductor material. The cur-
rent flow produced by one carrier is 
cancelled by the movement of the 
other, and the resultant current flow 
in any direction is zero. Diffusion 
is the random motion of electrons or 
holes in a doped semiconductor due 
to the energy of the material. 

The other type of movement we 
discussed is called drift. This type 

4 of conduction is produced when a 
potential is connected across a 
semiconductor. This potential can 
cause either electrons or holes to 
move within the semiconductor. In 

an N-type semiconductor, current 
flows through the semiconductor be-
cause of the movement of the free 
electrons produced by the donor 
atoms that have been added to the 
semiconductor material. In the P-
type semiconductor, current flow 
through the crystal is by means of 
holes which are produced when an 
accepter-type impurity is added to 
the crystal. 

In both cases current flow in the 
external circuit is from the negative 
terminal of the battery to the crystal 
and from the crystal to the positive 
terminal of the battery. In the N-
type material, electron flow through 
the crystal is from the end connected 
to the negative terminal of the bat-
tery to the end connected to the posi-
tive terminal of the battery. In the 
P-type semiconductor, the holes 
flow from the end of the semicon-
ductor connected to the positive ter-
minal of the battery to the end of the 
semiconductor connected to the 
negative terminal of the battery. 

The speed with which electrons 
move through N-type material is 
about twice the speed with which 
holes move through P-type material. 
Thus N-type material has better 
conductivity than P-type material, 
which means that N-type germanium 
will have a lower resistance than 
P-type germanium. 

SELF-TEST QUESTIONS 

(t) When an accepter-type im-
purity is added to a silicon or 
a germanium crystal, what 
type of carrier is produced in 
the crystal? 

(u) What is diffusion? 
(v) What is the name given to the 

movement of carriers in a 
semiconductor material when 
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(Y) 

(w) 

a voltage is applied across the 
material? 
What are the majority car-
riers in an N-type material 
and in what direction do they 
move when a voltage is ap-
plied across the material? 

(x) What are the majority car-
riers in a P-type material and 
in what direction do they move 
through the material when a 
potential is applied across the 
material? 
When current is flowing 

through a crystal, will the 
crystal he charged? 

(z) Is the rate of travel of elec-
trons through N-type mate-
rial the same as the rate of 
travel of holes through P-type 
material? 

(aa) If you had two identical pieces 
of silicon and one was doped 
so that it was N-type material 
and the other doped so that it 
was P-type material, which 
would have the lower resist-
ance? 

Semiconductor Diodes 
Just as there are diode tubes. 

there are also diode semiconduc-
tors. Some diode semiconductors 
are used as detectors: others are 
used as rectifiers in power supplies 
to change ac to pulsating dc. Diodes 
used as detectors are often referred 
to as signal diodes.Both germanium 
and silicon signal diodes are widely 
used. Diodes used for power recti-
fication are almost exclusively sili-
con diodes. Relatively small silicon 
diodes can often handle consider-
ably more current than a large rec-
tifier tube. 
A semiconductor diode is made 

by taking a single crystal and adding 
a donor impurity to one region and 
an accepter impurity to the other. 
This will give us a single crystal 
with a P section and an N section. 
Where the two sections meet, we 
have what is called a junction. Con-
tacts are fastened to the two ends 
of the crystal so that a simple PN 
Junction diode like the one shown in 
Fig. 12 is formed. For simplicity 

in the diagram we have represented 
the crystal as a box-like structure 
with one half being P-type material 
and the other half N-type material 
with a junction between the two sec-
tions. 

This type of diode is called a 
junction diode. The action that takes 
place at the junction of the P-type 
crystal and the N-type crystal is 
what we will be most concerned with 
now. In order to understand how a 
junction diode works , you must learn 
something about the movement of 
electrons and holes near the junc-
tion. The movement of holes and 

LARGE AREA 
CONTACT 

LEAD 

JUNCTION 

P-TYPE 
CRYSTAL 

N-TYPE 
CRYSTAL 

LEAD 

LARGE AREA 
CONTACT 

rig. 12. Simple junction. 

18 



electrons will form wnat is called 
a depletion layer at tne junction. Now 
let us see what the depletion layer 
is and how it is formed. 

DEPLEVIOW LAYER 

Remember tnat in an N-type crys-
tal there are free electrons, and in 
a P-type crystal there are free 
holes. Also remember that the elec-
trons and holes are moving about 
the crystal with a random motion, 
called diffusion. In the PN junction 
diode, holes will be moving about 
in the P section and electrons in the 
N section. Some of the holes will 
cross over the junction from the P 
section into the N section and be 
filled by a free electron. Similarly, 
some of the electrons in the N-type 
material will diffuse across the 
junction and fill a hole in the P sec-
tion. 
When an atom in tne N section 

loses an electron tne atom oecomes 
chargea or ionized. it wui nave a 
positive charge because it will nave 
one less electron tnan is neened to 
completely neutralize tne cnaige on 
the nucleus. 1 hus electrons diifus mg 
across tne junction to fill a hole on 
the P side of the junction will leave 
behind atoms with a positive charge. 
At the same time, when an electron 
fills a hole on the P side, the atom 
will have one more electron than it 
needs to completely neutralize the 
charge on its nucleus, and there-
fore that atom will have a negative 
charge. Similarly, holes diffusing 
from the P side of the junction over 
into the N side will leave behind 
atoms with a negative charge. When 
the hole moves over to the N side, 
it will mean the atom into which it 
moves will have an electron missing 
and therefore it will assume a posi-

tive cnarge. When the hole leaves 
the P side of the junction because it 
nus been filled by an electron, the 
atom that gains the extra electron 
will nave a negative charge. 

As a result of this diffusion across 
tne junction, a region will build up 
around tne junction called the de-
pletion area. On the P side of the 
junction there will be an area where 
the holes are missing. On the N side 
of the junction there will be an area 
where electrons are missing; thus 
we get the name depletion layer. 

The missing holes on the P side 
of the junction will result in a nega-
tive charge on the P side and the 
missing electrons on the N side will 
produce a positive charge on the N 
side of the junction. The negative 
charge on the P side of the junction 
will build up until it has sufficient 
amplitude to prevent any further 
electrons from the N side from 
crossing the junction to the P side. 
Remember tna.t tne negative charge 
built up on tne P side of the junction 
will repel electrons from the nega-
tive siae. Sunilariy, tne positive 
cnaige omit up on tne N side of the 
jtuiccion will prevent noies from the 
P sine from crossingtne junction in-
to the N-type material. Thus this 
area, which is called the depletion 
layer because it is short holes on one 
side and electrons on the other side, 
is also sometimes called the barrier 
layer, because the charges built up 
form barriers to prevent any further 
diffusion of holes or electrons 
across the junction. It is also some-
times called a potential barrier be-
cause a negative potential is built up 
on the P side of the junction and a 
positive potential is built up on the 
N side of the junction. 
The action taking place at the junc-

tion is quite important and is illus-
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Fig. 13. (A) locations of ions and car-
riers at a PN junction; (B) charges at 
junction due to ionized impurity atoms; 
(C) carrier charges available; (D) re-

sultant charges. 

trated in Fig. 13A. On the P side of 
the junction we have shown ionized 
atoms that have a negative charge 
because the holes in these atoms 
have been filled by electrons. The 
holes have escaped and travelled or 
diffused across the junction into the 
N-type material. On the N side of the 
junction we have shown atoms that 
are ionized and have a positive 
charge. These atoms have a positive 
charge because they have lost elec-

trons. These electrons have diffused 
across the junction into the P-type 
material. Thus we have a charged 
area at the junction. The negative 
charge on the P side of the junction 
prevents any further movement of 
electrons from the N-type material 
across the junction into the P-type 
material, and the positive charge on 

the N side of the junction prevents 
any further movement of holes from 
the P-type material across the junc-
tion into the N-type material. 

The charge on the ions is shown 
in Fig. 13B. Notice that on the P 
side of the junction the atoms that 
have lost holes by gaining electrons 
have a negative charge. At the junc-
tion the potential drops to zero and 
then reverses on the N side where 
the ionized atoms have a positive 
charge because they have lost elec-
trons. 

In Fig. 13C we see the carrier 
charges which are available to neu-
tralize the ionized atoms. At some 
distance from the junction there are 
holes with a positive charge. How-
ever, as we approach the junction, 
the concentration of these holes de-
creases because they are repelled 
away from the junction by the posi-
tive ions on the N side of the junc-
tion. On the N side of the junction 
at some distance from the junction 
we have many electrons available, 
but as we approach the junction, the 
charge drops to zero because these 
electrons are repelled away from the 
junction by the negative ions on the 
P side of the junction. 

The resultant charges on the crys-
tal are shown in Fig. 13D. As be-
fore, the crystal will have a tendency 
to remain neutral, or in other words 
not to have any charge. Some dis-
tance from the junction the atoms 
will have exactly the correct num-
ber of holes and electrons so that 
the net charge on the atoms is zero. 
As we approach the junction, the 
negative ions on the P side will re-
sult in an area in the crystal that 
has a negative charge. As we move 
closer to the junction, the charge 
will drop to zero so that at the junc-
tion itself the net charge on the 
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atoms is zero. Then the charge 
builds up in a positive direction on 
the N side of the junction due to the 
ionized atoms that have lost elec-
trons. As we move away from the 
junction we again reach a region 
where the atoms have exactly the 
correct number of electrons to neu-
tralize the charges on the nucleus 
so the net charge in that area will 
be zero. 

So far we have been discussing 
only the action of the majority car-
riers at the PN junction. However, 
there is one other important point 
we must consider in order to com-
pletely understand what happens at 
the junction. You will remember 
some time ago that we mentioned 
that holes and electrons are in a con-
tinuous state of motion in the crys-
tal due to the energy of the crystal. 
For example, even at room tempera-
ture, the crystal contains a certain 
amount of heat energy and this en-
ergy is sufficient to cause motion 
of both electrons and holes. In the 
N-type material an electron will 
leave an atom creating a hole. This 
hole will be filled by an electron 
from another atom. Thus we have 
the continual formation of hole-
electron pairs. Away from the junc-
tion, this formation of hole-electron 
pairs does not have any effect on the 
carrier concentratiowihtlitwprystal. 
In other words , the holes will remain 
the majority carriers in the P-type 
region, and the electrons will remain 
the majority carriers in the N-type 
side of the crystal. 

However, as we mentioned pre-
viously, both holes and electrons are 

4 involved in conduction at all times. 
There are minority carriers in both 
regions - holes in the N region and 
electrons in the P region. The holes 
produced in the N region near the 

junction will be attracted by the 
negative ions on the P side of the 
depletion layer at the junction and 
pass across the junction. These 
holes will tend to neutralize the ions 
on the P side of the junction. Simi-
larly, free electrons produced on 
the P side of the junction will pass 
across the junction, and neutralize 
positive ions on the N side of the 
junction. This is an example of in-
trinsic conduction, conduction due to 
the formation of hole-electron pairs, 
and as we mentioned, this type of 
conduction is undesirable. 
Now let us consider what happens 

due to the minority carriers cross-
ing the junction. Holes crossing the 
junction from the N-type material to 
the P-type material tend to neutral-
ize the negative ions on the P side of 
the junction. Similarly, electrons 
traveling from the P side of the 
junction to the N side of the junction 
tend to neutralize the positive ions 
on the N side of the junction. This 
flow of minority carriers across the 
junction weakens the potential bar-
rier in the region around the atoms 
they neutralize. When this happens, 
the majority carriers are able to 
cross the junction at the location of 
the neutral atom. This means that 
the holes from the P side will cross 
over to the N side, and electrons 
from the N side will cross over to 
the P side. 
The result is that we have both 

holes and electrons crossing the 
junction in both directions. The hole 
that crosses from the N side to the 
P side due to intrinsic conduction 
permits a hole to cross from the P 
side to the N side by diffusion. Simi-
larly, an electron that crosses the 
junction from the P side to the N 
side due to intrinsic conduction per-
mits another electron to go from the 
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N side to the P side by diffusion. 
The result of the noies ana electrons 
crossing the junction m both direc-
tions is that these mov ements cancel 
each other, and the cnarge on the 
atoms at the junction remains the 
same. This movement of noies and 
electrons in both directions con-
tributes nothing towards the net 
charge or current flow through the 
junction. However, the flow across 
the junction will produce a certain 
amount of heating; it will in effect 
use up a percentage of the total ca-
pacity of the junction to pass current 
so that the net result is to reduce 
the amount of useful current the 
diode can pass. 

BIASED JUNCTIONS 

If a battery is connected to the 
ends of a PN junction diode, the 
battery potential will bias the junc-
tion. If we connect the battery so that 
its polarity aids the flow of current 
across the junction, we call it a 
"forward-biased junction", whereas 
it we connect the battery so that trie 
polarity opposes tne flow of current 
across the junction, we say tnat it is 
a "reverse-biased junction". In botn 
cases there will be some current 
flow through the junction, but as you 
might expect, with forward bias the 
current flow will be higher. 

In order to understand how tran-
sistors work, you must understand 
both conditions of bias. You will 
study each condition separately, be-
cause the action that occurs at the 
junction is quite different in the two 
cases. In the operation of transis-
tors both types of bias are used, 
and therefore it is important that 
you understand what happens in each 
case. 
Forward Blew 

When we connect a battery to a 
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Fig. 14. Foroard-biased junction. 

junction diode with the polarity such 
that it aids the movement of majority 
carriers across the junction,we say 
that the diode is forward biased. A 
forward-biased junction is shown in 
Fig. 14. Here the positive terminal 
of the battery is connected to the P-
type section and the negative termi-
nal of the battery is connected to 
the N-type section. Now let us con-
sider what happens to the depletion 
layer at the junction of the P and N-
type material wnen the battery volt-
age is applied. 
The positive voltage connected to 

trie end of trie P-type crystal will 
repel noies towains trie juiction and 
attract electrons from the negative 
ions near it. The combination of 
holes moving towards the junction 
to neutralize charged negative ions 
on the P side of the junction and elec-
trons being taken from the negatively 
charged ionized accepter atoms 
tends to neutralize the negative 
charge on the P side of the junction. 
On the N side of the crystal, the 

negative terminal of the battery re-
pels electrons towards the junction. 
These electrons tend to neutralize 
the positive charge on the donor 
atoms at the N side of the junction. 
At the same time the negative po-
tential at the N side of the crystal 
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attracts holes away from the charged 
positive ions on the N side of the 
junction. Both of these actions tend 
to neutralize the positive charge on 
the donor atoms at the junction. 

The effect of the battery voltage 
is to reduce the potential barrier 
at the junction and allow more 
majority carriers to cross the junc-
tion. This means that we will have 
more electrons flowing from the N-
type material across the junction 
to the P-type material and to the 
positive terminal of the battery and 
more holes traveling from the P-
type material across the junction 
to the N-type material and towards 
the end of the crystal connected to 
the negative terminal of the battery. 
You know that we already had a cer-
tain number of intrinsic minority 
carriers crossing the junction, but 
now the majority carriers outnum-
ber them, so there will be a steady 
current flow from the negative bat-
tery terminal, through the N-sec-
tion, across the junction and through 
the P-section, to the positive bat-
tery terminal. 

Placing a forward bias on a junc-
tion diode drives majority carriers 
back into the depletion layer and al-
lows conduction across the junction. 
If the battery voltage is increased, 
more carriers will arrive at the 
junction and the current flow will 
increase. Eventually, if we continue 
to increase the battery voltage, we 
will reach a point where all the 
charges at the junction are neutral-

; ized. When this happens, the holes 
will fill the P-type region right up 
to the junction; electrons will fill 
the N-type region up to the junction; 
and the only limit to current flow 
through the diode will be the resist-
ance of the material on the two sides 
of the junction. 

It is important for you to remem-
ber that in a forward biased junction 
conduction through the crystal will 
be by the majority carriers. Any 
intrinsic conduction across the junc-
tion will be by minority carriers 
and this will subtract from the total 
current flow across the junction. 
Increasing the forward bias will in-
crease the current flow across the 
junction until the point is reached 
where all the charges at the junction 
are neutralized, at which time the 
potential barrier will disappear, and 
current flow across the junction will 
be unhindered by any potential 
across the junction. 
Reverse Bias. 

If we reverse the battery connec-
tions we will have what is known as 
reverse bias. This condition is 
shown in Fig. 15. 

With a reverse bias applied to a 

junction diode, the negative termi-
nal of the battery will be connected 
to the P-type section, and will at-
tract holes away from the junction, 
and increase the shortage of holes 
on the P side of the junction. At the 
same time the positive terminal of 
the battery is connected to the N-
type section of the crystal and this 
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Fig. 15. Reverse-biased junction. 
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terminal will attract electrons away 
from the junction and increase the 

shortage of electrons on the N side 
of the junction. This movement of 
holes and electrons away from the 
junction will in effect result in an 
increased potential barrier at the 
junction. The increase in potential 
barrier occurs because there will 
be fewer holes on the P side of the 
junction to neutralize the negative 
ions and fewer electrons on the N 
side to neutralize the positive ions 
formed on this side of the junction. 
The increase in potential barrier 
will help prevent any further cur-
rent flow across the junction due 
to majority carriers. 
The current flow across the bar-

rier, however, is not zero because 
we will still have minority carriers 
crossing the junction. Holes forming 
in the N side of the depletion layer 
will be attracted by the negative po-
tential applied to the end of the P-
type section of the crystal, and elec-
trons breaking loose from their 
nuclei in the P side of the depletion 
layer will be attracted by the posi-
tive voltage applied to the end of the 
N-type section of the crystal. 
We had this situation when there 

was no bias applied to the junction. 

Holes from the N side would cross 
over to the P section, and electrons 
from the P side would cross over 
to the N section. However, when 
there was no bias applied to the 
crystal, these minority carriers 
would neutralize ions near the junc-

tion and allow the majority carriers 
to cross the junction. However, since 
the minority carriers are now at-

tracted away from the junction by the 
potential applied to the crystal, all 
of the minority carriers do not re-
main near the junction to neutralize 

charged atoms so they no longer 

allow the passage of an equal num-
ber of majority carriers in the op-
posite direction. This means that the 
flow of minority carriers across the 
junction is not fully offset by a flow 
of majority carriers in the opposite 
direction. Therefore, there will be a 
small current flow across the junc-
tion due to the minority carriers 
crossing the junction. This current 
flow is very small and nearly con-
stant at all normal operating volt-
ages in signal diodes and power 
rectifier diodes. However, as you 
will see later, there are certain 
types of diodes where this reverse 
current can increase quite rapidly 
even at low voltages. 

It is important to realize that when 
a reverse bias is applied to a junc-
tion diode, the bias increases the 
potential difference across the junc-
tion and makes it more difficult for 
majority carriers to cross the junc-
tion. However, some minority car-
riers will still cross the junction 
with the result that there will be a 
small current flow across the junc-
tion due to the minority carriers. 

COMPARISON OF 

JUNCTION DIODES 
AND VACUUM TUBES 

Although the operation of junction 
diodes designed for use as recti-
fiers is quite different from the op-
eration of vacuum tubes, they can 
perform identical tasks and there-
fore some comparison of the most 
important characteristics of both is 
in order. 
When there is no voltage applied 

to a junction diode, the net current 
flow across the junction is zero. On 
the other hand, in a vacuum tube, 

even though there may be no voltage 
applied to the plate of the tube, some 
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of the electrons will leave the cath-

ode with sufficient velocity to travel 

across the space between the cath-
ode and the plate and strike the plate. 
This will result in a small current 
flow from the cathode to the plate 
of the tube even though there may 
be no voltage applied to the plate of 

the tube. 
We can consider applying a posi-

tive voltage to the plate of a vacuum 
tube and a negative voltage to the 

cathode as being similar to placing 
a forward bias on a junction diode. 
Under both circumstances there will 

be a current flow through the diode. 
In this respect the two are similar. 
When the voltages applied to the 

diode vacuum tube are reversed so 

that there is a negative voltage ap-
plied to the plate and a positive volt-
age to the cathode, there will be no 
current flow at all through the tube. 

The negative potential on the plate 
of the tube will repel electrons from 
the plate. This reverse voltage situ-
ation is similar to a reverse bias 
across a junction diode. However, 
when we place a reverse bias across 
a junction diode, there will be some 
current flow across the junction due 
to the conduction by minority car-
riers. As long as the breakdown 

voltage of the junction diode is not 
exceeded, this current will be very 
small and almost constant. Ina good 
diode, it is so small it can be 

ignored. 
We can summarize the charac-

teristics of diode vacuum tubes and 
junction diodes as follows: with for-
ward bias both the tube and junction 
diodes will conduct. With reverse 
bias, the tube will not pass current; 

the junction diode will pass a small 
current. With no bias, the tube will 
pass a small current; the junction 

diode will not. 

ZENER DIODES 

in junction diodes designed for use 
as rectifiers we must be careful not 
to exceed the rated reverse voltage 

of the diode. In other words, if we 
place too high a reverse bias across 
the junction, the junction will break 
down, a very high current will flow 
across the junction for a short while, 
and the diode will be destroyed. How-
ever, in some diodes we make use 
of this reverse current due to mi-
nority carriers. In diodes of this 

type both the P section and the N 
section are doped quite heavily. The 
junction between the P section and 
the N section is considerably larger 
than the junction of the rectifier-type 

diode, so that when the diode begins 
to pass current in the reverse di-

rection, it can pass it over a larger 
area and thus avoid destroying the 
diode. This type of diode is used as 

a voltage reference and is referred 
to as a voltage-reference diode or a 

Zener diode. 
In the Zener diode, the current 

remains small with low reverse 
voltages. At a certain voltage, called 

the breakdown voltage, the current 
will increase rapidly with any fur-
ther increase in voltage. 

The breakdown voltage can be 
varied by varying the diode mate-
rial and construction. Zener diodes 
can be made with a breakdown volt-
age as low as 1 volt, up to break-
down voltages of several hundred 
volts. The current that can pass 
through any Zener diode before the 
diode will be damaged will depend 

upon the junction area and the meth-
ods used to keep the diode cool. 

In a circuit where a Zener diode 
is used, it will be used as a voltage 

reference or a voltage regulator. As 
the reverse voltage across the diode 
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sistor or another part with the volt-
 /Mr—. e age across the Zener diode. 
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Fig. 16. Circuit using Zener diode as 
a voltage regulator. 

increases, a very small reverse 
current will flow, and the value of 
this current will remain essentially 
constant until the breakdown voltage 

is reached. At that voltage, any fur-
ther increase in voltage will result 
in a large increase in current across 
the junction. This large increase in 
current tends to produce a voltage 
drop in other components in the cir-
cuit so that the voltage across the 
diode will remain essentially con-
stant. Thus a Zener diode can be 
used as a voltage regulator in a cir-
cuit such as shown in Fig. 16. If 
the input voltage tends to rise, the 
current through the diode will in-

crease. This increase in current 
will increase the voltage drop across 
the resistor so that the output volt-
age will remain essentially constant. 
The fact that with even a very small 
increase in voltage the current 
through the diode will increase sub-
stantially means that the voltage 
across the diode will remain almost 
constant. 

In some other applications the 
diode may be used as a reference 
voltage. This simply means that a 
Zener diode with a given breakdown 
voltage is used in a circuit like 
Fig. 16. The voltage applied to the 
diode will remain essentially con-
stant. In some circuits, we may 
compare the voltage across a re-

TUNNEL DIODES 

A tunnel diode is a highly doped 
junction diode made either of ger-
manitun or gallium arsenite. Both 

the N region and the P region of the 
diode are very highly doped. As a 
result of the high doping, the de-
pletion region around the junction 
is extremely narrow. Because of the 
narrow depletion region, holes and 
electrons can cross the junction by 
more or less tunneling from one 
atom to another. The exact action 
of the charges crossing the junction 
is somewhat difficult to visualize, 
but the characteristics of the tunnel 
diode are comparatively simple. 
With a reverse bias across the junc-
tion, current across the junction in-
creases quite rapidly. If the reverse 
bias is dropped to zero the current 
will drop back to zero. If the for-
ward bias, starting at zero and 
gradually increasing, is placed 
across the junction, current flow 
across the junction will increase at 
essentially the same rate as it in-
creased with a negative bias. The 
current across the junction will in-
crease quite rapidly as the forward 
bias is increased until a rather sharp 
peak is reached. If the forward bias 
is increased beyond this point, then 
the current begins to decrease. 
As the forward bias is increased 

still further, the current across the 
junction decreases, forming a curve 
such as shown in Fig. 17. This 
decreasing current, with increasing 
voltage, results in a negative 
resistance characteristic. It might 
be difficult to visualize what a 
negative resistance is, but you will 
remember from Ohm's Law that re-
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Fig. 17. Voltage-current relation in a 
tunnel diode. 

sistance is equal to voltage divided 
by current. In a circuit where we 
have resistance, if the resistance is 
constant and the voltage increases, 
then the current must increase; and 
similarly if the voltage decreases, 
the current must decrease. Here in 
the tunnel diode we have a region 
where the opposite happens. If the 
voltage increases, the current de-
creases and if the voltage decreases, 
the current increases. Thus we have 
something in the circuit that is giving 
us the opposite effect of resistance; 
we call this negative resistance. You 
will remember that resistance in a 
circuit introduces losses. It is the 
resistance in a resonant circuit that 
prevents a resonant circuit from 
continuing to oscillate once it has 
been excited into oscillation. How-
ever, if we can put something with 
negative resistance in the circuit, 
for example a tunnel diode, since it 
has the opposite effect of resistance, 
then the circuit should continue to 
oscillate. Tunnel diodes can be used 
for this purpose. 

At the present time, tunnel diodes 
have not appeared in the commer-
cial entertainment-type equipment. 
However, it is probably just a matter 

of time until they are used; there-
fore you should at least have some 
basic knowledge of what the tunnel 
diode is. 

P-I-N DIODES 

The p-i-n diode, which is an ab-
breviation from positive-intrinsic-
negative, is a new diode which is 
used in a somewhat different man-
ner from the diodes you have studied 
previously. Rather than being used 
as a detector or rectifier,this diode 
is used primarily as a variable re-
sistor. It is a special type of diode, 
and its resistance can be controlled 
by applying a de bias to it. With a 
reverse bias across the diode, it 
has a very high resistance. With no 
bias, its resistance drops to about 
7000 ohms, and with forward bias 
it drops to a comparatively low 
value. 
The diode is particularly useful 

in circuits where the strength of a 
signal must be controlled. Its first 
commercial use has been in fm 
equipment and it is used in order to 
prevent extremely strong fm signals 
from causing overloading in the fm 
receiver. A de bias is applied to the 
diode and the amplitude of the bias 
depends upon the strength of the sig-
nal. When a very strong signal is 
applied, the reverse bias applied to 
the diode increases so that the re-
sistance of the diode increases. This 
reduces the strength of the signal 
fed to the mixer and i-f stages in the 
receiver and thus prevents over-
loading, particularly in the last 
stage of the receiver. 

At this time p-i-n diodes are not 
widely used in commercial applica-
tions, but you should be aware of 
how the diode is used, because it is 
quite likely that it will be widely 
used in the future. 

27 



POINT-CONTACT DIODE 

Another semiconductor diode is 
the diode detector used in many TV 
receivers. This detector is a point-
contact diode. A cut-away view of a 
point-contact diode is shown in Fig. 
18 along with the schematic symbol. 
The point-contact diode is made 

of a small piece of either N-type or 
P-type germanium or silicon. N-
type germanium or silicon is used 
more often than P-type. In manu-
facturing a diode of N-type material, 
a large contact is fastened to one 
side of the crystal. A thin wire, 
called a catswhisker, is attached to 
the other side of the crystal. When 
the catswhisker is attached to the 
N-type crystal, a small region of 
P-type material is formed around 
the contact as shown in Fig. 19. 
Thus we have a PN junction that 
performs in much the same way as 
the junctions we have already dis-
cussed. 
The characteristics of the point-

contact diode under forward and re-
verse bias are somewhat different 
from those of the junction diode. 
With forward bias the resistance of 
the diode is somewhat higher than 
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Fig. 18. (A) eut-away view of crystal 
rectifier. (B) schematic symbol of it. 
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Fig. 19. sketch of a point-contact 
diode showing %%here the P-type ger-
manium is formed around the eats-

whisker. 

that of a junction diode. With re-
verse bias the current flow through 
a point-contact diode is not as in-
dependent of the voltage applied to 
the crystal as it was in the junction 
diode. In spite of these disadvan-
tages , the point-contact diode makes 
a better detector than the junction 
diode, particularly at high frequen-
cies because the point-contact diode 
has a lower capacity than the junc-
tion diode. 

SUMMARY 

Again this is a very important 
section, so you should review it be-
fore going on to the next section. 
Make sure you understand what the 
depletion layer is and why it is 
formed. Also be sure you under-
stand the movement of holes and 
electrons across a PN junction 
when no voltage is applied to the 
junction. 

Current flow across the junction 
with both forward and reverse bias 
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is important. With forward bias cur-
rent flow across the junction is by 
majority carrier, and with reverse 
bias it is by minority carrier. 

SELF-TEST QUESTIONS 

(ab) What are the two principal 
uses of semiconductor diodes ? 

é (ac) What is the depletion layer? 
(ad) What do we mean by the po-

tential barrier? 
,.. (ae) Does the crystal develop an 

overall charge as a result of 
diffusion across the junction? 
Do the minority carriers 
crossing the junction have any 
adverse effect on the diode? 

(ag) What do we mean when we say 

(al) 

(ah) 

the junction is forward biased? 
What do we mean when we say 
a junction is reverse biased? 

(ai) What is the difference between 
vacuum-tube diodes and semi-
conductor diodes insofar as 
current flow through the diode 
is concerned when no voltage 
is applied? 

(aj) What is the difference between 
current flow in a semiconduc-
tor diode and a vacuum tube 
under reverse voltage condi-
tions? 
What is a Zener diode, and 
what is it used for? 

(al) What is a tunnel diode? 
(am) What is a p-i-n diode? 

(ak) 
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Semiconductor Triodes 

Even though a junction diode will 
pass current in both directions, it 
passes current in one direction 
much better than it does in the other, 
and therefore it can be used as a 
detector. The tunnel diode can be 
used as an oscillator, and in some 
special circuits as an amplifier; 
however, its usefulness in these ap-

plications is limited. In most cases, 
the semiconductor diode is like the 
vacuum-tube diode; it is more or 
less useless insofar as amplifying 
a signal is concerned. In order to 
amplify a signal, a three element 
semiconductor is needed. Three ele-
ment semiconductors that are capa-
ble of amplification are called tran-
sistors. 
There are a number of different 

types of transistors in use today. 
The characteristics of the different 
types vary appreciably, but if you 
understand the operation of one type, 
you can understand how the others 
work without too much difficulty. We 
started our explanation of semi-
conductor devices with a junction 

diode, so we will start our study of 
triode semiconductors with a study 
of the junction transistor. You'll 
find that most of the transistors you 
will study operate in a manner simi-
lar to the basic junction transistor. 
The most notable exception to this 
is the field-effect transistor which 
you will study later in this lesson. 

JUNCTION TRANSISTORS 

Both germanium and silicon are 
used in the manufacture of junction 
transistors. A triode-junction tran-
sistor is made up of single semi-

conductor crystals with three dif-
ferent regions. The center region 
is made up of one type of germanium 
or silicon, and the two end regions 

are made up of the other type of 
germanium or silicon. In other 
words, in one type of junction tran-
sistor the center has had accepter-
type region impurities added and the 
two end regions have had donor-
type impurities added. In the other 
type of junction transistor, the 
center region has had donor-type 
of impurities added and the two end 
regions have had accepter-type im-
purities added. 
The center region of the transis-

tor is called the base. This is usu-
ally a comparatively thin region. One 
of the end sections is called the 
emitter and the other end section is 
called the collector. 

If the center section of the crystal 
has been treated with donor-type 
impurities, then the center section 
becomes N-type germanium in the 
case of a germanium transistor or 
N-type silicon in the case of the 
silicon transistor. In this case, the 
two end sections will be treated with 
accepter-type impurities and they 
will both become P-type germanium 
or P-type silicon. We call this type 
of transistor a PNP transistor. We 
can have both germanium PNP and 
silicon PNP transistors. An example 
of this type of junction transistor is 
shown in Fig. 20A along with the 

schematic symbol used to identify 
it. 

The other type of junction tran-
sistor is an NPN type. This type of 
transistor is produced by treating 
the center section with an accepter-

'A 
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Fig. 20. (A) shows a l'N 1' junction transistor and its schematic symbol. (11) 
shows an NI'N junction transistor and its schematic symbol. 

type impurity to produce P-type ger-
manium or silicon, and the two end 
sections with a donor-type of im-
purity to produce N-type germanium 
or silicon. This is the type of junc-
tion transistor shown in Fig. 20B 
along with the schematic symbol for 
it. As in the case of the PNP tran-
sistor, we can have either an NPN 
germanium transistor or an NPN 
silicon transistor. 

Notice that the schematic symbols 
for the PNP transistor and the NPN 
transistor are different. In the PNP 
transistor the arrow used to repre-
sent the emitter points down toward 
the base, whereas in the NPN tran-
sistor the arrow on the emitter 
points up away from the base. Thus 
on a schematic diagram of a piece 
of equipment using junction transis-
tors, you can tell from the direction 
in which the arrow is pointing 
whether the transistor is a PNP or 
an NPN transistor. 

There are several different ways 
of manufacturing junction transis-
tors, and often you hear these tran-
sistors referred to by the manufac-
turing method used. For example a 
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junction transistor might be called 
a grown junction, a fused junction, 
an alloy junction or a diffused junc-

tion. All these names simply de-
scribe the manufacturing process 
used to make the transistor. They 
are all junction transistors and all 
operate on the same basic principle. 
This does not mean to imply that 
the characteristics of all junction 
transistors are the same; they are 
not. There are wide differences in 
characteristics just as there are in 
various triode vacuum tubes. 
To understand how junction tran-

sistors work, you must understand 
junction diodes. Because it is so 
important that you understand the 
formation of the depletion layers at 
the junctions we will review the ex-
planation of what happens at the junc-
tions in explaining the junction tran-
sistors. The big difference between 
the junction transistor and the junc-
tion diode is that in the transistor 
there are two junctions close to-
gether in the same crystal. One of 
these junctions is biased in the for-
ward direction and the other in the 
reverse direction and the presence 



of one junction affects the operation 
of the other. 

PNP TRANSISTORS 

In transistor operation, the emit-
ter-base junction is always biased 
in the forward direction and the col-
lector-base junction is biased in the 
reverse direction. Each of the two 
junctions by itself behaves just like 
the PN junction already described. 

Let us consider what happens in 
the PNP transistor before any volt-
ages are applied to the transistor. 

At the junctions, holes from the 
P-type emitter section and the P-
type collector diffuse across the 
junctions into the base. At the same 
time, electrons from the base dif-
fuse across the junctions into both 
the emitter and the collector. The 
holes diffusing into the base place 
a positive charge on the atoms near 
the junctions. Similarly the elec-
trons diffusing from the base into 
the emitter on one side of the base 
and the collector on the other side 
of the base place a negative charge 
on the atoms on the emitter and 
collector sides of the junctions. 
These charged atoms, which are 
called ions, will repel electrons and 
holes from the region of the junc-
tions. The positively charged ions in 

the base will repel holes in the P 
sections away from the junctions. 
Similarly, the negatively charged 
ions in the emitter and collector 
will repel electrons away from the 
junctions in the base. Thus we have 
two depletion layers formed, one at 
the emitter-base junction and the 
other at the base-collector junction. 
You will remember that when we 

discussed the junction diode, we 
mentioned that hole-electron pairs 
will be formed in the depletion re-

gion. The minority carriers formed 
in each section can cross over the 
junction. For example, the electrons 
released in both the emitter and the 
collector regions will cross the 
junctions into the base. These elec-
trons will neutralize a few ions in 
the base region. When these ions are 
neutralized they will allow majority 
carriers from the emitter and col-
lector to cross the junctions. In 
other words, there will be holes 
from the emitter and holes from the 
collector crossing the junctions into 
the base. Similarly, holes,which are 
the minority carriers in the base re-
gion (and are formed in the depletion 
layer) will cross the junctions into 
the emitter and collector. When 
these holes cross the junctions they 
will neutralize some of the nega-
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Fig. 21. (A) the formation of ions at 
the junctions of a PNP transistor. (B) 
the current flow in the emitter-base 
circuit and (C) in the collector-base. 
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tively charged ions in the emitter 
or collector region and allow some 
electrons to flow from the base into 
either the emitter or the collector. 
Thus, because of the intrinsic con-
duction due to hole-electron pairs 
being formed in the depletion region 
there will be some flow of carriers 
across the junction. However, the 
flow of majority carriers across 
the junction will be exactly equal to 
the flow of minority carriers across 
the junction so that the net current 
flow across each junction will be 
zero. 
The potential barriers formed at 

the junction regions are shown in 
Fig. 21A. Notice that the charges 
formed at the junction are similar 
to those formed at a junction diode; 
we simply have two junctions to con-
sider in a transistor. 
Now when we place a forward bias 

between the emitter and the base we 
have an arrangement like that shown 
in Fig. 21B. Here the positive volt-
age applied to the end of the P-type 
emitter repels holes towards the 
junction. These holes tend to neu-
tralize the negative charge on the 
ions on the emitter side of the junc-
tion. The holes are formed at the end 
of the P-type section by electrons 
being taken out of this section by the 
positive potential applied to it. At 
the same time the positive potential 
applied to the emitter attracts the 
electrons that have given the ions 
on the P side of the junction their 
negative charge. This also weakens 
the negative charge on the emitter 
side of the junction. 

At the base, which is connected to 
the negative side of the battery, the 
holes will be attracted toward the 
negative terminal of the battery, and 
electrons will be pushed towards the 
depletion layer. The pulling of holes 

away from the depletion area and 
pushing electrons into the depletion 
area tends to neutralize the charge 
on the base side of the junction. 
The net effect of biasing in a for-

ward direction is to neutralize the 
charges on each side of the junction 
and allow current to flow across the 
junction. Current flow is by majority 
carriers: electrons from the N-type 
base region and holes from the P-
type emitter region. 

Thus in the emitter-base circuit 
we have electrons flowing from the 
negative terminal of the battery to 
the base, through the base, across 
the junction, and through the emitter 
to the positive terminal of the bat-
tery. At the same time we have holes 
being produced because electrons 
are being pulled out of the P-type 
emitter by the positive potential ap-
plied to it. The holes will move 
through the emitter , across the junc-
tion into the base and to the point 
where the base is connected to the 
negative terminal of the battery. At 
this point they will pickup electrons 
and disappear. 

Not all the electrons going from 
the base to the emitter will reach 
the positive terminal of the battery. 
Some of these electrons will recom-
bine with holes in the emitter. Simi-
larly, some of the holes traveling 
from the emitter into the base will 
pick up an electron in the base. This 
current flow across the junction is 
called a recombination current, and 
the transistor is designed to keep 
this current as low as possible. In 
other words we want the holes and 
electrons crossing the junction to 
reach the terminals connected to the 
battery. 
Now let us consider the other junc-

tion, the base-collector junction. 
This junction is reverse biased as 

33 



shown in Fig. 21C. Here again we 
have a depletion layer at the junc-
tion. Also we have minority carriers 
being formed in the depletion layer. 
However, holes that are formed in 
the base will cross the junction and 
then instead of neutralizing a nega-
tively charged atom near the junc-
tion in the collector, these holes 
will be attracted by the negative po-
tential applied to the collector. Simi-
larly, electrons formed in the de-
pletion layer of the P-type collector 
will cross the junction and be at-
tracted by the positive potential ap-
plied to the base. Thus we have a 
current flow due to the minority 
carriers. Electrons in the depletion 
layer of the collector section will 
cross the junction and flow through 
the base to the positive terminal of 
the battery. Meanwhile electrons 
from the negative terminal of the 
battery will fill holes that are moving 
from the base, across the junction, 
and through the collector to the nega-
tive terminal. 

Thus you can see that while we 
have a current by majority carriers 
due to the forward bias applied be-
tween the emitter and the base, we 
also have a small current flowing 
through the base-collector circuit by 
minority carriers due to the reverse 
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bias applied between the base and 
the collector. Now let us see how the 
two junctions affect each other. 
A transistor with both biased junc-

tions is shown in Fig. 22. Here we 
have a number of different currents 
flowing. In the emitter-base circuit 
we have current flowing due to the 
forward bias applied between these 
two. Electrons will flow from the 
negative terminal of the battery into 
the base, across the junction, and 
through the emitter to the positive 
terminal of the battery. We will also 
have some holes formed in the P-
type emitter section due to electrons 
being pulled out of this section by the 
positive terminal of the battery. 
Some of these holes will cross the 
junction into the N-type base where 
they will pick up an electron and 
disappear. This current is called 
the recombination current. 
Many of these holes will cross 

the base and flow through the col-
lector, because the negative termi-
nal of the battery connected between 
the base and collector will attract 
them. This movement of holes ac-
counts for most of the current flow 
in the emitter and collector cir-
cuits. Remember that holes are 
being continually formed in the P-
type emitter because electrons are 
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being pulled out of the emitter by the 
positive potential applied to it. These 
holes will continually move through 
the emitter, and into the base. Here 
some of them will combine with elec-
trons and disappear, but the ma-
jority of them will flow through the 
collector to the negative terminal 
of the collector where they will be 
filled by electrons and disappear. 

Another current that will flow is 
reverse current 'co that flows in the 
base-collector circuit. This is due 
to the formation of minority car-
riers in the depletion layer. 

Thus we have four currents flow-
ing in the PNP junction transistor. 
The largest of these currents is due 
to the movement of holes from the 
emitter through the base into the 
collector to the negative terminal of 
the battery connected to the collec-
tor. We have in addition to this cur-
rent three small currents flowing. 
We have the current due to the elec-
tron movement from the negative 
terminal of the emitter-base battery 
into the base, across the junction 
and through the emitter to the posi-
tive terminal of this battery. We 
have the recombination current due 
to holes combining with electrons 
in the base, and we have the reverse 
current due to hole-electron pairs 
being formed in the depletion layer 
of the base-collector junction. The 
directions of the different move-
ments of holes and electrons are 
marked in Fig. 22. 

NPN TRANSISTORS 

Although the operation of the NPN 
transistor is somewhat different 
from that of the PNP type, if you 
understand how the PNP transistor 
works, you should have no difficulty 
understanding the NPN. Again, we 
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Fig. 23. (A) the formation of ions at 
the junctions of an NPN transistor. 
(13) the current flow in the emitter-
base circuit and (C) in the collector-

base circuit. 

can start our study of this type of 
transistor by considering what hap-
pens at the junctions, remembering 
that the action at the junction is 
similar to the action we studied at 
the simple PN diode junction. 

Let us first consider the action of 
the holes and electrons before any 
voltages are applied to the transis-
tor. The charges that will be built 
up are shown in Fig. 23A. Remem-
ber that holes from the base will 
diffuse across both junctions into 
the emitter and the collector. Simi-
larly electrons from the emitter and 
electrons from the collector will 
diffuse across the junctions into the 
base. The holes and electrons dif-
fusing across the junctions will 
charge atoms near the junction. 
Holes crossing the junctions into the 
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emitter and the collector will ionize 
the atoms on the emitter and collec-
tor sides of the junctions so that 
they will have positive charges. 
Similarly, electrons diffusing a-
cross the junctions into the base will 
ionize atoms in the base near the 
junctions so that they will have nega-
tive charges. Thus we will have po-
tential barriers at the junctions. 
This is the same kind of potential 
barrier that we found existed across 
the PN junction in a diode. 

The positively charged ions on the 
emitter and collector sides of the 
junctions will force holes in the base 
away from the junction. Similarly 
the negatively charged atoms on the 
base side of the junctions will force 
electrons in the emitter and collec-
tor away from the junction so that 
at the junctions we have a depletion 
layer. 
Now let us consider what happens 

when we apply a forward bias be-
tween the emitter and the base by 
connecting a battery between the two 
as shown in Fig. 23B. Notice that the 
negative terminal of the battery is 
connected to the end of the emitter, 
and the positive terminal is con-
nected to the base. 
Now, several things happen. The 

negative potential applied to the 
emitter will force electrons toward 
the junction. At the same time the 
negative potential will attract holes 
away from the junction. Both of these 
actions tend to neutralize the posi-
tively charged ions on the emitter 
side of the junction. At the same 
time the positive terminal of the 
battery that is connected to the base 
will attract electrons away from the 
negatively charged atoms on the base 
side of the junction. In addition, the 
positive potential will repel holes 
towards the junction so that these 

two actions tend to neutralize the 
charge on the base side of the junc-
tion. 

Once the potential barrier at the 
junction is weakened, electrons can 
flow from the negative side of the 
battery into the emitter, through the 
emitter, and across the junction into 
the base and from the base to the 
positive side of the battery. At the 
same time the positive terminal of 
the battery can extract electrons 
from the base, forming holes. Holes 
are then repelled toward the junc-
tion, across the junction, and through 
the emitter toward the end of the 
emitter that is connected to the nega-
tive terminal of the battery. Here 
the holes will pick up electrons and 
disappear. Thus we have a current 
flow through the emitter-base cir-
cuit as shown in Fig. 23B. 
Now let us consider what happens 

when we apply a reverse bias be-
tween the base and the collector. 
Here the negative potential applied 
to the base will pull holes away from 
the junction, and the positive po-
tential applied to the collector will 
pull electrons away from the junc-
tion. Thus the negative charge on 
the base side of the junction will be 
increased, and the positive charge 
on the collector side of the junction 
will be increased so that the potential 
barrier at the junction will be in-
creased. This will prevent any cur-
rent flow through the base-collector 
circuit due to the majority carriers. 

At the same time electrons ,which 
are minority carriers, will break 
loose from their nuclei in the deple-
tion layer on the base side of the 
junction and will be attracted by the 
positive potential applied to the col-
lector. They will cross the junc-
tion and flow through the collector 
to the terminal connected to the pos i-
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tive side of the battery, as shown in 
Fig. 23C. At the same time holes 
formed on the collector side of the 
junction in the layer will be attracted 
by the negative terminal of the bat-
tery, and hence will cross the junc-
tion and flow over into the base and 
toward the negative terminal of the 
battery. Here they will pick up an 
electron and disappear. 
Thus we will have a current flow 

in the base-collector circuit due to 
the minority carriers. This is the 
same situation that we had in the 
reverse biased base-collector cir-
cuit of the PNP transistor. 
Now let us see what happens when 

bias voltages are applied across both 
junctions of the complete NPN junc-
tion transistor as shown in Fig. 24. 
Considering first the emitter-base 
circuit, we have electrons flowing 
from the negative terminal of the 

battery to the N-type emitter. Here 
the electrons flow through the emit-
ter, across the junction, and into the 
base. Some of these electrons reach-
ing the base will recombine with 
holes in the base. This is called the 
recombination current. However, 
the majority of the electrons reach-
ing the base will be attracted by the 
positive potential applied to the col-
lector and hence will flow through 
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the base across the base-collector 
junction and through the N-type col-
lector to the positive terminal of the 
battery in the base-collector circuit. 

At the same time the positive ter-
minal of the battery in the emitter-
base circuit is connected to the base, 
and this potential will pull electrons 
out of the P-type base, producing 
holes. These holes will then cross 
the junction into the emitter, and they 
will be attracted by the negative po-
tential applied to the emitter and 
hence will flow through it to the end 
connected to the negative terminal 
of the battery. Here they will pickup 
an electron and disappear. 

At the same time, in the base-
collector circuit we will have a re-
verse current flowing due to the 
minority carriers. Holes appearing 
in the collector side of the depletion 
layer will cross the junction into the 
base and flow to the base terminal 
connected to the negative terminal 
of the battery, biasing the base-col-
lector junction. Here each hole will 
pick up an electron and disappear. 
Electrons in the depletion layer on 
the base side of the junction will be 
attracted by the positive potential 
applied to the end of the collector. 
Hence they will cross the junction 
and flow toward the positive end of 
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the collector and from there to the 
positive terminal of the battery con-
nected between the base and the col-
lector. 

Of these different currents flow-
ing, the important and useful cur-
rent flow is the flow of electrons 
from the emitter through the base 
to the collector. Since this is the 
useful current, we are interested 
in making this as large as possible 
in comparison to the other currents 
flowing across the emitter-base 
junction. Thus, the recombination 
current, which is due to electrons 
from the emitter crossing into the 
base and recombining with the holes , 
serves no useful purpose and should 

be kept as low as possible. This is 
accomplished by adding more donor 
atoms to the emitter than accepter 
atoms to the base. Thus there will 
be many more free electrons in the 
emitter than there will be holes in 
the base and the recombination cur-
rent will be kept quite small. 

Also, since there are a limited 
number of holes in the base com-

pared to the number of electrons in 
the emitter, the number of holes 
crossing from the base to the emit-
ter is also kept low in comparison 
to the number of electrons crossing 
from the emitter into the base. In a 
good transistor, over 95% of the 
electrons that cross the emitter-
base junction flow to the collector. 

Notice the differences and the 
similarities between the PNP and 
the NPN transistors. In both cases 
the emitter-base junction is forward 
biased and the base-collector junc-
tion is reverse biased. However, the 
battery connections must be re-

versed to provide the biases. In other 
words, with the PNP transistor the 
battery used to bias the emitter-base 
junction is connected with the posi-

tive terminal to the emitter and the 
negative terminal to the base. With 
the NPN transistor, the negative ter-
minal of the battery is connected to 
the emitter and the positive terminal 
to the base. However, both are for-
ward biased because in each case the 
positive terminal of the battery is 
connected to the P-type germanium 
and the negative terminal to the N-
type germanium. 
The base-collector junction of 

both transistors is reverse biased. 
In the PNP transistor, the positive 
terminal of this battery is connected 
to the base and the negative termi-
nal to the collector; whereas in the 
NPN transistor, the negative termi-
nal is connected to the base, and the 
positive terminal to the collector. 
Again, however, in both cases the 
positive terminal is connected to 
the N-type germanium and the nega-
tive terminal to the P-type ger-
manium. 

Also notice that in the PNP tran-
sistor the useful current flow is by 
means of holes, whereas in the NPN 
transistor the useful current flow is 
by means of electrons. 

SELF-TEST QUESTIONS 

(an) 

(ao) 

(ap) 

(aq) 

(ar) 

(as) 

What is the base region of a 
transistor ? 
What two materials are widely 
used in the manufacture of 
transistors? 
What two types of junction 
transistors are widely used? 
What type of bias is used a-

cross the emitter-base junc-
tion in a transistor? 
What type of bias is used a-

cross the base-collector junc-
tion of a transistor? 
Is the base region of a tran-
sistor usually a thick region 
or is it thin? 
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(at) Draw a diagram ot a PNP 
transistor and snow now tne 
batteries are connected to 
place tne correct bias across 
the two junctions. 

(au) Draw a diagram of an NPN 

transistor ana snow now the 
batteries are connected to 
provide tne correct bias a-
cross both junctions. 

(ay) What are tne useiul current 
carriers in a PNP transistor? 

Semiconductor Types 

There are two basic types of tran-
sistors that you will run into con-
tinuously. You are already familiar 
with these two types; they are the 
NPN transistor and the PNP tran-
sistor. However, these transistors 
are made in a number of different 
ways and the manufacturing pro-
cesses result in transistors with dif-
ferent characteristics. In this sec-
tion we are going to brietly discuss 
some of tne important types and 
cnaracteristics. We don t expect you 
to remember ail these details; the 
impor-tant tning tor y un to remember 
is tnat they are basically either NPN 
or PNP traasiscors ana operate in 
tne same way as cause we nave dis-
cussed previously. 
Also in this section of the lesson 

we'll discuss two other important 
semiconductor devices, the field-
effect and unijunction transistors. 

GROWN-JUNCTION 
TRANSISTORS 

The first commercially available 
junction transistors were of the 
grown-junction type. This type of 
transistor is made from a rectangu-

lar bar cut from a germanium crys-
tal that has been grown. Suitable im-
purities are added so that NPN re-
gions such as those shown in Fig. 
25 are formed. The base of the tran-

sistor is usually located midway 
between the two ends. Suitable con-
tacts are then welded to the emitter, 
base and collector regions. 

Of course, the actual bar of semi-
conductor material used is quite 
small. The emitter and the collector 
are considerably larger than the 
base; the base is kept as thin as 
possible and may have a thickmess 
of less than .001". 

e 

ri 

Fig. 23. .% grown-junction transistor. 

As mentioned the early germanium 
transistors were of the grown-junc-
tion type. The disadvantage of this 
type of transistor is that it is not 
particularly suitable for operations 
at high frequencies. In addition, it is 
quite temperature sensitive and can 
become quite unstable at higher tem-
peratures. 

ALLOY-JUNCTION 
TRANSISTORS 

The alloy-junction transistor is 
made from a rectangular piece of 
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Fig. 26. ,An alloy-junction transistor. 

semiconductor material to which 

suitable donor materials have been 
added. This results in an N-type 
piece of germanium or silicon. Small 
dots of indium are fused into the 
opposite sides of the wafer as shown 
in Fig. 26. The result is that P-type 
semiconductor material will be for-

med with the dots fused into the wafer 
so that we will have a PNP transis-
tor. 
An NPN-type alloy-junction tran-

sistor may be made by fusing a lead 
antimony alloy into each of the two 
opposite sides of a P-type semi-
conductor wafer. In this type of 
transistor it is possible to get a 
more uniform penetration of the 
lead antimony alloy into the semi-
conductor material, and this in turn 
leads to better junction spacing. This 
will cut down on the width of the 
space between the emitter and col-
lector and give improved high-fre-
quency performance. In addition, 
since the mobility of the electrons 
is more than twice that of holes , the 
NPN transistor will be better at high 
frequencies. 

The general advantage of the 
alloy-type junction over the grown-
type junction transistors is that they 
are usable at a somewhat higher 

frequency. In addition, they have a 
higher current gain, and the current 
gain remains stable as the tempera-
ture increases. 
Surface-Barrier Transistor. 
The surface-barrier transistor is 

similar to the alloy-type transistor 
except that depressions are etched 
into the N-type wafer. This permits 
smaller emitter and collector con-
tacts and results in lower capacities 
between sections of the transistor 
which in turn results in better high-
frequency performance. 

In Fig. 27 we have shown a simpli-
fied sketch of a surface-barrier 
transistor. The sketch in Fig. 27B 
shows the carrier movement from 
the emitter across the base to the 
collector. Notice that in the sketch 
the emitter is shown smaller than 
the collector, we have shown it this 
way because this is the way the 
semiconductor is actually manufac-
tured. 

Various manufacturing techniques 
are used in the manufacture of the 
surface-barrier transistor. Both 
silicon and germanium types are 
made. In the manufacturing process 
different materials are evaporated 
or plated on to the etched depres-
sions depending on the type of tran-
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sistor being manufactured. How-
ever, regardless of the manufac-
turing technique used, which is of 
no interest to the technician, the 
surface-barrier transistors all have 
the characteristic of giving good 
performance at high frequencies. 

DIFFUSION TRANSISTORS 

To understand diffusion you have 
to understand a little about the 
molecular structure of materials. 
If you look at the wall of a glass 
jar, to the eye it appears solid with 
no space between the various mole-
cules making up the jar. However, 
if you were to fill the jar with hydro-
gen and stcre it for any length of 
time, you would find that in a short 
while, the jar was no longer filled 
with hydrogen only, but contained a 
mixture of hydrogen and air. The 
reason is that the small hydrogen 
atoms are able to diffuse or pass 
right through the spaces between the 
molecules in the glass. At the same 
time, molecules of air will diffuse 
through the glass and pass on into 
the inside of the bottle. The hydro-
gen molecule is smaller than the air 
molecule; therefore the hydrogen 
will diffuse out of the jar faster than 
the air will diffuse in. 

Diffusion can be used to add im-
purities to either silicon or ger-
manium, and produce either N-type 
or P-type semiconductor material. 
The process can be controlled to 
provide either very uniform base, 
emitter, and collector regions, or it 
can be controlled to provide non-
uniform base, emitter, and collector 
regions. 
The Drift Type. 

One of the most important uses of 
the diffusion technique is in the 
manufacture of transistors with a 

non-uniform base region. If the 
emitter and collector junctions are 
made by the alloy technique, but the 
base region is made by the diffusion 
technique and the impurities in the 
base region varied, we have what is 
known as a drift transistor. In a 
typical PNP-drift transistor, ac-
cepter impurities are added in the 
emitter and collector region. These 
impurities are controlled so that 
their concentration is uniform 
throughout the emitter and collector 
region. At the same time donor im-
purities are added to the base region. 
Their concentration is controlled so 
that it is highest in the region of the 
emitter-base junction and then drops 
off quickly and finally reaches a con-
stant value which it maintains over 
to the base-collector junction, as 
shown in Fig. 28. This type of tran-
sistor is called a drift transistor, 
and its most important character-
istic is its excellent performance 
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Fig. 28. Diagram showing how a large 
number of donor impurities increases 
the electron concentration in the base. 

at high frequencies. However, notice 
that it is still a PNP transistor and 
the basic theory of its operation is 
similar to that of any other PNP 
transistor. The improved perform-
ance is obtained by varying the con-
centration of donor impurities in the 
base region. 
The Mee. Type. 

It is also possible to manufacture 
a transistor using the diffusion tech-
nique entirely. An example of this 
type is the mesa transistor. 

In this type of transistor a semi-
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conductor water is etenea down in 
steps so that the base and emitter 
regions appear as plateaus aoove 
the collector region as snown in Fig. 
29. The advantages of the mesa tran-
sistor are good fugn-trequency per-
formance and very goon consistency. 
By tris we mean that it is possible 
to control the manutacturing tech-
niques quite closely so that the char-
acteristics of mesa transistors of 
the same type number will be quite 
similar. This is not necessarily 
true of other transistors; often their 
characteristics vary over a wide 
range. 

e b 

Fig. 29. A mesa transistor. 

The Planar Type. 
Another type of transistor manu-

factured by the diffusion technique 
is the planar type of diffused tran-
sistor. This type of transistor is 
shown in Fig. 30. Notice that each 
of the junctions is brought back to a 
common plane, whereas in the mesa 
type the various junctions are built 
up in plateaus. The importance of 
the planar-type transistor is that 
the junctions can be formed beneath 
a protective layer. As a result, many 
of the problems associated with 
other types of transistors having 

Fig. 30. A diffused planar-type tran-
sistor. 

junctions exposed at the surface are 
avoided in this type of construction. 
Important characteristics of the 
planar transistor are generally very 
low reverse current and improved 
de gain at low-current levels. 

EPITAXIAL TRANSISTORS 

One of the disadvantages of the 
diffusion-type transistor is the rela-
tively hign resistance or the collec-
tor region. This results in slow 
switening time; it limits the use-
Witless of trie transistor in nign-
frequency applications.lieautang the 
resistance of inc coliecLor region 
reduces tne colieceor oreaknown 
voltage and tills in turn again reduces 
the usefulness of the transistor. 
These problems can be overcome 
by the epitaxial technique. In this 
technique a thin high-resistance 
layer is produced in the collector 
region and the remainder of the col-
lector region is controlled to keep 
its resistance low. This results in a 
transistor that looks something like 
the one shown in Fig. 31. The pri-
mary advantage of this transistor is 
that it provides good performance 
at very high frequencies. This tech-
nique can be combined with other 
techniques to produce transistors 
having varying characteristics. The 
epitaxial transistor can be referred 
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to as a double-diffused epitaxial 
transistor.. The thin high-resistance 
collector region is formed by the 
epitaxial technique and the base and 
the emitter are formed by the dif-
fusion process - hence the term 
double diffusion. 

All the transistors that we have 
discussed so far in this section of 
the lesson are either NPN or PNP 
transistors. The manufacturing 
techniques used to manufacture 
these transistors result in transis-
tors of different characteristics ,but 
the basic theory of operation of these 
transistors is thé same. Now, we'll 
look at another semiconductor de-
vice which operates on a somewhat 
different principle. 

HIGH -R — 

LOW 
COLLECTOR 

LAYER   

Fig. 31. double-diffused epitaxial 
transistor. 

THE JUNCTION FIELD-
EFFECT TRANSISTOR 

An interesting transistor that re-
sembles a vacuum tube very closely 
in its characteristics and to some 
extent its operation is a field-effect 
transistor. One type of field-effect 
transistor can be made by taking a 
piece of N-type material as shown 
in Fig. 32. if the negative terminal 
of a battery is connected to one end 
of the material and the positive side 

P-TYPE 

1 
BIAS 

41m1 

N—TYPE 

Fig. :12. Dra lug shot% ing the basic 
operation of a fie ld-e ffer t transistor. 

of the terminal to the other end, 
electrons will flow through the ma-
terial as shown. If we attach apiece 
of P-type material to one side so that 
the PN junction is formed and then 
place a negative voltage on the P-
type material as shown in Fig. 32, 
there will be no current flow across 
the junction, because the battery 
biases the junction in such a way 
that electrons cannot flow from the 
N-type material to the P-type mate-
rial nor can holes flow from the P-
type material to the N-type. 

However, the negative voltage 
applied to the P-type material sets 
up a field in the N-type material. 
This field opposes the electrons 
flowing through the N-type material 
and forces them to move over to one 
side so that the electron movement 
follows the path shown in Fig. 32. 
The negative voltage applied to the 
P-type material has the effect of in-
creasing the resistance of the N-
type material in the area in which 
the field is affected. It forms a de-
pletion layer around the junction so 
there will be no free electrons in the 
N-type material near the junction. 
If the negative bias voltage is made 
high enough, it is able to prevent 

43 



Fig. 33. Schematic representation of the 
circuit shown in Fig. 32. 

the flow of electrons through the 
N-type material entirely so that the 
current flow will be cut off. We call 
this voltage where the bias voltage is 
high enough to stop the flow of cur-
rent through the N-type material 
the "pinch-off" voltage. The N-type 
material is referred to as a channel, 
and the P-type material as a gate. 
This type of transistor is called a 
"junction field-effect transistor." 
The schematic representation of 

the circuit shown in Fig. 32 is shown 
in Fig. 33. Notice that the end of the 
N-type channel at which the elec-
trons from the battery enter is 
called the "source". The other end, 
the end from which the electrons 
leave and flow to the positive ter-

minal of the battery, is called the 
"drain". The P-type material is 
called the gate, as we mentioned 
previously. The transistor is called 
a field-effect transistor because it 
is the field produced by the bias 
voltage applied to the gate that con-
trols the flow of current through the 
channel. This particular type of 
transistor is called a junction tran-
sistor because a junction is formed 
between the P and N-type materials. 
It is called an N-channel transistor 
because the material in the channel 
through which current flows has been 
treated in such a way as to produce 
an N-type semiconductor material. 
Thus the complete name for this 
type of transistor is an N-channel, 
junction- gate, field-effect transis-
tor. We usually abbreviate field-
effect transistor FET, so you will 
see that this type of transistor is 
abbreviated JFET to indicate it is 
a junction-gate type. 
An amplifier using a field-effect 

transistor of this type is shown in 
Fig. 34. In this circuit we have 
eliminated the bias battery by means 
of a resistor connected between the 
negative terminal of the battery and 
the source. This resistor might be 
compared to the cathode-bias re-

Fig. 34. An amplifier using an N-channel junction gate FET. 
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sistor in a triode vacuum tube am-
plifier stage. In the amplifier cir-
cuit, electrons flow from the nega-
tive terminal of the battery through 
the resistor R2 to the source. In so 
doing they set up a voltage drop 
across R2 having a polarity such 
that the source is positive with re-
spect to ground. Since the gate con-
nects back to ground through R1, 
the gate will be at ground potential 
and this will make the source posi-
tive with respect to the gate, or in 
other words, the gate negative with 
respect to the source. Therefore 
none of the electrons in the N chan-
nel will flow to the gate, because 
the gate is negative. 

lig.:33. An amplifier using a 

Electrons will flow through the 
N channel to the drain and then 
through the load resistor R3 back 
to the positive terminal of the bat-
tery. As the input voltage applied 
across the input terminals causes 
the voltage between the gate and the 
source to vary, the current flow 
from the source to the drain will 
vary because the controlling action 
of the gate on the current through 
the channel depends upon the volt-

age between the gate and the source. 
Thus we have a varying current, 
which will vary as the input signal 
varies, flowing from the source to 
the drain of the transistor and 
through the load resistor R3. This 
varying current flowing through R3 
will produce an amplified signal 
voltage across R3. 

It is interesting to note the simi-
larity between the circuit shown in 
Fig. 34 and a triode amplifier. When 
the input signal swings the gate in a 
positive direction, current flowing 
through the transistor will increase; 
this will cause the voltage drop a-
cross R3 to increase and therefore 
the voltage between the drain and 

I'-channel junction gate Fur. 

ground will decrease. Thus a posi-
tive-going signal applied to the gate 
will cause a negative-going signal at 
the drain. In other words, this tran-
sistor inverts the signal phase just 
as the triode vacuum tube amplifier 
stage does. 
P-Channel JFET. 

It is possible to make a P-chan-
nel junction-gate field-effect tran-
sistor by using a P-type material 
between the source and drain. The 
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gate is then made of an N-type ma-
terial, The bias polarity is reversed 
so that once again the PN junction 
is biased and no current flows across 
the junction. 
A schematic diagram of an ampli-

fier using a P-channel junction-gate 
effect is shown in Fig. 35. Notice 
the schematic symbol for the P-
channel unit: we have turned the di-
rection of the arrow around just as 
we did to distinguish between NPN 
and PNP transistors. Also notice 
that in this circuit the battery po-
larity is reversed. This is because 
the carriers in the channel in the 
P-channel unit will be holes. The 

positive terminal of the battery 
which connects to the source through 
R2 repels the holes and they travel 
through the channel to the drain 
where they are attracted by the nega-
tive potential, connected to the drain. 
Meanwhile, holes arriving at the 
drain terminal are filled by elec-
trons which flow from the negative 
terminal of the battery through R3 
to the drain. At the same time, the 
positive terminal of the battery at-
tracts elecb-ons from the source 
creating new holes. These electrons 
flow from the source through R2 to 
the positive terminal of the battery. 

The operation of the P-channel, 
junction-gate effect is the same as 
with the N-channel unit, except that 
in one case the majority carriers 
are electrons, and in the other case 
they are holes. 

In discussing the action of the 
junction-gate field-effect transis-
tor, we often refer to the reverse 
bias across the junction creating a 
depletion layer in the conducting 
channel. In the case of an N-channel 
unit, the negative voltage on the P-
type gate will repel electrons at the 
junction so that the electrons have 

been depleted from that area around 
the junction. The higher the negative 
voltage the further the electrons are 
depleted in the area around the junc-
tion, and as we pointed out previously 
if the voltage is made high enough, 
all of the electrons will be depleted 
so that there will be no current flow 
through the channel. The transistor 
is referred to as a depletion-type 
transistor because the bias depletes 
the number of majority carriers 
from the channel around the junc-
tion region. Remember what we 
mean by a depletion type of FET; 
you'll see later there is another type. 

N - CHANNEL 

GATE GLASS 
INSULATOR 

P TYPE 
SURSTRATE 

Fig. 36. GI...rent flow through on insu-

lated-gate, N-ehannel field-effect tran-
sistor with no bias applied. 

INSULATED-GATE 
FIELD-EFFECT TRANSISTORS 

The transistors we have been dis-
cussing so far are called junction-
gate field-effect transistors. There 
is another type of field-effect tran-
sistor that is called an insulated-
gate field-effect transistor. We usu-
ally abbreviate this IGFET. 

In the insulated-gate field-effect 
transistor, the gate is completely 
insulated from the channel by a thin 
insulating material. For example, 
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a very thin piece of glass might be 
placed between the conducting chan-
nel and the gate. Thus there is no 
actual junction formed between the 

semiconductor materials in the 
channel and the gate. In an N-chan-
nel, insulated-gate field-effect tran-
sistor, construction such as shown 
in Fig. 36 is often used. Here we 
have an N channel between the source 
and drain. The substrate on which 
the channel material is mounted is 
P-type material and the gate is 
placed along the channel as shown 
in the figure. The thin layer of glass 
prevents any actual contact between 
the channel and the gate. 

In operation, the source and the 
substrate are connected to the nega-
tive terminal of the battery and the 
drain is connected to the positive 
terminal. This will permit current 
to flow from the negative terminal 
of the battery to the source, through 
the channel to the drain and then 
back to the positive terminal of the 
battery. 
When a negative voltage is applied 

to the gate, it has the effect of re-
pelling electrons away from the gate 
as before. In addition, the negative 
potential applied to the gate attracts 
holes in the P-type material so that 
the width of the channel is reduced 
as shown in Fig. 37. Thus the cur-
rent flow through the channel is re-
stricted by the narrowing of the 
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Fig. 37. Current flow through an N-ehannel 

It:FET iih bias applied. 

channel. In effect, the resistance of 
the channel is increased. We refer 
to this type of channel as a depletion 
channel. The transistor is called an 
insulated-gate-field-effect transis-
tor and it is also referred to as a de-
pletion type because the flow of cur-
rent through the transistor is con-
trolled by producing a depletion 
layer in the channel as in the case 
of the junction transistors discussed 
previously. 

Both N-channel and P-channel 
IGFET's are manufactured. The 
schematic symbols used to repre-
sent the two different types are 
shown in Fig. 38A and B. In A, we 
have shown the symbol used for an 
N-channel type, and in B the sche-
matic symbol used for a P-channel 
type. In operation, the units perform 
in essentially the same way as the 
junction-gate units with the excep-
tion that there will be no current 

D 
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Fig. Insulated-gate fie Id-effect trans is tors. (..%) show s the schema tie symbol 
for an N-channel unit and (13) the symbol for a P.-channel unit. 
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flow at all from the channel to the 
gate or from the gate to the chan-
nel. In the JFET, there may be very 
small leakage current across the 
junction. However, a JFET has a 
high input resistance because this 
leakage current is low. The IGFET 
has an even higher input resistance 
because there is no current flow at 
all from the gate to the channel or 
from the channel to the gate. Thus 
the input resistance of an IGFET is 
almost infinite. 
Enhancement Type. 

So far the field-effect transistors 
we have been discussing are all what 
are known as depletion types. In the 
depletion type of FET, the channel 
is formed and a bias is placed on 
the gate so as to reduce the size 
or width of the channel. In the en-
hancement-type of field-effect tran-
sistor, there is no channel present 
until the bias is applied to the gate. 
Thus, there is no current flow from 
the source to the drain through the 
transistor, unless there is a bias 
applied to the gate. The polarity of 
the bias applied to the gate is re-
versed from what it is in the deple-
tion type, and this bias forms the 
channel through which current can 
flow. The operation of the units is 
the same as with the depletion type 
with the single exception of the re-
verse bias. In other words, in the 
case of an N-channel enhancement-

Fig. 39. A shows 

type field-effect transistor, instead 
of placing a negative bias on the 
gate to reduce the width of the chan-
nel, as we do in the depletion-type 
transistor, in the enhancement-type 
we place a positive bias on the gate 
and produce the N channel. 

The enhancement-type field-ef-
fect transistor is always an insu-
lated gate type. In the case of a junc-
tion FET, if we produced an en-
hancement type, we would have cur-
rent flow across the junction because 
the voltage required to produce the 
channel would forward bias the junc-
tion. However, in the insulated-gate 
FET, no current can flow across the 
junction because we have an insula-
ting material between the gate and 
the channel. Thus we can put any 
type of bias we want, either forward 
or reverse bias, on the gate and we 
still will not get a current flow from 
the gate to the channel or from the 
channel to the gate. 

The schematic symbol of an N-
type IGFET of the enhancement type 
is shown in Fig. 39A. Notice that 
we have indicated there is no chan-
nel by breaking the channel into 
three parts. When the correct bias 
is applied to the gat, an N channel 
between the source and the drain 
will be formed. The schematic sym-
bol for the P-channel unit of an en-
hancement-type IGFET is shown in 
Fig. 39B. 
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the schematic symbol for an N-channel enhancement-type 
IGFET. B shows the P-channel unit. 
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The operation of the enhancement-

type IGFET is basically the same as 
with the depletion type. It could be 
used in a circuit similar to the cir-
cuits shown in Fig. 34 and Fig. 35. 
One of the problems with IGFET 's 

is the very high resistance between 
the gate and the channel. In shipping 
these units the manufacturer usually 
wraps the leads in tin foil to keep 
them connected together. If he 
doesn't do this, static charges can 
build up on the gate because of the 
very high resistance between the 
gate and the channel. These static 
charges may become high enough to 
actually puncture the insulation be-
tween the gate and the channel and 
thus ruin the unit. 

In soldering an IGFET into a cir-
cuit, there might be enough leakage 
from the power line through the tip 
of your soldering iron to ruin the 
FET. To prevent this from happen-
ing, ground leads should be used on 
the various connections to the tran-

sistor and these leads should be left 
in place until the transistor is in-
stalled in the circuit. Once the tran-
sistor is soldered in place, you do 
not have to be concerned about static 
charges destroying the unit because 
the resistance in the circuit will be 

low enough to prevent static charges 
from building up to a high enough 
value to destroy the transistor. 

Field-effect transistors are find-
ing their way into commercial equip-
ment, and you should therefore be 
sure you understand how they oper-
ate. You should review the sections 
on field-effect transistors several 
times if necessary because you can 
be sure they are going to be widely 
used in the future. They offer the 
advantages of the transistor as well 
as many of the advantages of the 
vacuum tube. 

THE UNIIIINCTION 

Another important semiconductor 
device is the unijunction. The uni-
junction is different from a con-
ventional two-junction transistor in 
that it has only a single junction. 

Most unijunctions are made of a 
bar of N-type silicon. There are two 
base contacts made to this bar called 
base 1 and base 2. These contacts 
are made at the ends of the bar. 
Between the two bases is a single 
rectifying contact called the emitter. 
The schematic symbol of the uni-
junction is shown in Fig. 40. 

In Fig. 41 we have an equivalent 
circuit showing how the unijunction 
operates. We have referred to the 
resistance between base 1 and the 
emitter as RB1 and the resistance 
between base 2 and the emitter con-
tact as Iti32. When a dc voltage is 
applied to the unijunction between 
B1 and B2, a current will flow 
through the base as shown. As long 
as the voltage drop across RBi is 
greater than the emitter voltage ithe 
emitter will be reverse biased so 
that there will be no current flow 
across the junction between the 
emitter and the base. The voltage 
across the resistance representing 
base 1 and the voltage across the 
resistance representing base 2 will 
remain constant. The two bases 
more or less act like two resistors 

Fig. 40. Schematic symbol of a uni-
junction. 
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Fig. I. Egli i% alent circuit ,,ho%%ing 
the operation of the unijunetion 

in series. The positive voltage at the 
emitter junction prevents any elec-
trons from leaving the base and 
crossing the junction to the emitter 
and also prevents holes from travel-
ing from the emitter to the base. 
There will be a small leakage cur-
rent across the junction, but this is 
of no importance insofar as the op-
eration of the unijunction is con-
cerned. 

If the voltage, VE, exceeds the 
voltage across RBI., then holes will 
enter the base and flow through RB1 
as shown by the arrows on the dia-
gram. These holes will cause the 
number of electrons flowing in RBi 
to increase. The net result will be 
that you will have a drop in voltage 
across RBi but at the same time an 
increase in current. 
You will remember from Ohm's 

Law that the current flowing in a 
circuit is equal to the voltage di-
vided by the resistance. If the volt-
age drops, the current must drop. 
However, in this device we have a 
situation where the voltage drops, 
but the current increases. We refer 
to this as "negative resistance". De-
vices that have this characteristic 
can be used in various types of am-
plifier circuits. 

The unijunctions made for a num-
ber of years always made use of an 
N-type base material and a P-type 
emitter. However, recently some 
unijunctions using a P-type base 
material and an N-type emitter have 
been developed. The schematic sym-
bol is the same, except that the di-
rection of the arrow is reversed. 

Unijunctions have not been widely 
used in commercial radio and TV 
equipment; however, they have been 
used in various pieces of test equip-
ment. It is quite likely that as more 
transistorized television receivers 
are manufactured, the unijunction 
may be used in the sweep circuits 
since they are quite readily adapted 
to this type of application. 
The important thing for you to re-

member at this time about the uni-
junction is that the device has a 
single junction and that the resist-
ance of the two bases remains essen-
tially constant until the emitter volt-
age exceeds the voltage across base 
1. Then the voltage drop across base 
1 decreases while the current flow 
through it increases, resulting in the 
negative resistance characteristic 
of base 1. 

SUMMARY 

There are too many details in 
this section to try to summarize 
them. The important thing for you 
to do is to realize that the different 
names assigned to the conventional 
two-junction transistors indicate the 
manufacturing process used to make 
the transistor. Typical two-junction 

transistors are either NPN or PNP 
transistors, and the basic theory of 
operation of the two-junction tran-
sistors is the same regardless of the 
manufacturing technique used. Dif-
ferent manufacturing techniques re-
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suit in transistors with different 
characteristics, but the theory of 
operation is the same. 
The field-effect transistor is a 

transistor that very closely re-
sembles a vacuum tube in many of 
its characteristics. Remember that 
there are two basic types: the junc-
tion field-effect transistor and the 
insulated-gate field-effect transis-
tor. In the insulated-gate type, the 
gate is insulated so that the leakage 
current to and from the gate is 
practically zero. This type of tran-
sistor has a very high input resis-
tance. 
You should also remember that 

field-effect transistors can be made 
in both N-channel types and P-chan-
nel types. You'll recall that by de-
pletion type we are referring to a 
transistor where a channel is pres-
ent. The input voltage to this type of 
transistor controls its channel 
width. JFET transistors are all of 
the depletion type. The IGFET may 
be either the depletion type or the 
enhancement type. 
The unijunction is a semiconduc-

tor device with a single junction. 
Its use in commercial equipment is 
somewhat limited at this time, but 
you should understand the basic 
fundamentals of the device because 
it is quite likely that it will be used 
in the future. 

One important point about all 
types of transistors that we must 
emphasize is that they are all easily 
damaged by excessive heat. This is 
true particularly of germanium 
transistors, but silicon transistors 
can also be destroyed by excessive 
heat. Whenever you have to replace 
a transistor in a circuit, you should 
make sure that the point at which 
you have to solder the transistor in 
the circuit is clean so that the solder 

will melt and flow over the connec-
tion quickly. Also make sure that 
the transistor leads are clean. It is 
a good idea to use a heat sink be-
tween the point at which you are 
soldering and the semiconductor de-
vice. A good heat sink is a pair of 
longnose pliers; simply hold the lead 
securely in the jaws of the pliers 
while you are soldering the lead in 
place. Much of the heat developed 
at the joint will flow through the 
pliers and keep the semiconductor 
device itself from becoming exces-
sively hot. The joint should be sol-
dered as quickly as possible; get 
the iron off the joint just as soon 
as the solder has melted and flowed 
smoothly over the connection. 
Semiconductor devices can be 

damaged by storing them in exces-
sively warm places. Again, this is 
particularly true of germanium 
transistors which are more heat 
sensitive than silicon transistors. 
Storing semiconductor devices at 
room temperature will prevent this 
type of damage. You should avoid 
storing them in any place where they 
can become excessively hot. 
Now to check yourself on this im-

portant section you should answer 
the following self-test questions. 

SELF-TEST QUESTIONS 

(aw) Into what two basic types can 
the grown-junction transistor 
be divided? 

(ax) What type of transistor can 
the surface-barrier transis-
tor be classified as? 

(ay) What is the most important 
characteristic of the surface-
barrier transistor? 

(az) What do we mean by a diffus-
sion transistor? 

(ba) What is an important use of 
the diffusion technique in 
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manufacturing transistors? 
(bb) What is the difference between 

a junction-gate field-effect 
transistor and an insulated-
gate field-effect transistor? 

(be) What is a depletion-type field-
effect transistor? 

(bd) What is an enhancement-type 
FET? 

(be) What is a unijunction? 

Answers to Self-Test Questions 
(a) 

(b) 
(e) 

Four. 
Germanium and silicon. 
A covalent bond is the sharing 
of two electrons by two atoms, 
one from each atom. 

(d) Four. A single atom of ger-
manium or silicon will share 
an electron from its outer ring 
and an electron from the outer 
ring of a nearby atom to form 
a covalent bond. It will do this 
with four electrons to estab-
lish four covalent bonds. 

(e) Intrinsic conduction is con-
duction due to the forma-
tion of hole-electron pairs 
throughout a germanium or 
silicon crystal. 

(f) No. 
(g) Germanium. 
(h) Heat. 
(i) Silicon. 
(j) An N-type material is a ma-

terial that has been doped so 
that electrons are the majority 
carriers. This is brought 
about by using an impurity that 
has five electrons in the val-
ence ring so that when it forms 
covalent bonds with nearby 
germanium or silicon atoms 
there will be an electron left 
over. 
A donor material is an im-
purity which when added to 
silicon or germanium will 

(k) 

form covalent bonds with four 
nearby atoms and have an 
electron left over. When a 
donor material is added to 
germanium or silicon, N-type 
material is formed. 

(1) Arsenic, antimony, and phos-
phorous. 

(m) P-type semiconductor mate-
rial is a material that has been 
doped with an impurity having 
three electrons in the valence 
ring. This will leave a covalent 
bond that is short one electron 
so there will be a hole in the 
bond. The hole is in effect a 
positive charge and hence the 
majority carriers in the P-
type material are the holes or 
positive charges. 

(n) An accepter-type impurity is 
an impurity with three elec-
trons in the valence ring or 
shell. It is an accepter-type 
material because it leaves a 
hole in the covalent bond which 
can accept an electron. 

(o) Indium, boron and aluminum. 
(p) Electrons are the majority 

carriers in N-type material. 
(q) Holes. 
(r) When the arsenic loses an 

electron it will be. short one 
electron to completely neu-
tralize the charge on the nu-
cleus, and therefore the atom 
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will have a positive charge. 
Meanwhile the atom of silicon 
or germanium that has re-
ceived the extra electron will 
have a negative charge on it. 

(s) There is no charge on the 
crystal, it is neutral. Although 
some regions may have a posi-
tive charge, other regions may (z) 
have a negative charge; the 
crystal itself neither gains nor 
loses electrons and therefore 
it does not have any charge. 

(t) Holes are produced. 
(u) Diffusion is a random motion 

of the carriers in a semi-
conductor material. It goes on 
at all times in the crystal and 
every effort is made to keep 
diffusion as low as possible 
since it contributes nothing (ab) 
insofar as the usefulness of (ac) 
the material in semiconductor 
devices is concerned. 
Drift. 
Electrons are the majority 
carriers in an N-type mate-
rial and they move from the 
end to which the negative po-
tential is applied towards the 
end to which the positive po-
tential is applied. 

(x) Holes are the majority car-
riers in a P-type material 
and they move from the end 
to which the positive potential (ad) 
is applied to the end to which 
the negative potential is ap-
plied. 
No - the crystal will remain 
electrically neutral. In the 
case of N-type material, ex-
actly the same number of elec-
trons will leave the positive 
end of the crystal and enter 
the negative end of the crystal. 
In the case of the P-type ma-
terial, electrons will leave the 

(Y) 

(an) 

end to which the positive po-
tential is connected creating 
holes. Exactly the same num-
ber of electrons will enter the 
end to which the negative po-
tential is connected to fill 
holes arriving at the negative 
end. 
No. For a given potential and 
given size of crystal, elec-
trons will move at approxi-
mately twice the rate through 
an N-type crystal as the holes 
will through a P-type crystal. 
The N-type material will have 
the lower resistance. This is 
due to the higher mobility of 
the electrons in the N-type 
material than the holes in the 
P-type material. 
Detectors and rectifiers. 
The depletion layer is an area 
on both sides of the junction. 
On the P-side of the junction 
there is a shortage of holes 
and on the N-side of the junc-
tion there is a shortage of 
electrons. The shortage is 
caused by a few of the ma-
jority carriers crossing the 
junction in each way building 
up a charge at the junction so 
that the majority carriers are 
repelled away from the junc-
tion. 
The potential barrier is the 
voltage built up across the 
junction by the diffusion of 
majority carriers across the 
junction. The holes that dif-
fuse across the junction into 
the N-side of the junction 
create an area that has a nega-
tive charge in the P-side of 
the junction. Similarly, the 
electrons diffusing across the 
junction into the P-side create 
an area on the N-side of the 
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junction that has a positive 
charge. This charge across 
the junction eventually be-
comes high enough to prevent 
any further diffusion of holes 
and electrons across the junc-
tion. 

(ae) No. The net charge on the 
crystal will remain zero. 
There may be areas on the 
crystal that have a positive 
charge, and other areas that 
have a negative charge, but 
since the crystal itself neither 
gains nor loses electrons, the 
net charge on the crystal will 
remain zero. 

(af) Yes. Minority carriers cross-
ing the junction tend to weaken 
the potential barrier estab-
lished across the junction by 
majority carriers diffusing a-
cross the junction. When the 
potential barrier is weakened, 
additional majority carriers 
can cross the junction. Thus 
we end up with carriers cross-
ing the junction in both direc-
tions. This adds nothing to the 
useful current that the diode 
can handle, but it does con-
tribute to heating and thus 
limits the useful current that 
can cross the junction. 

(ag) When a junction is forward 
biased we have a positive po-
tential applied to the P-side 
and a negative potential ap-
plied to the N-side. This per-
mits electrons to freely cross 
the junction from the N region 
to the P region. Similarly 
holes can cross the junction 
from the P region to the N 
region. 

(ah) When a junction is reverse 
biased we have a negative po-
tential connected to the P re-

gion and a positive potential 
connected to the N region. The 
positive potential connected to 
the N region repels holes in the 
P region away from the junc-
tion so that they cannot cross 
the junction. Similarly, the 
negative potential applied to 
the P region repels electrons 
in the N region away from the 
junction so that they cannot 
cross the junction. When a 
junction is reverse biased, 
majority carriers normally 

cannot cross the junction. 
(ai) When there is no voltage ap-

plied to a semiconductor 
diode, the net current flow a-
cross the junction is zero. 
However, in the case of a 
vacuum tube where there is 
no voltage applied between 
plate and cathode, some elec-
trons will leave the cathode 
with sufficient energy to travel 
over to the plate. As a result, 
there will be a small current 
through the tube even though 
there is no voltage applied be-
tween the plate and cathode. 
When a semiconductor diode is 
reverse biased, there will be a 
small current flow across the 
junction due to minority car-
riers. As long as the break-
down voltage of the diode is 
not exceeded, this current will 
be quite small. In the case of 
a vacuum tube, when the plate 
is made negative with respect 
to the cathode, the plate will 
repel electrons so that there 
will be no current flow through 
the vacuum tube. 

(ak) A Zener diode is a diode used 
in applications where a re-
verse bias is placed across the 
junction. The diode is designed 

(a)) 

. 
. 
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• 

to break down at a certain volt-
age and then maintain a con-
stant voltage. If the voltage 
tries to increase above this 
constant value, the current 
flow through the Zener diode 
will increase so that the diode 
can be used in voltage regu-
lating circuits and also can be 
used as a voltage reference 
source. 

(al) A tunnel diode is a diode where 
the electrons cross the junc-
tion by a process similar to 
tunneling across the junction. 
The tunnel diode has a char-
acteristic of introducing nega-
tive resistance into the circuit 
when a certain voltage is ap-
plied across the junction. In 
other words, when the voltage 
across the diode increases, 
the current flow through the 
diode decrease. Similarly, 
when the voltage decreases the 
current increases. Because of 
this negative resistance char-
acteristic, the tunnel diode can 
be used as an oscillator. 

(am) A p-i-n diode is a diode that is 
primarily used as a variable 
resistance. The resistance of 
the diode varies as the voltage 
across it is varied. The p-i-n 
diode is used in automatic gain 
control circuits to vary the 
strength of the signal reach-
ing amplifier stages. 

The base region is the center 
region of the transistor. On 
one side of the base region is 
the emitter, and on the other 
side is the collector. 

(ao) Germanium and silicon. 
(ap) PNP transistors and NPN 

transistors. 
(act) Forward bias. 
(ar) Reverse bias. 

(an) 

(be) 

(as) The base region is usually 
comparatively thin. 

(at) See Fig. 22. 
(au) See Fig. 24. 
(ay) Holes are useful current car-

riers in a PNP transistor. 
(aw) NPN and PNP transistors. 
(ax) An alloy-type transistor. 
(ay) Good high-frequency perform-

ance. 
(az) A diffusion transistor is a 

transistor which has been 
made by diffusing the impuri-
ties into the emitter, base and 
collector regions. 

(ba) One of the most important uses 
of the diffusion technique is in 
the manufacture of non-uni-
form base regions. 

(bb) In a junction-gate field-effect 
transistor there is an actual 
contact between the channel 
material and the gate. There 
will be some current flow a-
cross the contact at all times 
due to minority carriers 
crossing the junction. In addi-
tion, if the junction is forward 
biased there will be a high 
current fl.ow across the junc-
tion. In an insulated-gate field-
effect transistor a glass or 
similar insulating material is 
used between the material in 
the channel and the gate. Since 
there is an insulator between 
the gate and the channel, there 
will be little or no current flow 
across the insulator either due 
to minority carriers when 
there is a reverse bias ap-
plied, or due to majority car-
riers with a forward bias ap-
plied. 
A depletion-type F ET is a unit 
in which the channel is present 
at all times. The transistor 
works by depleting or reducing 
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the size of the channel. 
(bd) An enhancement FET is a unit 

in which there is no channel 
present until the operating 
bias is applied between the 
gate and the material in which 
the channel is formed. 

(be) A unijunction is a semicon-

ductor device having two base 
connections but only a single 
junction. The junction is called 
the emitter. The single junc-
tion makes the unijunction 
quite different from the con-
ventional two-junction tran-
sistor. 

11 
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Lesson Questions 
Be sure to number your Answer Sheet B112. 

. Place your Student Number on every Answer Sheet. 

e 
Most students want to know their grades as soon as possible, so they 

mail in their answers immediately. Others, knowing they will finish the 
next lesson within a few days, send in two sets of answers at a time. 
Either practice is acceptable. However, don't hold your answers too long; 
you may lose them. Don't hold answers to more than two sets of lessons 
at any time, or you may run out of lessons before new ones can reach you. 

1. Name the two most important semiconductor materials used for tran-
sistors. 

2. When a donor type of material is added to a silicon or a germanium 
crystal, what type of semiconductor material is produced? Does this 
type have free electrons or free holes? 

3. What effect do the two layers of ionized atoms at the junction in a PN 
diode have on the majority carriers in the vicinity of the junction? 

4. To which side of a PN junction diode do you connect the positive 
battery terminal if you wish to place a forward bias on the junction? 

5. If a reverse bias is applied to a junction diode, what effect will a small 
increase in bias have on the current flowing, provided the reverse 
voltage does not exceed the breakdown voltage? 

6. What is a Zener diode? 

7. In a PNP transistor, what happens to a hole that crosses the emitter 
and the base and moves into the collector? 

8. What is a drift transistor? 

9. What is an N-channel, junction-type field-effect transistor? 

10. What do we mean when we refer to a field-effect transistor as an 
enhancement type? 



ll 

CASHING IN ON DISCONTENT 

Discontent is a good thing--if it makes you want to 
do something worthwhile. If you had not been dis-
contented, you would never have enrolled for the NRI 
course. 

Practically everyone is discontented. But some of 
as are "floored" by discontent. We develop into com-
plainers. We find fault with anything and everything. 
We end up as sour and dismal failures. 

Those of us who are wise use our discontent as fuel 
for endeavor. We keep striving toward a goal we have 
set for ourselves. We are happy in our work. We face 
defeat, and we come out the victors. 

At this minute you may be discontented with many 

things--your progress with your course, your earning 
ability, yourself. 

Make that discontent pay you dividends. Don't let it 
throw you down. If you do, you may never be able to 
get up again. Keep striving to remove the cause of 
your discontent. Remember that it's always darkest 
before the dawn. And a real NRI man works hardest 
and accomplishes most when he is face to face with 
the greatest discouragements. 
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HOW TRANSISTORS WORK 

In the preceding lessons you stud-
ied tubes, and you saw how they are 
used in different circuits. In this 
lesson you will study semiconduc-
tor devices - these devices have 
already replaced tubes in many im-
portant applications and are rapidly 
moving into new areas that were 
once dominated entirely by tubes. 
An example of the importance 

of semiconductor devices can be 
seen in entertainment-type equip-
ment. Just a few years ago all the 
rectifiers used in this equipment 
were vacuum tubes. Today, however, 
the vacuum tube is no longer used 
for this purpose; rectifiers in the 
mbdern entertainment-type equip-
ment are all semiconductor devices. 

Semiconductor devices used as 
rectifiers have two elements and are 
called diodes just as two-element 
vacuum tubes are called diodes. 
Semiconductors used to amplify sig-
nals usually have three or more ele-
ments and are called transistors. 
There are a large number of dif-
ferent types of transistors available 

today, but for the most part these 
transistors can be classified into 
two types, the NPN transistor and 
the PNP transistor. If you under-
stand how these two transistor types 
work, you should have little difficulty 
understanding how all others work 
and any new transistors that might 
be introduced in the future. Youwill 
run into many different types of 
transistors identified by different 
names, but these names usually re-
fer to the method used in manu-
facturing the transistor rather than 
the manner in which it operates. 
There are some similarities be-

tween tubes and semiconductors. A 
two-element vacuum tube can be 
used to change an alternating cur-
rent to a direct current; a two-
element semiconductor can be used 
for the same purpose. A triode vacu-
um tube can be used to amplify a 
signal; a transistor can be used for 
the same purpose. However, this is 
where the similarity ends. Most 
tubes are vacuum devices; in other 
words, all the air and gas have been 
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evacuated from inside the tube. On 
the other hand, a semiconductor is 
a solid device and there is no space 
between the elements in it. We have 
a current flow through a vacuum in 
a tube, but we have a current flow 
through a solid in a semiconductor. 
The importance of semiconduc-

tors cannot be overemphasized. 
They have completely supplanted the 
vacuum tube in portable radio re-
ceivers and in automobile receivers. 
Almost all high fidelity and stereo 
equipment manufactured today uses 
semiconductors exclusively - the 
only tube-operated equipment of this 
type you are likely to encounter is 
equipment that is several years old. 
Semiconductors are finding their 
way into television receivers and it 
is probably just a matter of time 
before they completely replace the 
vacuum tube. 

Semiconductors have several ad-
vantages over the vacuum tube. Per-
haps one of the most important ad-
vantages is that they do not require 
any heater or filament power. Not 
only is this a power saving in the 
operation of the equipment, but it 
also removes considerable heat 
from the equipment. Heat is probably 
the thing that causes the most dam-
age to parts in electronic equipment. 
Thus with the removal of the heater 
or filament power from the equip-
ment, other components such as ca-
pacitors, etc. will last longer. 

Semiconductors are very rugged. 
They are solid devices and hence 
not subject to breakage from me-
chanical shock as tubes are. An im-
portant advantage of transistors is 
that they will operate on a compara-
tively low voltage, and this usually 

results in some reduction of the 
power required in the equipment. 

Although semiconductors have 
many advantages over vacuum tubes , 
they do have some disadvantages. 
One disadvantage is that it is usually 
not possible to get as high a gain in 
an amplifier stage using a transistor 
as it is in a similar stage using a 
tube. Therefore to get the equivalent 
gain, more transistor stages are re-
quired than vacuum-tube stages. An-
other disadvantage of the transistor 
is that its characteristics are not 
as constant as those of a vacuum 
tube. In other words, you are more 
likely to run into difficulty replacing 
a transistor than you are in replacing 
a tube because the replacement tran-
sistor's characteristics might be 
considerably different from the 
characteristics of the original tran-
sistor. Another disadvantage of both 
diode semiconductors and transis-
tors is that their characteristics can 
vary appreciably with changes in 
temperature. As a matter of fact, 
some semiconductor devices are 
easily destroyed by too much heat. 

In spite of the fact that semicon-
ductor devices have some disadvan-
tages when compared to vacuum 
tubes, their advantages more than 
outweigh the disadvantages and their 
importance in the field of electronics 
is continually growing. Therefore it 
is important that the technician have 
a good understanding of semiconduc-
tor fundamentals, how they are used, 
and how they operate. Before going 
ahead to see how semiconductors are 
used as rectifiers and amplifiers, 
we need to know more about certain 
types of atoms, in order to under-
stand how these devices work. 
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Semiconductor Fundamentals 

You have already learned that cer-
tain materials will conduct elec-
tricity readily and that some mate-
rials will hardly pass any electric 
current at all. The materials that 
will conduct current readily are 
called conductors and those that will 
not conduct current are called in-
sulators. Midway between the two 
types of materials is a group of 
materials called semiconductors. 
These materials are not good con-
ductors, nor are they particularly 
good insulators. Two examples of 
semiconductor materials are ger-
manium and silicon. These are the 
materials that we will be mostly 
concerned with in this section. Both 
diode semiconductors and transis-
tors are made from germanium and 
silicon. A new material that shows 
promise for use in semiconductors 
is gallium arsenide. It's likely that 
this material will be used in semi-
conductors in the future. Before 
going ahead with our detailed study 
of semiconductor materials, let us 
review a few important facts about 
conductors and insulators. 

CONDUCTORS AND 

INSULATORS 

You will remember that all mate-
rials are made up of atoms. An atom 
is the smallest particle of a mate-
rial that retains the characteristics 
of the material. 

In the center of the atom is the 
nucleus. This nucleus contains a 
positive charge. The number of posi-
tive charges on the nucleus distin-

guishes one material from another. 
In other words, the nucleus of a cop-
per atom does not have the same 
number of positive charges as the 
nucleus of an iron atom. 

Each atom normally has enough 
electrons, which have a negative 
charge, to exactly neutralize the 
positive charge on the nucleus. Thus, 
the hydrogen atom which has a 
nucleus with one positive charge will 
have one electron, and the helium 
atom which has a positive charge of 

two in the nucleus will have two 
electrons. Another atom that has a 
nucleus with 30 positive charges will 
have 30 electrons to exactly neutral-
ize the positive charge on the 
nucleus. 
The electrons in an atom arrange 

themselves in shells around the nu-
cleus. The total number of electrons 
will normally be just enough to neu-
tralize the charge on the nucleus. 
However, there is a maximum num-
ber of electrons that can be forced 
into each shell. In the first shell 
around the nucleus, the maximum 
number of electrons is 2. In the sec-
ond shell, the maximum number of 
electrons is 8, and in the next shell 
the maximum number of electrons 
is 18. A shell can have less than the 
maximum number of electrons, but 
not more than the maximum number. 
Conductors. 
An example of an atom in a con-

ductor is shown in Fig. 1. We have 
drawn the shells in the form of 
rings, but remember that this atom 
actually has three dimensions, not 
two. Notice that in this atom there 
are two electrons in the first shell, 
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Fig. 1. .\ri atom of a vonductor. 

8 electrons in the next shell and 
only one electron in the third shell. 
The outer shell is called a valence 
shell. The single electron in the 
third shell, which is called the 
valence electron, is not very closely 
bound to the nucleus; it can easily 
be removed from the atom. Thus a 
material of this type has a large 
number of electrons that can easily 
be removed from their atoms. When 
these electrons are forced to move 
in one direction we have a current 
flow. Thus a material that has only 
one or two electrons in an outer 
shell that could have many more, 
is a conductor, because the one or 
two electrons in the outer shell are 
not closely bound to the nucleus. 
Insulators. 
An atom of an insulator is shown 

in Fig. 2. Notice that in this atom 

Fig. 2. \ri atom of an insulator. 

there are two electrons in the first 
shell, and 8 electrons in the second 
shell. Both the shells are completely 
filled and will be closely bound to 
the nucleus. This means that it is 
very difficult to get one of these 
electrons out of an atom and there-
fore this material is an insulator 
or nonconductor. 
Remember the important differ-

ence between conductors and insula-
tors. A conductor is a material that 
has one or two electrons in the outer 
shell that are not closely bound to 
the nucleus, whereas an insulator is 
a material in which the outer shell 
of each atom is filled or almost filled 
so that the electrons are closely 
bound to the atom and cannot be 
easily removed. Because these elec-
trons cannot be removed from the 
atom, this type of material normally 
will not conduct current, and hence 
is called an insulator. 

SEMICONDUCTOR 
MATERIAL 

A material that is classified as a 
semiconductor has electrical char-
acteristics midway between those of 
a conductor and those of an insulator. 
The electrons in a semiconductor 
can be removed from their atoms 
when some type of external energy, 
such as voltage, heat, or light is ap-
plied to the material. Then the mate-
rial acts like a conductor. 
The most important semiconduc-

tor materials used for transistors 
are germanium and silicon. The first 
low-cost transistors were germani-
um transistors, but recent develop-
ments have lowered the cost of sili-
con transistors so that most of the 
new transistor types being intro-
duced are silicon. Both germanium 
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and silicon are very abundant ele-
ments, but neither is found in the 
pure state, and it is quite difficult 
to process them to the high state 
of purity required for use in tran-
sistors. The first transistors were 
made of germanium because tech-
niques for getting pure germanium 
were developed first. However, now 
it is possible to refine silicon to the 
high degree of purity required, at a 
reasonable cost, and since silicon 
has several advantages over ger-
manium for use in semiconductor 
devices it has in many ways re-
placed germanium. 

In general, there is not too much 
difference between the operation of 
semiconductor devices made from 
gerrhanitun and those made from 
silicon. We will cover the impor-
tant points of these devices made 
from both materials since you will 
run into semiconductor devices of 
both types. 
The Germanium Atom. 
The arrangement of electrons 

about the nucleus in a germanium 
atom is shown in Fig. 3A. The 
nucleus of the germanium atom has 
a positive charge of 32. Thus as 
you might expect, there will be 32 
electrons revolving in the shells 
about the nucleus. There are two 
electrons in the first shell, eight 
in the second, eighteen in the third 
and four in the fourth shell. Thus, 
the first, second and third shells are 
filled, but there are only four elec-
trons in the outer shell. However, 
these four electrons, which are 
called the valence electrons, are 
bound to the nucleus much more so 
than the one or two electrons found 
in the outer shell of a conductor. 
The important electrons in the 

germanium atom, insofar as its use 
in semiconductors is concerned, are 

Fig. 3. (A) is the germanium atom with 
a charge of 32. (B) shows the simpli-

fied symbol. 

the four electrons in the outer shell 
because the shell is not filled. The 
other electrons are bound so closely 
to the nucleus that they cannot easily 
be removed. Therefore, germanium 
is often represented as shown in Fig. 
3B. 
The Silicon Atom. 

The arrangement of electrons 
about the nucleus in a silicon atom 
is shown in Fig. 4A. The nucleus of 
the silicon atom has a positive 
charge of 14. Therefore, there will 
be fourteen electrons revolving 
about the nucleus. There are two 
electrons in the first ring, eight in 
the second and four in the third. 
Thus the first and second rings are 
filled, but there are only four elec-
trons in the outer shell. These four 

Fig. 4. (A) shows the silicon atom 
tsith a charge of 14. (B) shows the 

outer shell with four electrons. 
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electrons are the valence electrons 
like the four in the germanium atom 
and are bound fairly closely to the nu-
cleus. As in the case of the germani-
um atom, the four electrons in the 
outer ring are the ones that are of 
importance in the use of silicon in 
semiconductors. 

Notice the similarity between the 
silicon and germanium atoms. In 
both atoms, the outer shell or ring 
has four electrons, and all the other 
shells are filled. 

The tendency of some materials 
like silicon and germanium, that do 
not have the outer shell completely 
filled with electrons, is to get addi-
tional electrons to fill up the outer 
shell. In pure germanium and sili-
con, the electrons in the outer shell 
of one atom are bound as closely to 
that atom as the four electrons in the 
outer shell of another atom. There-
fore one atom cannot pull electrons 
away from another atom. Instead, 
two nearby atoms will share one 
outer electron from each atom. In 
other words, two atoms of germani-
um may share electrons as shown 
in Fig. 5A; and two atoms of silicon 
may share electrons as shown in 
Fig. 5B. By sharing electrons in 
this way, each atom will partly fill 
its outer shell. This pair of shared 
electrons, one from each of two 
atoms, is called "a covalent bond". 

In order to try to fill its outer 
ring with electrons, a single ger-
manium atom or a single silicon 
atom will establish covalent bonds 
with four other atoms. This arrange-
ment of atoms in a piece of ger-
manium is shown in Fig. 6A. A simi-
lar arrangement of atoms in a piece 
of silicon is shown in Fig. 6B. These 
pieces of silicon and germanium are 
called crystals and the way in which 
they are arranged is called a lattice 
structure. Each atom shares each of 
its four valence electrons with one 
valence electron of another atom to 
form these bonds. 

INTRINSIC CONDUCTION 

Even at comparatively low tem-
peratures, there is heat energy in 
all materials. This energy is suffi-
cient to cause a few of the electrons 
to move out of their proper place in 
the lattice structure of either the 
germanium crystal or the silicon 
crystal and become free electrons. 
These free electrons are available 
for conduction of electric current. 
The number of free electrons avail-
able is much higher in germanium 
than it is in silicon. 
When one of these electrons moves 

out of its position in the lattice struc-
ture, it leaves an empty space in the 
crystal lattice. This empty space is 
called a hole. An electron from a 

Fig. 5. The sharing of two electrons by two germanium atoms is shown at A; by 
two silicon atoms at B. 

6 



COVALENT BONDS COVALENT BONDS 

Fig. 6. The lattice structure of germanium is shown at A; of silicon at B. 

nearby atom can move into this hole 
thus creating a new hole at the place 
it left. Another electron may move 
out of still another atom to fill this 
new hole, leaving behind it a hole. 
This movement of an electron to fill 
a hole thus creating a new hole in 
the place it left makes it look as if 
holes themselves move. Further-
more, since the hole represents a 
missing electron, it has a positive 
charge. 

In a piece of germanium or sili-
con, the electrons are in a constant 
state of motion about their atoms. 
If in its movement an electron 
comes closer to a hole than to its 
own atomic nucleus, it will be 
strongly attracted to the hole and 
will leave its atom. When there is no 
voltage applied across the crystal, 
the movement of a hole or an elec-
tron is a random movement. Holes 
and electrons may move in any di-
rection. 

If heat or some other form of ex-
ternal energy is applied to the crys-
tal, the resistance of the material is 

reduced. This happens because more 
electrons are freed by the energy 
applied to the crystal. In addition, 
the speed of the random movement 
is increased. 
The movement of an electron out 

of an atom forms a hole in the atom. 
Thus, whenever an electron is freed 
from an atom a hole is formed. This 
free electron and the hole it forms 
are called a "hole-electron pair". 
The formation of hole-electron pairs 
is a continuous process. Also the 
filling of holes by electrons is a con-
tinuous process. In other words,the 
process of an electron leaving its 
atom and forming a hole, and an-
other electron moving in to fill the 
hole and in so doing creating a new 
hole, is a continuous process. The 
conduction of electricity in pure 
germanium or pure silicon crystals 
due to the formation of hole-elec-
tron pairs is called the intrinsic 
conduction. 
The conductivity of a germanium 

crystal or a silicon crystal ,which is 
the ability of the material to conduct 
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an electric current, depends on the 
average length of time an electron 
is free and on the number of free 
electrons. We mentioned previously 
that there are more electrons free 
if external energy, such as heat, is 
applied to the material. Therefore 
the conductivity rises as the tem-
perature of the material is in-
creased. 

This type of conduction is much 
higher in germanium than it is in 
silicon. As an example, if we had a 
germanium crystal exactly one 
centimeter on each side and meas-
ured the resistance across two 
parallel surfaces, we would find the 
resistance to be approximately 60 
ohms. The resistance of an equiv-
alent piece of silicon would be ap-
proximately 60,000 ohms. Thus in-
trinsic conduction is much higher in 
germanium than it is in silicon. 

Intrinsic conduction in transistors 
is undesirable. It is kept as low as 
possible by holding the operating 
temperature of the material down. 
Transistors are also shielded from 
light because light is a form of en-
ergy and light striking the crystal 
will increase the intrinsic conduc-
tion. Since silicon has a muchlower 
intrinsic conduction than germani-
um, semiconductors made from sili-
con are less affected by heat than are 
semiconductors made from ger-
manium. This is one of the chief 
advantages of silicon over germani-
um as a semiconductor material. 

In their pure forms, neither ger-
manium nor silicon are useful in 
semiconductor devices. In fact, in 
spite of intrinsic conduction, neither 
material is a good conductor at room 
temperature; they are both fairly 
good insulators. To use these ma-
terials in semiconductors, con-
trolled amounts of other selected 

elements called impurities are 
added to the crystals to alter their 
characteristics. By adding these 
materials we can produce two types 
of silicon and two types of germani-
um. They are called N-type and P-
type. Now, let us study the charac-
teristics of these two types of mate-
rials. 

N-TYPE MATERIAL 

N-type silicon or germanium can 
be produced by adding as an impurity 
an element that has five electrons 
in its outer ring. An example of this 
type of material is arsenic. Arsenic 
has a positive charge of 33 on the 
nucleus and has 33 electrons in the 
shells surrounding the nucleus. 
There are two electrons in the first 
shell, eight in the second, eighteen 
in the third and five in the fourth 
or outer shell. In other words, 
arsenic is just like germanium ex-
cept that the nucleus has one more 
positive charge and there is one addi-
tional electron in the outer shell. 

If a small amount of arsenic is 
added to the germanium, the arsenic 
atoms will form covalent bonds with 
the germanium atoms as shown in 
Fig. 7. However , to form the covalent 
bonds with its neighboring germani-
um atoms, the arsenic atom needs 
only four of the electrons in its outer 
shell. Therefore there will be one 
electron left over when the arsenic 
atom forms covalent bonds with the 
four neighboring germanium atoms. 
This electron is free to move about 
within the crystal in exactly the same 
manner as a single valence electron 
in a good metal conductor. The addi-
tion of arsenic, which produces these 
free electrons, greatly reduces the 
resistance of the material. 
When a small amount of arsenic 
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COVALENT BONDS EXCESS ELECTRON 

Fig. 7. Germanium ‘vith arsenic added. 

is added to a silicon crystal exactly 
the same thing happens. The arsenic 
atom forms covalent bonds with the 
silicon atoms. As in the case of the 
germanium atom, only four of the 
electrons in the outer shell of the 
arsenic atom are used in forming 
these covalent bonds so there will 
be one electron left over. 
When germanium or silicon have 

had an impurity added to them we 
say they have been doped. When 
semiconductor material has been 
doped with a material such as arse-
nic that results in there being ex-
cess electrons, we call it an N-type 
material. The N refers to the nega-
tive carriers, which are the free 
electrons. Arsenic is called a donor 
impurity because it donates an easily 
freed electron. 

In addition to arsenic, other ma-
terials have been used as donors. 
Phosphorus, which has a total of 
fifteen electrons, can be used. The 
phosphorus atom has two electrons 
in the first shell, eight in the second 
and five in the third. Four of the 
electrons in the valence shell or 

ring will form covalent bonds with 
germanium or silicon atoms leaving 
a fifth electron free. Antimony, 
which has 51 electrons , also has been 
used as a donor. Antimony has two 
electrons in the first shell, eight in 
the second, eighteen in the third, 
eighteen in the fourth and five in the 
fifth or valence shell. 

P-TYPE MATERIAL 

If instead of adding a material with 
five electrons in its valence shell, 
we add a material with only three 
electrons in the valence shell, we 
have a situation where the impurity 
added to the silicon or germanium 
has one less electron than it needs 
to establish covalent bonds with four 
neighboring atoms. Thus, in one 
covalent bond there will be only one 
electron instead of two. This will 
leave a hole in that covalent bond. 
A material that is frequently used 

for this purpose is indium. Indium 
has 49 electrons, two in the first 
shell, eight in the second, eighteen 
in the third, eighteen in the fourth 
and three in the fifth or valence shell. 

HOLE COVALENT BONDS 

Fig. 8. Silicon with indium added. 
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The manner in which indium forms 
covalent bonds with neighboring sili-
con atoms is shown in Fig. 8. It forms 
covalent bonds with germanium 
atoms in the same way. 
We mentioned previously that even 

at comparatively cold temperatures 
there is some heat energy within 
the crystal and thus there will be a 
few free electrons moving about the 
crystal. These free electrons are 
strongly attracted to the holes in 
the covalent bond produced where 
an indium atom has replaced a sili-
con or a germanium atom. Thus an 
electron will move into a hole in the 
covalent bond producing a new hole 
in another atom and giving the effect 
that the hole is moving as shown in 
Fig. 9. 

Since a hole in the crystal actu-
ally represents a shortage of an 
electron, it is an area with a posi-
tive charge. Therefore when a semi-
conductor material has been doped 
with a material such as indium that. 
produces holes in the lattice struc-
ture, we call it a P-type material. 

MOVEMENT 
OF HOLE 

PATH OF ELECTRON 
FILLING HOLE 

Fig. 9. ‘‘ hen an electron fills a hole, 
another hole %%ill apparently move to 

here the electron 

P stands for positive; since holes 
represent a shortage of an electron 
we say they act as positive carriers. 
The indium is called an accepter 
impurity because its atoms leave 
holes in the crystal structure that 
are free to accept electrons. In addi-
tion to indium, boron and aluminum 
are also used as accepter impuri-
ties. Boron has 5 electrons, two in 
the first shell and three in the sec-
ond which is the valence shell. Alu-
minum has 13 electrons, two in the 
first shell, eight in the second and 
three in the third or valence shell. 

CHARGES IN N-TYPE 

AND 
P-TYPE MATERIAL 

When a donor material such as 
arsenic is added to germanium or 
silicon, the fifth electron in the va-
lence ring of the arsenic atom does 
not become part of a covalent bond. 
This extra electron may move away 
from the arsenic atom to one of the 
nearby germanium or silicon atoms. 
The arsenic atom has a charge of 

+33 on the nucleus and normally has 
33 electrons to neutralize this 
charge. When the electron moves 
away from the atom there will be 
only 32 electrons to neutralize the 
charge on the nucleus, and as a re-
sult there will be a small region of 
positive charge around the arsenic 
atom. Similarly, the excess elec-
tron that has moved into a nearby 
germanium or silicon atom will pro-
vide an excess electron in the atom. 
In the case of the germanium atom 
there will be a total of 33 electrons 
around a nucleus requiring only 32 
electrons to completely neutralize 
it, and in the case of the silicon 
atom there will be 15 electrons 
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around the nucleus requiring only 
14 electrons to neutralize it. This 
means that the atom will have an 
extra electron so that there will be 
a region of negative charge around 
this atom. 

It is important to notice that al-
though there is a region of positive 
charge around the arsenic atom after 
the electron has moved away, and a 
region of negative charge around the 
germanium or silicon atom taking up 
the extra electron, the total charge 
on the crystal remains the same. In 
other words, a given crystal will 
have a net charge of zero. This 
means that there will be exactly 
enough electrons to neutralize the 
positive charges on the nuclei on 
the various atoms. But because some 
of the electrons may move about in 
the crystal, there will be regions in 
the crystal where there are nega-
tive charges and other regions where 
there are positive charges, even 
though the net charge on the crystal 
is zero. 

In a P-type material to which ma-
terial such as indium has been add-
ed we will have a similar situation. 
You will remember that the indium 
atom has only three electrons in its 
valence ring. These are all that were 
needed to neutralize the positive 
charge on the nucleus. However , with 
only three electrons in the valence 
ring, there is a hole in one of the 
covalent bonds formed between the 
indium atom and the four adjacent 
germanium or silicon atoms. If an 
electron moves in to fill this hole, 
then there is one more electron in 
the indium atom than is needed to 
neutralize the charge on the nucleus. 
Thus there will be a region of nega-
tive charge around the indium atom. 
Similarly, if one of the germanium 
or silicon atoms has given up an 

electron to fill the hole in the co-
valent bond, then the atom which has 
given up the electron will be short 
an electron so that there will be a 
region of positive charge around 
this atom. Again, while this giving 
up of an electron by a germanium 
atom and the acceptance of an elec-
tron by the indium atom ionizes or 
charges both atoms involved, the 
net charge on the crystal is still 
zero. We simply have one atom that 
is short an electron and another 
atom that has one too many. The 
crystal itself does not take on any 
charge. 
These ionized atoms produced in 

both the N-type and the P-type ger-
manium and the N-type and the P-
type silicon are not concentrated in 
any one part of the crystal, but in-
stead are spread uniformly about 
the crystal. If any region within the 
crystal were to have a very large 
number of positively charged atoms, 

these atoms would attract free elec-
trons from other parts of the crystal 
to neutralize part of the charged 
atom, so that the charge would be 
spread uniformly about the crystal. 
Similarly, if a large number of atoms 
within a small region have had an 
excess of electrons, these electrons 
would repel each other and spread 
throughout the crystal. 

Both holes and electrons are in-
volved in conduction at all times. 
Holes are called positive carriers 
and electrons negative carriers. The 
one present in greatest quantity is 
called the majority carrier; the 
other is the minority carrier. In an 
N-type material, electrons are the 
majority carriers and holes are the 
minority carriers, whereas in a P-
type material, holes are the majority 
carriers and electrons the minority 
carriers. 
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SUMMARY 

This is a very important section 
of this lesson. You have covered 
many of the fundamentals of semi-
conductors on which we will build 
the remainder of the lesson. It is 
important that you understand the 
basic theory of semiconductors in 
order to be able to understand how 
semiconductor diodes and transis-
tors work. We will summarize the 
important points that were covered 
in the preceding section. 

If any of these points are not clear, 
you should go back and study the les-
son again until they are clear. If you 
understand the first section of the 
lesson, you should be able to under-
stand the material following without 
too much difficulty. However, if you 
do not understand what has been 
covered previously, you will have 
difficulty understanding what is to 
follow. 

Pure semiconductor material 
such as germanium or silicon is a 
very poor conductor. In fact, it is 
an insulator if it is protected from 
all outside sources of energy. How-
ever, even at room temperature 
there is enough heat present in ger-
manium and silicon to produce some 
electron and hole movement. The 
movement is much greater in ger-
manium than it is in silicon. 
An electron movement out of a 

covalent bond in a germanium or 
silicon atom leaves a hole in that 
bond. The hole will attract an elec-
tron from a nearby atom, producing 
a hole in that atom. Thus, both the 
hole and the electron appear to move. 
The holes are positive carriers and 
the electrons negative carriers of 
electricity. This formation of hole-
electron pairs is undesirable in 

transistors and steps are taken to 
keep it as low as possible. The for-
mation of hole-electron pairs in-
creases as the temperature in-
creases and is a much more serious 
problem in germanium-type semi-
conductor material than in silicon-
type semiconductor material. 

Semiconductor materials can be 
doped by adding small amounts of 
impurities. If a material with five 
electrons in the valence ring is add-
ed, the material is called a donor-
type impurity. This type of mate-
rial has one electron left over after 
it forms covalent bonds with four 
neighboring germanium or silicon 
atoms. Thus there will be an excess 
of electrons. We then refer to this 
kind of material as an N-type 
material. 

If the germanium or silicon is 
doped with an impurity, called an 
accepter impurity, having three 
electrons in the valence shell, the 
impurity forms covalent bonds with 
the four neighboring germanium or 
silicon atoms. However, there will 
be a hole in one of the covalent bonds 
because the impurity has only three 
electrons available to form covalent 
bonds with four neighboring ger-
manium and silicon atoms. This type 
of germanium or silicon is called 
P-type because there will be holes 
in the material, and these holes act 
as positive carriers. 

Another point to remember is that 
when an electron is freed or when a 
hole captures an electron, the atoms 
involved become charged, or ion-
ized. Thus throughout both N-type 
and P-type germanium or N-type 
and P-type silicon we have small 
regions of charge. However, the net 
charge on the crystal is zero and the 
charged regions are evenly distri-
buted throughout the material. 
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SELF-TEST QUESTIONS 

(a) How many electrons are there 
in a valence shell or ring in a 
silicon atom? 
What are the two types of ma-
terial most widely used in 
semiconductor devices? 
What is meant by a covalent 
bond? 

(d) How many covalent bonds will 
a single germanium or silicon 
atom establish? 
What is intrinsic conduction? 
Is intrinsic conduction de-
sirable? 
In which type of conductor ma-
terial, germanium or silicon, 
is intrinsic conduction the 
greatest? 
What is the greatest cause of 
an increase in intrinsic con-
duction in germanium? 
Which semiconductor mate-
rial, silicon or germanium, 

(3) 

(e) 

(e) 

(f) 

(g) 

(h) 

(i) 

(j) 
(k) 
(1) 

(m) 
(n) 

(0) 

(p) 

(q) 

has greater resistance? 
What is an N-type material? 
What is a donor material? 
Name two materials used as 
donors. 
What is P-type material? 
What is an accepter impurity? 
Name three types of accepter 
material. 
In N-type material what is the 
majority carrier? 
What are the majority car-
riers in the P-type material? 

(r) When a donor impurity such as 
arsenic loses an electron in a 
semiconductor material, what 
happens to the arsenic and to 
a nearby atom that gains the 
electron insofar as their rela-
tive charge is concerned? 
Although there are small 
areas that have positive and 
negative charges in a doped 
semiconductor, what is the 
overall charge on the crystal? 

(s) 
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Current Flow in Semiconductors 

In order to understand how tran-
sistors operate, there are several 
new ideas that you must master. 
First, you must understand how cur-
rent flows through both N-type and 
P-type semiconductor materials. 
Current flow through an N-type ma-
terial is not too different from cur-
rent flow through metals, which you 
have already studied. However, 
there is quite a difference in the way 
current flows through a P-type ma-
terial. 
When a P-type material is placed 

next to an N-type material, we have 
what is called a junction. The action 
that occurs at the point of contact 
between these two different types of 
materials is extremely important. 
It is this action that makes the tran-
sistor possible. 

In this section of the lesson we 
will study how current flows through 
N-type and P-type materials. We 
need to understand current flow 
through both types of germanium or 
silicon to be able to understand how 
a junction works. In a later section 
we will see how a junction works. 
Later, we will see what happens in 
a transistor, which has two junc-
tions. 

This section is extremely impor-
tant, and you should be sure that you 
understand it completely. Once you 
understand this material, it will be 
a simple step to see how transistors 
can be used to amplify signals. 

DIFFUSION 

As we have mentioned, adding im-
purities to pure germanium or sili-
con adds free electrons or holes. 

You might at first think that when 
there is no voltage applied there 
would be no motion of the free holes 
and electrons. However, this is not 
true--as you learned when we dis-
cussed intrinsic conduction, there 
is a certain amount of energy pres-
ent in the crystal. This energy might 
be due to the temperature of the 
crystal, because as we pointed out 
before, even at room temperature 
the crystal does have heat energy. 
Motion of the free holes or electrons 
due to energy of this type is at ran-
dom; in other words there is no net 
movement in any one direction. 
Holes move one atom at a time, and 
any hole may move from its starting 
location to any of the surrounding 
atoms. This means that a hole may 
start off in one direction as it moves 
from one atom to another, and then 
may move in almost the opposite 
direction as it moves to still a third 
atom. Similarly, elgctron movement 
is in a random direction; a given 
electron may move in first one di-
rection and then in another. 
When electrons and holes are in 

motion, the different carriers are 
moving in different directions. Re-
member that when there is a hole in 
one atom, and an electron moves 
from another atom to fill that hole, 
a new hole appears in the second 
atom. In other words, the electron 
has moved from the second atom to 
the first, whereas the hole has moved 
in the opposite direction from the 
first atom over to the second atom 
that gave up the electron. The re-
sult is that the effective current flow 
of any one carrier is cancelled by 
the movement of the other carrier 
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and the resulting current flow in any 
direction is zero. 

This random motion of carriers is 
called diffusion. It goes on at all 
times in a crystal whether there is 
a voltage applied to the crystal or 
not. Every effort is made in the de-
sign of transistors to keep this dif-
fusion as low as possible. 

DRIFT 

Another type of carrier movement 
in semiconductors is known as 
"drift". This is the type of move-
ment that is obtained when a voltage 
is applied across the crystal. Since 
the manner in which current flows 
through N-type and P-type material 
is different, let's consider them 
separately. 
N-Type Material. 

In Fig. 10 we have shown an N-
type crystal with a voltage applied 
to it. The voltage difference sup-
plied by the battery provides a force 
which makes it easier for the elec-
trons to move in one direction than 
in the other. In an N-type material, 
the electrons will be attracted by the 
positive terminal of the battery. Be-
cause in the N-type material the 
electrons greatly outnumber the 

ELECTRONS POSITIVE 
IONS 

4-1P— 
oca. 
o-e 
()Go 

N-TYPE MATERIAL 

III- 
-4> 

Fig. 10. N-type crystal t.ith voltage 
applied to it. 

holes, they will carry the current. 
When the electrons are attracted 

by the voltage applied to the positive 
terminal, they will move towards the 
positive terminal. When an electron 
moves away from the covalent bond 
that produced this free electron, it 
will leave behind an atom with a posi-
tive charge, which we call a positive 
ion. The electrons moving towards 
one end of the crystal set up a region 
that has a local negative charge, as 
shown in Fig. 10. This negative 
charge sets up a potential difference 
between that part of the crystal and 
the positive terminal of the battery. 
In other words the attraction of the 
positive battery terminal causes 
electrons to bunch up near the end of 
the crystal connected to the positive 
terminal. The electrons are drawn 
from the crystal into the wire con-
necting the crystal to the positive 
terminal of the battery by this po-
tential difference. 

Meanwhile, the electrons that have 
left the atoms at the other end of the 
crystal have left behind positive 
ions. This sets up a region of posi-
tive charge around the end of the 
crystal connected to the negative 
terminal of the battery so there will 
be a potential difference between the 
negative terminal of the battery and 
this region of positive charge. This 
potential difference will pull elec-
trons from the wire into the crystal. 
These electrons replace the free 
electrons that were attracted to the 
positive terminal of the battery. 
The number of electrons leaving 

the crystal at the end connected to 
the positive terminal of the battery 
will be exactly equal to the number 
of electrons entering the crystal at 
the end connected to the negative 
terminal of the battery. Since the 
crystal was electrically neutral be-
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Fig. 11. l'-type crystal with voltage 
applied to it. 

fore the battery was connected and 
the number of electrons in it are 
constant, the crystal remains elec-
trically neutral. 
P-Type Material. 

Conduction through P-type mate-
rial is quite different from conduc-
tion through N-type material. In the 
P-type semiconductor, nearly all of 
the current is carried by holes. When 
a battery is applied to a P-type 
semiconductor, as shown in Fig. 11, 
the voltage causes the holes to drift 
towards the negative terminal. They 
are repelled by the positive potential 
applied to the one end of the mate-
rial and attracted by the negative 
potential applied to the other end. 
When a hole starts moving away 
from the end of the material con-
nected to the positive terminal of 
the battery, it moves because it is 
filled by an electron attracted from 
a nearby germanium atom. 
When the hole in an accepter type 

atom is filled with an electron, the 
atom actually has one electron more 
than it needs to neutralize the charge 
on the nucleus. Thus, the atom has a 
negative charge, or in other words it 
becomes a negative ion. Negative 
ions that are formed near the end of 
the semiconductor that is connected 

to the positive terminal of the bat-
tery build up a region of negative 
charge at this end of the material. 
The extra electrons are drawn from 
these ions by the positive terminal 
of the battery, and a new hole is 
formed. These holes then drift to-
wards the end of the semiconductor 
that is connected to the negative ter-
minal of the battery, and build up a 
positive charge at this end of the 
semiconductor. This positive charge 
attracts free electrons from the ex-
ternal circuit. As a hole is filled 
with an electron, it disappears. 

Thus in the P-type material, we 
have an electron flow in the external 
circuit from the negative terminal 
of the battery to the semiconductor, 
and from the semiconductor to the 
positive terminal of the battery. 
However, in the semiconductor it-
self, current flow is by means of 
holes, which drift from the end of 
the semiconductor that is connected 
to the positive terminal to the end 
that is connected to the negative 
terminal of the battery. Keep this 
point in mind, that even in the P-
type material where conduction 
within the material is by holes (which 
are positive carriers) the current 
flow in the external circuit is by 
means of electrons and is in the 
conventional direction from the 
negative terminal towards the posi-
tive terminal of the battery in the 
external circuit. 
There are several important dif-

ferences between conduction in N-
type semiconductors and conduction 
in P-type semiconductors. In both 
cases electrons flow from the ex-
ternal circuit into the crystal and 
then out of the crystal into the ex-
ternal circuit. However, in the N-
type crystals, the excess electron 
produced when a donor atom forms 
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covalent bonds with four germanium 
atoms is a free electron that can 
move about in the crystal. However, 
in the P-type material, the electrons 
are not free, but can move only to 
holes. Since a hole can capture an 
electron from any of its surround-
ing atoms, it is the hole that is free 
to move in any direction. 

Another important difference be-
tween the N-type and the P-type ma-
terials is that a free electron moves 
approximately twice as fast as a 
hole. This affects the conductivity of 
the two types of semiconductor ma-
terial. If we have two crystals, one 
an N-type and the other a P-type, 
if the N-type material has the same 
number of free electrons as the P-
type has holes, the N-type will have 
a lower resistance because the free 
electrons can move approximately 
twice as fast as the holes in the P-
type material. 

SUMMARY 

The important thing to remember 
from this section is that there are 
two types of carrier movement in 
semiconductors. The first is called 
diffusion and is simply a random 
movement of the carriers in the 
semiconductor material. The cur-
rent flow produced by one carrier is 
cancelled by the movement of the 
other, and the resultant current flow 
in any direction is zero. Diffusion 
is the random motion of electrons or 
holes in a doped semiconductor due 
to the energy of the material. 

The other type of movement we 
discussed is called drift. This type 
of conduction is produced when a 
potential is connected across a 
semiconductor. This potential can 
cause either electrons or holes to 
move within the semiconductor. In 

an N-type semiconductor, current 
flows through the semiconductor be-
cause of the movement of the free 
electrons produced by the donor 
atoms that have been added to the 
semiconductor material. In the P-
type semiconductor, current flow 
through the crystal is by means of 
holes which are produced when an 
accepter-type impurity is added to 
the crystal. 

In both cases current flow in the 
external circuit is from the negative 
terminal of the battery to the crystal 
and from the crystal to the positive 
terminal of the battery. In the N-
type material, electron flow through 
the crystal is from the end connected 
to the negative terminal of the bat-
tery to the end connected to the posi-
tive terminal of the battery. In the 
P-type semiconductor, the holes 
flow from the end of the semicon-
ductor connected to the positive ter-
minal of the battery to the end of the 
semiconductor connected to the 
negative terminal of the battery. 
The speed with which electrons 

move through N-type material is 
about twice the speed with which 
holes move through P-type material. 
Thus N-type material has better 
conductivity than P-type material, 
which means that N-type germanium 
will have a lower resistance than 
P-type germanium. 

SELF-TEST QUESTIONS 

(t) When an accepter-type im-
purity is added to a silicon or 
a germanium crystal, what 
type of carrier is produced in 
the crystal? 

(u) What is diffusion? 
(v) What is the name given to the 

movement of carriers in a 
semiconductor material when 
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(w) 

a voltage is applied across the 
material? 
What are the majority car-
riers in an N-type material 
and in what direction do they 
move when a voltage is ap-
plied across the material? 

(x) What are the majority car-
riers in a P-type material and 
in what direction do they move 
through the material when a 
potential is applied across the 
material? 
When current is flowing (Y) 

through a crystal, will the 
crystal be charged? 

(z) Is the rate of travel of elec-
trons through N-type mate-
rial the same as the rate of 
travel of holes through P-type 
material? 

(aa) If you had two identical pieces 
of silicon and one was doped 
so that it was N-type material 
and the other doped so that it 
was P-type material, which 
would have the lower resist-
ance? 

Semiconductor Diodes 
Just as there are diode tubes, 

there are also diode semiconduc-
tors. Some diode semiconductors 
are used as detectors; others are 
used as rectifiers in power supplies 
to change ac to pulsating de. Diodes 
used as detectors are often referred 
to as signal diodes.Both germanium 
and silicon signal diodes are widely 
used. Diodes used for power recti-
fication are almost exclusively sili-
con diodes. Relatively small silicon 
diodes can often handle consider-
ably more current than a large rec-
tifier tube. 
A semiconductor diode is made 

by taking a single crystal and adding 
a donor impurity to one region and 
an accepter impurity to the other. 
This will give us a single crystal 
with a P section and an N section. 
Where the two sections meet, we 
have what is called a junction. Con-
tacts are fastened to the two ends 
of the crystal so that a simple PN 
junction diode like the one shown in 
Fig. 12 is formed. For simplicity 

in the diagram we have represented 
the crystal as a box-like structure 
with one half being P-type material 
and the other half N-type material 
with a junction between the two sec-
tions. 

This type of diode is called a 
junction diode. The action that takes 
place at the junction of the P-type 
crystal and the N-type crystal is 
what we will be most concerned with 
now. In order to understand how a 
junction diode works, you must learn 
something about the movement of 
electrons and holes near the junc-
tion. The movement of holes and 

LARGE AREA 
CONTACT 

LEAD 

JUNCTION 

P-TYPE 
CRYSTAL 

N-TYPE 
CRYSTAL 

LEAD 

LARGE AREA 
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Fig. 12. Simple PN juncLion. 

18 



electrons will form what is called 
a depletion layer at the junction. Now 
let us see what the depletion layer 
is and how it is formed. 

DEPLETION LATER 

Remember that in an N-type crys-
tal there are free electrons, and in 
a P-type crystal there are free 
holes. Also remember that the elec-
trons and holes are moving about 
the crystal with a random motion, 
called diffusion. In the PN junction 
diode, holes will be moving about 
in the P section and electrons in the 
N section. Some of the holes will 
cross over the junction from the P 
section into the N section and be 
filled by a free electron. Similarly, 
some of the electrons in the N-type 
material will' diffuse across the 
junction and fill a hole in the P sec-
tion. 

When an atom in the N section 
loses an electron the atom becomes 
charged or ionized. It will have a 
positive charge because it will have 
one less electron than is needed to 
completely neutralize the charge on 
the nucleus. Thus electrons diffusing 

across the junction to fill a hole on 
the P side of the junction will leave 
behind atoms with a positive charge. 
At the same time, when an electron 
fills a hole on the P side, the atom 
will have one more electron than it 
needs to completely neutralize the 
charge on its nucleus, and there-
fore that atom will have a negative 
charge. Similarly, holes diffusing 
from the P side of the junction over 

into the N side will leave behind 
atoms with a negative charge. When 
the hole moves over to the N side, 
it will mean the atom into which it 
moves will have an electron missing 
and therefore it will assume a posi-

tive charge. When the hole leaves 
the P side of the junction because it 
has been filled by an electron, the 
atom that gains the extra electron 
will have a negative charge. 
As a result of this diffusion across 

the junction, a region will build up 
around the junction called the de-
pletion area. On the P side of the 
junction there will be an area where 
the holes are missing. On the N side 
of the junction there will be an area 
where electrons are missing; thus 
we get the name depletion layer. 

The missing holes on the P side 
of the junction will result in a nega-
tive charge on the P side and the 
missing electrons on the N side will 
produce a positive charge on the N 
side of the junction. The negative 
charge on the P side of the junction 
will build up until it has sufficient 
amplitude to prevent any further 
electrons from the N side from 
crossing the junction to the P side. 
Remember that the negative charge 
built up on the P side of the junction 
will repel electrons from the nega-
tive side. Similarly, the positive 
charge built up on the N side of the 
junction will prevent holes from the 
P side from crossing the junction in-
to the N-type material. Thus this 
area, which is called the depletion 
layer because it is short holes on one 
side and electrons on the other side, 
is also sometimes called the barrier 
layer, because the charges built up 
form barriers to prevent any further 
diffusion of holes or electrons 
across the junction. It is also some-
times called a potential barrier be-
cause a negative potential is built up 
on the P side of the junction and a 
positive potential is built up on the 
N side of the junction. 
The action taking place at the junc-

tion is quite important and is illus-
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Fig. 13. (A) locations of ions and car-
riers at a PN junction; (B) charges at 
junction due to ionized impurity atoms; 
(C) carrier charges available; (D) re-

sultant charges. 

trated in Fig. 13A. On the P sidé of 
the junction we have shown ionized 
atoms that have a negative charge 
because the holes in these atoms 
have been filled by electrons. The 
holes have escaped and travelled or 
diffused across the junction into the 
N-type material. On the N side of the 
junction we have shown atoms that 
are ionized and have a positive 
charge. These atoms have a positive 
charge because they have lost elec-
trons. These electrons have diffused 
across the junction into the P-type 
material. Thus we have a charged 
area at the junction. The negative 
charge on the P side of the junction 
prevents any further movement of 
electrons from the N-type material 
across the junction into the P-type 
material, and the positive charge on 

the N side of the junction prevents 
any further movement of holes from 
the P-type material across the junc-
tion into the N-type material. 

The charge on the ions is shown 
in Fig. 13B. Notice that on the P 

side of the junction the atoms that 
have lost holes by gaining electrons 
have a negative charge. At the junc-
tion the potential drops to zero and 
then reverses on the N side where 
the ionized atoms have a positive 
charge because they have lost elec-
trons. 

In Fig. 13C we see the carrier 
charges which are available to neu-
tralize the ionized atoms. At some 
distance from the junction there are 
holes with a positive charge. How-
ever, as we approach the junction, 
the concentration of these holes de-
creases because they are repelled 
away from the junction by the posi-
tive ions on the N side of the junc-
tion. On the N side of the junction 
at some distance from the junction 
we have many electrons available, 
but as we approach the junction, the 
charge drops to zero because these 
electrons are repelled away from the 
junction by the negative ions on the 
P side of the junction. 
The resultant charges on the crys-

tal are shown in Fig. 13D. As be-
fore, the crystal will have a tendency 
to remain neutral, or in other words 
not to have any charge. Some dis-
tance from the junction the atoms 
will have exactly the correct num-
ber of holes and electrons so that 
the net charge on the atoms is zero. 
As we approach the junction, the 
negative ions on the P side will re-
sult in an area in the crystal that 
has a negative charge. As we move 
closer to the junction, the charge 
will drop to zero so that at the junc-
tion itself the net charge on the 
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atoms is zero. Then the charge 
builds up in a positive direction on 
the N side of the junction due to the 
ionized atoms that have lost elec-
trons. As we move away from the 
junction we again reach a region 
where the atoms have exactly the 
correct number of electrons to neu-
tralize the charges on the nucleus 
so the net charge in that area will 
be zero. 

So far we have been discussing 
only the action of the majority car-
riers at the PN junction. However, 
there is one other important point 
we must consider in order to com-
pletely understand what happens at 
the junction. You will remember 
some time ago that we mentioned 
that holes and electrons are in a con-
tinuous state of motion in the crys-
tal due to the energy of the crystal. 
For example, even at room tempera-
ture, the crystal contains a certain 
amount of heat energy and this en-
ergy is sufficient to cause motion 
of both electrons and holes. In the 
N-type material an electron will 
leave an atom creating a hole. This 
hole will be filled by an electron 
from another atom. Thus we have 
the continual formation of hole-
electron pairs. Away from the junc-
tion, this formation of hole-electron 
pairs does not have any effect on the 
carrier concentration in the crystal. 
In other words, the holes will remain 
the majority carriers in the P-type 
region, and the electrons will remain 
the majority carriers in the N-type 
side of the crystal. 

However, as we mentioned pre-
viously, both holes and electrons are 
involved in conduction at all times. 
There are minority carriers in both 
regions - holes in the N region and 
electrons in the P region. The holes 
produced in the N region near the 

junction will be attracted by the 
negative ions on the P side of the 
depletion layer at the junction and 
pass across the junction. These 
holes will tend to neutralize the ions 
on the P side of the junction. Simi-
larly, free electrons produced on 
the P side of the junction will pass 
across the junction, and neutralize 
positive ions on the N side of the 
junction. This is an example of in-
trinsic conduction, conduction due to 
the formation of hole-electron pairs, 
and as we mentioned, this type of 
conduction is undesirable. 
Now let us consider what happens 

due to the minority carriers cross-
ing the junction. Holes crossing the 
junction from the N-type material to 
the P-type material tend to neutral-
ize the positive ions on the P side of 
the junction. Similarly, electrons 
traveling from the P side of the 
junction to the N side of the junction 
tend to neutralize the negative ions 
on the N side of the junction. This 
flow of minority carriers across the 
junction weakens the potential bar-
rier in the region around the atoms 
they neutralize. When this happens, 
the majority carriers are able to 
cross the junction at the location of 
the neutral atom. This means that 
the holes from the P side will cross 
over to the N side, and electrons 
from the N side will cross over to 
the P side. 
The result is that we have both 

holes and electrons crossing the 
junction in both directions. The hole 
that crosses from the N side to the 
P side due to intrinsic conduction 
permits a hole to cross from the P 
side to the N side by diffusion.Simi-
larly, an electron that crosses the 
junction from the P side to the N 
side due to intrinsic conduction per-
mits another electron to go from the 
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N side to the P side by diffusion. 
The result of the holes and electrons 
crossing the junction in both direc-
tions is that these movements cancel 
each other, and the charge on the 
atoms at the junction remains the 
same. This movement of holes and 
electrons in both directions con-
tributes nothing towards the net 
charge or current flow through the 
junction. However, the flow across 
the junction will produce a certain 
amount of heating; it will in effect 
use up a percentage of the total ca-
pacity of the junction to pass current 
so that the net result is to reduce 
the amount of useful current the 
diode can pass. 

BIASED JUNCTIONS 

If a battery is connected to the 
ends of a PN junction diode, the 
battery potential will bias the junc-
tion. If we connect the battery so that 
its polarity aids the flow of current 
across the junction, we call it a 
"forward-biased junction", whereas 
if we connect the battery so that the 
polarity opposes the flow of current 
across the junction, we say that it is 
a "reverse-biased junction". In both 
cases there will be some current 
flow through the junction, but as you 
might expect, with forward bias the 
current flow will be higher. 

In order to understand how tran-
sistors work, you must understand 
both conditions of bias. You will 
study each condition separately,be-
cause the action that occurs at the 
junction is quite different in the two 
cases. In the operation of transis-

tors both types of bias are used, 
and therefore it is important that 
you understand what happens in each 
case. 
Forward Bias. 

When we connect a battery to a 

JUNCTION HOLE MOVEMENT 

P- TYPE N-TYPE 

ELECTRON MOVEMENT 

III 

Fig. I L Fomard-biased junction. 

junction diode with the polarity such 
that it aids the movement of majority 
carriers across the junction,we say 
that the diode is forward biased. A 
forward-biased junction is shown in 
Fig. 14. Here the positive terminal 
of the battery is connected to the P-
type section and the negative termi-
nal of the battery is connected to 
the N-type section. Now let us con-
sider what happens to the depletion 
layer at the junction of the P and N-
type material when the battery volt-
age is applied. 
The positive voltage connected to 

the end of the P-type crystal will 
repel holes towards the junction and 
attract electrons from the negative 
ions near it. The combination of 
holes moving towards the junction 
to neutralize charged negative ions 
on the P side of the junction and elec-
trons being taken from the negatively 
charged ionized accepter atoms 

tends to neutralize the negative 
charge on the P side of the junction. 
On the N side of the crystal, the 

negative terminal of the battery re-
pels electrons towards the junction. 
These electrons tend to neutralize 
the positive charge on the donor 
atoms at the N side of the junction. 
At the same time the negative po-
tential at the N side of the crystal 
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attracts holes away from the charged 
positive ions on the N side of the 
junction. Both of these actions tend 
to neutralize the positive charge on 
the donor atoms at the junction. 

The effect of the battery voltage 
is to reduce the potential barrier 
at the junction and allow more 
majority carriers to cross the junc-
tion. This means that we will have 
more electrons flowing from the N-
type material across the junction 
to the P-type material and to the 
positive terminal of the battery and 
more holes traveling from the P-
type material across the junction 
to the N-type material and towards 
the end of the crystal connected to 
the negative terminal of the battery. 
You know that we already had a cer-
tain number of intrinsic minority 
carriers crossing the junction, but 
now the majority carriers outnum-
ber them, so there will be a steady 
current flow from the negative bat-
tery terminal, through the N-sec-
tion, across the junction and through 
the P-section, to the positive bat-
tery terminal. 

Placing a forward bias on a junc-
tion diode drives majority carriers 
back into the depletion layer and al-
lows conduction across the junction. 
If the battery voltage is increased, 
more carriers will arrive at the 
junction and the current flow will 
increase. Eventually, if we continue 
to increase the battery voltage, we 
will reach a point where all the 
charges at the junction are neutral-
ized. When this happens, the holes 
will fill the P-type region right up 
to the junction; electrons will fill 
the N-type region up to the junction; 
and the only limit to current flow 
through the diode will be the resist-
ance of the material on the two sides 
of the junction. 

It is important for you to remem-
ber that in a forward biased junction 
conduction through the crystal will 
be by the majority carriers. Any 
intrinsic conduction across the junc-
tion will be by minority carriers 
and this will subtract from the total 
current flow across the junction. 
Increasing the forward bias will in-
crease the current flow across the 
junction until the point is reached 
where all the charges at the junction 
are neutralized, at which time the 
potential barrier will disappear, and 
current flow across the junction will 
be unhindered by any potential 
across the junction. 
Reverse Blas. 

If we reverse the battery connec-
tions we will have what is known as 
reverse bias. This condition is 
shown in Fig. 15. 

With a reverse bias applied to a 
junction diode, the negative termi-
nal of the battery will be connected 
to the P-type section, and will at-
tract holes away from the junction, 
and increase the shortage of holes 
on the P side of the junction. At the 
same time the positive terminal of 
the battery is connected to the N-
type section of the crystal and this 
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Fig. 15. Reverse-biased junction. 
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terminal will attract electrons away 
from the junction and increase the 
shortage of electrons on the N side 
of the junction. This movement of 
holes and electrons away from the 
junction will in effect result in an 
increased potential barrier at the 
junction. The increase in potential 
barrier occurs because there will 
be fewer holes on the P side of the 
junction to neutralize the negative 
ions and fewer electrons on the N 
side to neutralize the positive ions 
formed on this side of the junction. 
The increase in potential barrier 
will help prevent any further cur-
rent flow across the junction due 
to majority carriers. 
The current flow across the bar-

rier, however, is not zero because 
we will still have minority carriers 
crossing the junction. Holes forming 
in the N side of the depletion layer 
will be attracted by the negative po-
tential applied to the end of the P-
type section of the crystal, and elec-
trons breaking loose from their 
nuclei in the P side of the depletion 
layer will be attracted by the posi-
tive voltage applied to the end of the 
N-type section of the crystal. 
We had this situation when there 

was no bias applied to the junction. 
Holes from the N side would cross 
over to the P section, and electrons 
from the P side would cross over 
to the N section. However, when 
there was no bias applied to the 
crystal, these minority carriers 
would neutralize ions near the junc-
tion and allow the majority carriers 
to cross the junction. However, since 
the minority carriers are now at-
tracted away from the junction by the 
potential applied to the crystal, all 
of the minority carriers do not re-
main near the junction to neutralize 
charged atoms so they no longer 

allow the passage of an equal num-
ber of majority carriers in the op-
posite direction. This means that the 
flow of minority carriers across the 
junction is not fully offset by a flow 
of majority carriers in the opposite 
direction. Therefore, there will be a 
small current flow across the junc-
tion due to the minority carriers 
crossing the junction. This current 
flow is very small and nearly con-
stant at all normal operating volt-
ages in signal diodes and power 
rectifier diodes. However, as you 
will see later, there are certain 
types of diodes where this reverse 
current can increase quite rapidly 
even at low voltages. 

It is important to realize that when 
a reverse bias is applied to a junc-
tion diode, the bias increases the 
potential difference across the junc-
tion and makes it more difficult for 
majority carriers to cross the junc-
tion. However, some minority car-
riers will still cross the junction 
with the result that there will be a 
small current flow across the junc-
tion due to the minority carriers. 

COMPARISON OF 
JUNCTION DIODES 

AND VACUUM TUBES 

Although the operation of junction 
diodes designed for use as recti-
fiers is quite different from the op-
eration of vacuum tubes, they can 
perform identical tasks and there-
fore some comparison of the most 
important characteristics of both is 
in order. 
When there is no voltage applied 

to a junction diode, the net current 
flow across the junction is zero. On 
the other hand, in a vacuum tube, 
even though there may be no voltage 
applied to the plate of the tube, some 
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of the electrons will leave the cath-
ode with sufficient velocity to travel 
across the space between the cath-
ode and the plate and strike the plate. 
This will result in a small current 
flow from the cathode to the plate 
of the tube even though there may 
be no voltage applied to the plate of 
the tube. 
We can consider applying a posi-

tive voltage to the plate of a vacuum 
tube and a negative voltage to the 
cathode as being similar to placing 
a forward bias on a junction diode. 
Under both circumstances there will 
be a current flow through the diode. 
In this respect the two are similar. 
When the voltages applied to the 

diode vacuum tube are reversed so 
that there is a negative voltage ap-
plied to the plate and a positive volt-
age to the cathode, there will be no 
current flow at all through the tube. 
The negative potential on the plate 
of the tube will repel electrons from 
the plate. This reverse voltage situ-
ation is similar to a reverse bias 
across a junction diode. However, 
when we place a reverse bias across 
a junction diode, there will be some 
current flow across the junction due 
to the conduction by minority car-
riers. As long as the breakdown 
voltage of the junction diode is not 
exceeded, this current will be very 
small and almost constant. Ina good 
diode, it is so small it can be 
ignored. 
We can summarize the charac-

teristics of diode vacuum tubes and 
junction diodes as follows: with for-
ward bias both the tube and junction 
diodes will conduct. With reverse 
bias, the tube will not pass current; 
the junction diode will pass a small 
current. With no bias, the tube will 

pass a small current; the junction 
diode will not. 

ZENER DIODES 

In junction diodes designed for use 
as rectifiers we must be careful not 
to exceed the rated reverse voltage 
of the diode. In other words, if we 
place too high a reverse bias across 
the junction, the junction will break 
down, a very high current will flow 
across the jtmction for a short while, 
and the diode will be destroyed. How-
ever, in some diodes we make use 
of this reverse current due to mi-
nority carriers. In diodes of this 
type both the P section and the N 
section are doped quite heavily. The 
junction between the P section and 
the N section is considerably larger 
than the junction of the rectifier-type 
diode, so that when the diode begins 
to pass current in the reverse di-
rection, it can pass it over a larger 
area and thus avoid destroying the 
diode. This type of diode is used as 
a voltage reference and is referred 
to as a voltage-reference diode or a 
Zener diode. 

In the Zener diode, the current 
remains small with low reverse 
voltages. At a certain voltage, called 
the breakdown voltage, the current 
will increase rapidly with any fur-
ther increase in voltage. 
The breakdown voltage can be 

varied by varying the diode mate-

rial and construction. Zener diodes 
can be made with a breakdown volt-
age as low as 1 volt, up to break-
down voltages of several hundred 
volts. The current that can pass 
through any Zener diode before the 
diode will be damaged will depend 
upon the junction area and the meth-
ods used to keep the diode cool. 

In a circuit where a Zener diode 
is used, it will be used as a voltage 

reference or a voltage regulator. As 
the reverse voltage across the diode 
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Fig. 16. Circuit using Zener diode as 
a voltage regulator. 

increases, a very small reverse 
current will flow, and the value of 
this current will remain essentially 
constant until the breakdown voltage 
is reached. At that voltage, any fur-
ther increase in voltage will result 
in a large increase in current across 
the junction. This large increase in 
current tends to produce a voltage 
drop in other components in the cir-
cuit so that the voltage across the 
diode will remain essentially con-
stant. Thus a Zener diode can be 
used as a voltage regulator in a cir-
cuit such as shown in Fig. 16. If 
the input voltage tends to rise, the 
current through the diode will in-
crease. This increase in current 
will increase the voltage drop across 
the resistor so that the output volt-
age will remain essentially constant. 
The fact that with even a very small 
increase in voltage the current 
through the diode will increase sub-
stantially means that the voltage 
across the diode will remain almost 
constant. 

In some other applications the 
diode may be used as a reference 
voltage. This simply means that a 
Zener diode with a given breakdown 
voltage is used in a circuit like 
Fig. 16. The voltage applied to the 
diode will remain essentially con-
stant. In some circuits, we may 
compare the voltage across a re-

sistor or another part with the volt-
age across the Zener diode. 

TUNNEL DIODES 

A tunnel diode is a highly doped 
junction diode made either of ger-
manium or gallium arsenite. Both 
the N region and the P region of the 
diode are very highly doped. As a 
result of the high doping, the de-
pletion region around the junction 
is extremely narrow. Because of the 
narrow depletion region, holes and 
electrons can cross the junction by 
more or less tunneling from one 
atom to another. The exact action 
of the charges crossing the junction 
is somewhat difficult to visualize, 
but the characteristics of the tunnel 
diode are comparatively simple. 
With a reverse bias across the junc-
tion, current across the junction in-
creases quite rapidly. If the reverse 
bias is dropped to zero the current 
will drop back to zero. If the for-
ward bias, starting at zero and 
gradually increasing, is placed 
across the junction, current flow 
across the junction will increase at 
essentially the same rate as it in-
creased with a negative bias. The 
current across the junction will in-
crease quite rapidly as the forward 
bias is increased until a rather sharp 
peak is reached. If the forward bias 
is increased beyond this point, then 
the current begins to decrease. 
As the forward bias is increased 

still further, the current across the 
junction decreases, forming a curve 
such as shown in Fig. 17. This 
decreasing current, with increasing 
voltage, results in a negative 
resistance characteristic. It might 
be difficult to visualize what a 
negative resistance is, but you will 
remember from Ohm's Law that re-
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tunnel diode. 

sistance is equal to voltage divided 
by current. In a circuit where we 
have resistance, if the resistance is 
constant and the voltage increases, 
then the current must increase; and 
similarly if the voltage decreases, 
the current must decrease. Here in 
the tunnel diode we have a region 
where the opposite happens. If the 
voltage increases, the current de-
creases and if the voltage decreases, 
the current increases. Thus we have 
something in the circuit that is giving 
us the opposite effect of resistance; 
we call this negative resistance. You 
will remember that resistance in a 
circuit introduces losses. It is the 
resistance in a resonant circuit that 
prevents a resonant circuit from 
continuing to oscillate once it has 
been excited into oscillation. How-
ever, if we can put something with 
negative resistance in the circuit, 
for example a tunnel diode, since it 
has the opposite effect of resistance, 
then the circuit should continue to 
oscillate. Tunnel diodes can be used 
for this purpose. 

At the present time, tunnel diodes 
have not appeared in the commer-
cial entertainment-type equipment. 
However, it is probably just a matter 

of time until they are used; there-
fore you should at least have some 
basic knowledge of what the tunnel 
diode is. 

P-I-N DIODES 

The p-i-n diode, which is an ab-
breviation for pos itive- intrins ic-
negative, is a new diode which is 
used in a somewhat different man-
ner from the diodes you have studied 
previously. Rather than being used 
as a detector or rectifier,this diode 
is used primarily as a variable re-
sistor. It is a special type of diode, 
and its resistance can be controlled 
by applying a de bias to it. With a 
reverse bias across the diode, it 
has a very high resistance. With no 
bias, its resistance drops to about 
7000 ohms, and with forward bias 
it drops to a comparatively low 
value. 
The diode is particularly useful 

in circuits where the strength of a 
signal must be controlled. Its first 
commercial use has been in fm 
equipment and it is used in order to 
prevent extremely strong fm signals 
from causing overloading in the fm 
receiver. A de bias is applied to the 
diode and the amplitude of the bias 
depends upon the strength of the sig-
nal. When a very strong signal is 
applied, the reverse bias applied to 
the diode increases so that the re-
sistance of the diode increases. This 
reduces the strength of the signal 
fed to the mixer and i-f stages in the 
receiver and thus prevents over-
loading, particularly in the last 
stage of the receiver. 

At this time p-i-n diodes are not 
widely used in commercial applica-
tions, but you should be aware of 
how the diode is used, because it is 
quite likely that it will be widely 
used in the future. 
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POINT-CONTACT DIODE CATSWHISKER 

Another semiconductor diode is 
the diode detector used in many TV 
receivers. This detector is a point-
contact diode. A cut-away view of a 
point-contact diode is shown in Fig. 
18 along with the schematic symbol. 
The point-contact diode is made 

of a small piece of either N-type or 
P-type germanium or silicon. N-
type germanium or silicon is used 
more often than P-type. In manu-
facturing a diode of N-type material, 
a large contact is fastened to one 
side of the crystal. A thin wire, 
called a catswhisker, is attached to 
the other side of the crystal. When 

the catswhiskèr is attached to the 
N-type crystal, a small region of 
P-type material is formed around 
the contact as shown in Fig. 19. 
Thus we have a PN junction that 
performs in much the same way as 
the junctions we have already dis-
cussed. 
The characteristics of the point-

contact diode under forward and re-

verse bias are somewhat different 
from those of the junction diode. 
With forward bias the resistance of 
the diode is somewhat higher than 
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Fig. 18. (A) cut-away vie%% of crystal 
rectifier. (B) schematic symbol of it. 
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Fig. 19. Sketch of a point-contact 
diode showing where the l'-type ger-
manium is formed around the cats-

whisker. 

that of a junction diode. With re-
verse bias the current flow through 
a point-contact diode is not as in-
dependent of the voltage applied to 
the crystal as it was in the junction 
diode. In spite of these disadvan-
tages, the point-contact diode makes 
a better detector than the junction 
diode, particularly at high frequen-
cies because the point-contact diode 
has a lower capacity than the junc-
tion diode. 

SUMMARY 

Again this is a very important 
section, so you should review it be-
fore going on to the next section. 
Make sure you understand what the 
depletion layer is and why it is 
formed. Also be sure you under-
stand the movement of holes and 
electrons across a PN junction 
when no voltage is applied to the 
junction. 

Current flow across the junction 
with both forward and reverse bias 
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is important. With forward bias cur-
rent flow across the junction is by 
majority carrier, and with reverse 
bias it is by minority carrier. 

SELF-TEST QUESTIONS 

(ab) What are the two principal 
uses of semiconductor diodes ? 

(ac) What is the depletion layer? 
(ad) What do we mean by the po-

tential barrier? 
(ae) Does the crystal develop an 

overall charge as a result of 
diffusion across the junction? 
Do the minority carriers 
crossing the junction have any 
adverse effect on the diode? 
What do we mean when we say 

(af) 

(ag) 

(ah) 

the junction is forward biased? 
What do we mean when we say 
a junction is reverse biased? 

(ai) What is the difference between 
vacuum-tube diodes and semi-
conductor diodes insofar as 
current flow through the diode 
is concerned when no voltage 
is applied? 

(aj) What is the difference between 
current flow in a semiconduc-
tor diode and a vacuum tube 
under reverse voltage condi-
tions? 

(ak) What is a Zener diode, and 
what is it used for? 

(al) What is a tunnel diode? 
(am) What is a p-i-n diode? 

ir 
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Semiconductor Triodes 

Even though a junction diode will 
pass current in both directions, it 
passes current in one direction 
much better than it does in the other, 
and therefore it can be used as a 
detector. The tunnel diode can be 
used as an oscillator, and in some 
special circuits as an amplifier; 
however, its usefulness in these ap-
plications is limited. In mosteases, 
the semiconductor diode is like the 
vacuum-tube diode; it is more or 
less useless insofar as amplifying 
a signal is concerned. In order to 
amplify a signal, a three element 
semiconductor is needed. Three ele-
ment semiconductors that are capa-
ble of amplification are called tran-
sistors. 
There are a number of different 

types of transistors in use today. 
The characteristics of the different 
types vary appreciably, but if you 
understand the operation of one type, 
you can understand how the others 
work without too much difficulty. We 
started our explanation of. semi-
conductor devices with a junction 
diode, so we will start our study of 
triode semiconductors with a study 
of the junction transistor. You'll 
find that most of the transistors you 
will study operate in a manner simi-
lar to the basic junction transistor. 
The most notable exception to this 
is the field-effect transistor which 
you will study later in this lesson. 

JUNCTION TRANSISTORS 

Both germanium and silicon are 
used in the manufacture of junction 
transistors. A triode-junction tran-
sistor is made up of single semi-

conductor crystals with three dif-
ferent regions. The center region 
is made up of one type of germanium 
or silicon, and the two end regions 
are made up of the other type of 
germanium or silicon. In other 
words, in one type of junction tran-
sistor the center has had accepter-
type region impurities added and the 
two end regions have had donor-
type impurities added. In the other 
type of junction transistor, the 
center region has had donor-type 
of impurities added and the two end 
regions have had accepter-type im-
purities added. 
The center region of the transis-

tor is called the base. This is usu-
ally a comparatively thin region. One 
of the end sections is called the 
emitter and the other end section is 
called the collector. 

If the center section of the crystal 
has been treated with donor-type 
impurities, then the center section 
becomes N-type germanium in the 
case of a germanium transistor or 
N-type silicon in the case of the 
silicon transistor. In this case, the 
two end sections will be treated with 
accepter-type impurities and they 
will both become P-type germanium 
or P-type silicon. We call this type 
of transistor a PNP transistor. We 
can have both germanium PNP and 

silicon PNP transistors. An example 
of this type of junction transistor is 
shown in Fig. 20A along with the 
schematic symbol used to identify 
It. 
The other type of junction tran-

sistor is an NPN type. This type of 
transistor is produced by treating 
the center section with an accepter-
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Fig. 20. (A) shows a l'NP junction transistor and its schematic symbol. (B) 
shows an Nrsi junction transistor and its schematic symbol. 

type impurity to produce P-type ger-
manium or silicon, and the two end 
sections with a donor-type of im-
purity to produce N-type germanium 
or silicon. This is the type of junc-
tion transistor shown in Fig. 20B 
along with the schematic symbol for 
it. As in the case of the PNP tran-
sistor, we can have either an NPN 
germanium transistor or an NPN 
silicon transistor. 

Notice that the schematic symbols 
for the PNP transistor and the NPN 
transistor are different. In the PNP 
transistor the arrow used to repre-
sent the emitter points down toward 
the base, whereas in the NPN tran-
sistor the arrow on the emitter 
points up away from the base. Thus 
on a schematic diagram of a piece 
of equipment using junction transis-
tors, you can tell from the direction 
in which the arrow is pointing 
whether the transistor is a PNP or 
an NPN transistor. 
There are several different ways 

of manufacturing junction transis-
tors, and often you hear these tran-
sistors referred to by the manufac-
turing method used. For example a 

junction transistor might be called 
a grown junction, a fused junction, 
an alloy junction or a diffused junc-
tion. All these names simply de-
scribe the manufacturing process 
used to make the transistor. They 
are all junction transistors and all 
operate on the same basic principle. 
This does not mean to imply that 
the characteristics of all junction 
transistors are the same; they are 
not. There are wide differences in 
characteristics just as there are in 
various triode vacuum tubes. 
To understand how junction tran-

sistors work, you must understand 
junction diodes. Because it is so 
important that you understand the 
formation of the depletion layers at 
the junctions we will review the ex-
planation of what happens at the junc-
tions in explaining the junction tran-
sistors. The big difference between 
the junction transistor and the junc-
tion diode is that in the transistor 
there are two junctions close to-
gether in the same crystal. One of 
these junctions is biased in the for-
ward direction and the other in the 
reverse direction and the presence 
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of one junction affects the operation 
of the other. 

PNP TRANSISTORS 

In transistor operation, the emit-
ter-base junction is always biased 
in the forward direction and the col-
lector-base junction is biased in the 
reverse direction. Each of the two 
junctions by itself behaves just like 
the PN junction already described. 

Let us consider what happens in 
the PNP transistor before any volt-
ages are applied to the transistor. 

At the junctions, holes from the 
P-type emitter section and the P-
type collector diffuse across the 
junctions into the base. At the same 
time, electrons from the base dif-
fuse across the junctions into both 
the emitter and the collector. The 
holes diffusing into the base place 
a positive charge on the atoms near 
the junctions. Similarly the elec-
trons diffusing from the base into 
the emitter on one side of the base 
and the collector on the other side 
of the base place a negative charge 
on the atoms on the emitter and 
collector sides of the junctions. 
These charged atoms, which are 
called ions, will repel electrons and 
holes from the region of the junc-
tions. The positively charged ions in 

the base will repel holes in the P 
sections away from the junctions. 
Similarly, the negatively charged 
ions in the emitter and collector 
will repel electrons away from the 
junctions in the base. Thus we have 
two depletion layers formed, one at 
the emitter-base junction and the 
other at the base-collector junction. 
You will remember that when we 

discussed the junction diode, we 
mentioned that hole-electron pairs 
will be formed in the depletion re-

gion. The minority carriers formed 
in each section can cross over the 
junction. For example, the electrons 
released in both the emitter and the 
collector regions will cross the 
junctions into the base. These elec-
trons will neutralize a few ions in 
the base region. When these ions are 
neutralized they will allow majority 
carriers from the emitter and col-
lector to cross the junctions. In 
other words, there will be holes 
from the emitter and holes from the 
collector crossing the junctions into 
the base. Similarly, holes,which are 
the minority carriers in the base re-
gion (and are formed in the depletion 
layer) will cross the junctions into 
the emitter and collector. When 
these holes cross the junctions they 
will neutralize some of the nega-
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Fig. 21. (A) the formation of ions at 
the junctions of a PNP transistor. (B) 
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tively charged ions in the emitter 
or collector region and allow some 
electrons to flow from the base into 
either the emitter or the collector. 
Thus, because of the intrinsic con-
duction due to hole-electron pairs 
being formed in the depletion region 
there will be some flow of carriers 
across the junction. However, the 
flow of majority carriers across 

the junction will be exactly equal to 
the flow of minority carriers across 

the junction so that the net current 
flow across each junction will be 
zero. 
The potential barriers formed at 

the junction regions are shown in 
Fig. 21A. Notice that the charges 
formed at the junction are similar 

to those formed at a junction diode; 
we simply have two junctions to con-
sider in a transistor. 
Now when we place a forward bias 

between the emitter and the base we 

have an arrangement like that shown 
In Fig. 21B. Here the positive volt-

age applied to the end of the P-type 
emitter repels holes towards the 
junction. These holes tend to neu-
tralize the negative charge on the 
ions on the emitter side of the junc-
tion. The holes are formed at the end 
of the P-type section by electrons 
being taken out of this section by the 
positive potential applied to it. At 
the same time the positive potential 
applied to the emitter attracts the 
electrons that have given the ions 
on the P side of the junction their 
negative charge. This also weakens 
the negative charge on the emitter 
side of the junction. 

At the base, which is connected to 
the negative side of the battery, the 
holes will be attracted toward the 
negative terminal of the battery, and 
electrons will be pushed towards the 
depletion layer. The pulling of holes 

away from the depletion area and 

pushing electrons into the depletion 
area tends to neutralize the charge 
on the base side of the junction. 

The net effect of biasing in a for-
ward direction is to neutralize the 
charges on each side of the junction 
and allow current to flow across the 
junction. Current flow is by majority 
carriers: electrons from the N-type 
base region and holes from the P-
type emitter region. 

Thus in the emitter-base circuit 
we have electrons flowing from the 
negative terminal of the battery to 
the base, through the base, across 
the junction, and through the emitter 
to the positive terminal of the bat-
tery. At the same time we have holes 
being produced because electrons 
are being pulled out of the P-type 
emitter by the positive potential ap-
plied to it. The holes will move 
through the emitter, across the junc-
tion into the base and to the point 
where the base is connected to the 

negative terminal of the battery. At 
this point they will pick up electrons 
and disappear. 

Not all the electrons going from 
the base to the emitter will reach 
the positive terminal of the battery. 
Some of these electrons will recom-
bine with holes in the emitter. Simi-
larly, some of the holes traveling 
from the emitter into the base will 
pick up an electron in the base. This 
current flow across the junction is 
called a recombination current, and 
the transistor is designed to keep 
this current as low as possible. In 
other words we want the holes and 
electrons crossing the junction to 
reach the terminals connected to the 
battery. 
Now let us consider the other junc-

tion, the base-collector junction. 
This junction is reverse biased as 
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shown in Fig. 21C. Here again we 
have a depletion layer at the junc-
tion. Also we have minority carriers 
being formed in the depletion layer. 
However, holes that are formed in 
the base will cross the junction and 
then instead of neutralizing a nega-
tively charged atom near the junc-
tion in the collector, these holes 
will be attracted by the negative po-
tential applied to the collector. Simi-
larly, electrons formed in the de-
pletion layer of the P-type collector 
will cross the junction and be at-
tracted by the positive potential ap-
plied to the base. Thus we have a 
current flow due to the minority 
carriers. Electrons in the depletion 
layer of the collector section will 
cross the junction and flow through 
the base to the positive terminal of 
the battery. Meanwhile electrons 
from the negative terminal of the 
battery will fill holes that are moving 
from the base, across the junction, 
and through the collector to the nega-
tive terminal. 

Thus you can see that while we 
have a current by majority carriers 
due to the forward bias applied be-
tween the emitter and the base, we 
also have a small current flowing 
through the base-collector circuit by 
minority carriers due to the reverse 
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bias applied between the base and 
the collector. Now let us see how the 
two junctions affect each other. 
A transistor with both biased junc-

tions is shown in Fig. 22. Here we 
have a number of different currents 
flowing. In the emitter-base circuit 
we have current flowing due to the 
forward bias applied between these 
two. Electrons will flow from the 
negative terminal of the battery into 
the base, across the junction, and 
through the emitter to the positive 
terminal of the battery. We will also 
have some holes formed in the P-
type emitter section due to electrons 
being pulled out of this section by the 
positive terminal of the battery. 
Some of these holes will cross the 
junction into the N-type base where 
they will pick up an electron and 
disappear. This current is called 
the recombination current. 
Many of these holes will cross 

the base and flow through the col-
lector, because the negative termi-
nal of the battery connected between 
the base and collector will attract 
them. This movement of holes ac-
counts for most of the current flow 
in the emitter and collector cir-
cuits. Remember that holes are 
being continually formed in the P-
type emitter because electrons are 
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Fig. 22. Current flow and carrier movement in a EP junction transistor. 
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being pulled out of the emitter by the 
positive potential applied to it. These 
holes will continually 'move through 
the emitter, and into the base. Here 
some of them will combine with elec-
trons and disappear, but the ma-
jority of them will flow through the 
collector to the negative terminal 
of the collector where they will be 
filled by electrons and disappear. 

Another current that will flow is 
reverse current 'co that flows in the 
base-collector circuit. This is due 
to the formation of minority car-
riers in the depletion layer. 

Thus we have four currents flow-
ing in the PNP junction transistor. 
The largest of these currents is due 
to the movement of holes from the 
emitter through the base into the 
collector to the negative terminal of 

the battery connected to the collec-
tor. We have in addition to this cur-
rent three small currents flowing. 
We have the current due to the elec-
tron movement from the negative 
terminal of the emitter-base battery 
into the base, across the junction 
and through the emitter to the posi-
tive terminal of this battery. We 
have the recombination current due 
to holes combining with electrons 
in the base, and we have the reverse 
current due to hole-electron pairs 
being formed in the depletion layer 
of the base-collector junction. The 
directions of the different move-
ments of holes and electrons are 
marked in Fig. 22. 

NPN TRANSISTORS 

Although the operation of the NPN 
transistor is somewhat different 
from that of the PNP type, if you 
understand how the PNP transistor 
works, you should have no difficulty 
understanding the NPN. Again, we 
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Fig. 23. (A) the formation of ions at 
the junctions of an NPN transistor. 
(B) the current flom, in the emitter-
base circuit and (C) in the collector-

base circuit. 

can start our study of this type of 
transistor by considering what hap-
pens at the junctions, remembering 
that the action at the junction is 
similar to the action we studied at 
the simple PN diode junction. 

Let us first consider the action of 
the holes and electrons before any 
voltages are applied to the transis-
tor. The charges that will be built 
up are shown in Fig. 23A. Remem-
ber that holes from the base will 
diffuse across both junctions into 
the emitter and the collector. Simi-
larly electrons from the emitter and 
electrons from the collector will 
diffuse across the junctions into the 
base. The holes and electrons dif-
fusing across the junctions will 
charge atoms near the junction. 
Holes crossing the junctions into the 
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emitter and the collector will ionize 
the atoms on the emitter and collec-
tor sides of the junctions so that 
they will have positive charges. 
Similarly, electrons diffusing a-
cross the junctions into the base will 
ionize atoms in the base near the 
junctions so that they will have nega-
tive charges. Thus we will have po-
tential barriers at the junctions. 
This is the same kind of potential 
barrier that we found existed across 
the PN junction in a diode. 

The positively charged ions on the 
emitter and collector sides of the 
junctions will force holes in the base 
away from the junction. Similarly 
the negatively charged atoms on the 
base side of the junctions will force 
electrons in the emitter and collec-
tor away from the junction so that 
at the junctions we have a depletion 
layer. 
Now let us consider what happens 

when we apply a forward bias be-
tween the emitter and the base by 
connecting a battery between the two 
as shown in Fig. 23B. Notice that the 
negative terminal of the battery is 
connected to the end of the emitter, 
and the positive terminal is con-
nected to the base. 
Now, several things happen. The 

negative potential applied to the 
emitter will force electrons toward 
the junction. At the same time the 
negative potential will attract holes 
away from the junction. Both of these 
actions tend to neutralize the posi-
tively charged ions on the emitter 
side of the junction. At the same 
time the positive terminal of the 
battery that is connected to the base 
will attract electrons away from the 
negatively charged atoms on the base 
side of the junction. In addition, the 
positive potential will repel holes 
towards the junction so that these 

two actions tend to neutralize the 
charge on the base side of the junc-
tion. 

Once the potential barrier at the 
junction is weakened, electrons can 
flow from the negative side of the 
battery into the emitter, through the 
emitter, and across the junction into 
the base and from the base to the 
positive side of the battery. At the 
same time the positive terminal of 
the battery can extract electrons 
from the base, forming holes. Holes 
are then repelled toward the junc-
tion, across the junction, and through 
the emitter toward the end of the 
emitter that is connected to the nega-
tive terminal of the battery. Here 
the holes will pick up electrons and 
disappear. Thus we have a current 
flow through the emitter-base cir-
cuit as shown in Fig. 23B. 
Now let us consider what happens 

when we apply a reverse bias be-
tween the base and the collector. 
Here the negative potential applied 
to the base will pull holes away from 
the junction, and the positive po-
tential applied to the collector will 
pull electrons away from the junc-
tion. Thus the negative charge on 
the base side of the junction will be 
increased, and the positive charge 
on the collector side of the junction 
will be increased so that the potential 
barrier at the junction will be in-
creased. This will prevent any cur-
rent flow through the base-collector 
circuit due to the majority carriers. 

At the same time electrons ,which 
are minority carriers, will break 
loose from their nuclei in the deple-
tion layer on the base side of the 
junction and will be attracted by the 
positive potential applied to the col-
lector. They will cross the junc-
tion and flow through the collector 
to the terminal connected to the pos 1-
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tive side of the battery, as shown in 
Fig. 23C. At the same time holes 
formed on the collector side of the 
junction in the layer will be attracted 
by the negative terminal of the bat-
tery, and hence will cross the junc-
tion and flow over into the base and 
toward the negative terminal of the 
battery. Here they will pick up an 
electron and disappear. 
Thus we will have a current flow 

in the base-collector circuit due to 
the minority carriers. This is the 
same situation that we had in the 
reverse biased base-collector cir-
cuit of the PNP transistor. 
Now let us see what happens when 

bias voltages are applied across both 
junctions of the complete NPN junc-
tion transistor as shown in Fig. 24. 
Considering first the emitter-base 
circuit, we have electrons flowing 
from the negative terminal of the 
battery to the N-type emitter. Here 
the electrons flow through the emit-
ter, across the junction, and into the 
base. Some of these electrons reach-
ing the base will recombine with 
holes in the base. This is called the 
recombination current. However, 
the majority of the electrons reach-
ing the base will be attracted by the 
positive potential applied to the col-
lector and hence will flow through 
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the base across the base-collector 
junction and through the N-type col-
lector to the positive terminal of the 
battery in the base-collector circuit. 

At the same time the positive ter-
minal of the battery in the emitter-
base circuit is connected to the base, 
and this potential will pull electrons 
out of the P-type base, producing 
holes. These holes will then cross 
the junction into the emitter, and they 
will be attracted by the negative po-
tential applied to the emitter and 
hence will flow through it to the end 
connected to the negative terminal 
of the battery. Here they will pick up 
an electron and disappear. 

At the same time, in the base-
collector circuit we will have a re-
verse current flowing due to the 
minority carriers. Holes appearing 
in the collector side of the depletion 
layer will cross the junction into the 
base and flow to the base terminal 
connected to the negative terminal 
of the battery, biasing the base-col-
lector junction. Here each hole will 
pick up an electron and disappear. 
Electrons in the depletion layer on 
the base side of the junction will be 
attracted by the positive potential 
applied to the end of the collector. 
Hence they will cross the junction 
and flow toward the positive end of 
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the collector and from there to the 
positive terminal of the battery con-
nected between the base and the col-
lector. 

Of these different currents flow-
ing, the important and useful cur-
rent flow is the flow of electrons 
from the emitter through the base 
to the collector. Since this is the 
useful current, we are interested 
in making this as large as possible 
in comparison to the other currents 
flowing across the emitter-base 
junction. Thus, the recombination 
current, which is due to electrons 
from the emitter crossing into the 
base and recombining with the holes, 
serves no useful purpose and should 
be kept as low as possible. This is 

accomplished by adding more donor 
atoms to the emitter than accepter 
atoms to the base. Thus there will 
be many more free electrons in the 
emitter than there will be holes in 
the base and the recombination cur-
rent will be kept quite small. 

Also, since there are a limited 
number of holes in the base com-
pared to the number of electrons in 
the emitter, the number of holes 
crossing from the base to the emit-
ter is also kept low in comparison 
to the number of electrons crossing 
from the emitter into the base. In a 
good transistor, over 95% of the 
electrons that cross the emitter-
base junction flow to the collector. 

Notice the differences and the 
similarities between the PNP and 
the NPN transistors. In both cases 
the emitter-base junction is forward 
biased and the base-collector junc-
tion is reverse biased. However,the 
battery connections must be re-
versed to provide the biases. In other 
words, with the PNP transistor the 
battery used to bias the emitter-base 
junction is connected with the posi-

tive terminal to the emitter and the 
negative terminal to the base. With 
the NPN transistor , the negative ter-
minal of the battery is connected to 
the emitter and the positive terminal 
to the base. However, both are for-
ward biased because in each case the 
positive terminal of the battery is 
connected to the P-type germanium 
and the negative terminal to the N-
type germanium. 
The base-collector junction of 

both transistors is reverse biased. 
In the PNP transistor, the positive 
terminal of this battery is connected 
to the base and the negative termi-
nal to the collector; whereas in the 
NPN transistor, the negative termi-
nal is connected to the base, and the 
positive terminal to the collector. 
Again, however, in both cases the 
positive terminal is connected to 
the N-type germanium and the nega-
tive terminal to the P-type ger-
manium. 

Also notice that in the PNP tran-
sistor the useful current flow is by 
means of holes, whereas in the NPN 
transistor the useful current flow is 
by means of electrons. 

SELF-TEST QUESTIONS 

(an) 

(ao) 

(ap) 

(aq) 

(ar) 

(as) 

What is the base region of a 
transistor? 
What two materials are widely 
used in the manufacture of 
transistors ? 
What two types of junction 
transistors are widely used? 
What type of bias is used a-
cross the emitter-base junc-
tion in a transistor? 
What type of bias is used a-
cross the base-collector junc-
tion of a transistor? 
Is the base region of a tran-
sistor usually a thick region 
or is it thin? 
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(at) Draw a diagram of a PNP 
transistor and show how the 
batteries are connected to 
place the correct bias across 
the two junctions. 

(au) Draw a diagram of an NPN 

transistor and show how the 
batteries are connected to 
provide the correct bias a-
cross both junctions. 

(ay) What are the useful current 
carriers in a PNP transistor? 

Semiconductor Types 

There are two basic types of tran-
sistors that you will run into con-
tinuously. You are already familiar 
with these two types; they are the 
NPN transistor and the PNP tran-
sistor. However, these transistors 
are made in a number of different 
ways and the manufacturing pro-
cesses result in transistors with dif-
ferent characteristics. In this sec-
tion we are going to briefly discuss 
some of the important types and 
characteristics. We don't expect you 
to remember all these details; the 
important thing for you to remember 
is that they are basically either NPN 
or PNP transistors and operate in 
the same way as those we have dis-
cussed previously. 

Also in this section of the lesson 
we'll discuss two other important 
semiconductor devices, the field-
effect and unijunction transistors. 

CROWN-JUNCTION 
TRANSISTORS 

The first commercially available 
junction transistors were of the 
grown-junction type. This type of 
transistor is made from a rectangu-
lar bar cut from a germanium crys-
tal that has been grown. Suitable im-
purities are added so that NPN re-
gions such as those shown in Fig. 
25 are formed. The base of the tran-

sistor is usually located midway 
between the two ends. Suitable con-
tacts are then welded to the emitter, 
base and collector regions. 

Of course, the actual bar of semi-
conductor material used is quite 
small. The emitter and the collector 
are considerably larger than the 
base; the base is kept as thin as 
possible and may have a thickness 
of less than .001". 

l'ig. 25. .% gro%% n-j any t ion transistor. 

As mentioned the early germanium 
transistors were of the grown-junc-
tion type. The disadvantage of this 
type of transistor is that it is not 
particularly suitable for operations 
at high frequencies. In addition, it is 
quite temperature sensitive and can 
become quite unstable at higher tem-
peratures. 

ALLOY-JUNCTION 
TRANSISTORS 

The alloy-junction transistor is 
made from a rectangular piece of 
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Fig. 26. ‘n allo>-junction transistor. 

semiconductor material to which 
suitable donor materials have been 
added. This results in an N-type 
piece of germanium or silicon. Small 
dots of indium are fused into the 
opposite sides of the wafer as shown 
in Fig. 26. The result is that P-type 
semiconductor material will be for-
med with the dots fused into the wafer 
so that we will have a PNP transis-
tor. 
An NPN-type alloy-junction tran-

sistor may be made by fusing a lead 
antimony alloy into each of the two 
opposite sides of a P-type semi-
conductor wafer. In this type of 
transistor it is possible to get a 
more uniform penetration of the 
lead antimony alloy into the semi-
conductor material, and this in turn 
leads to better junction spacing. This 
will cut down on the width of the 
space between the emitter and col-
lector and give improved high-fre-
quency performance. In addition, 
since the mobility of the electrons 
is more than twice that of holes, the 
NPN transistor will be better at high 
frequencies. 

The general advantage of the 
alloy-type junction over the grown-
type junction transistors is that they 
are usable at a somewhat higher 

frequency. In addition, they have a 
higher current gain, and the current 
gain remains stable as the tempera-
ture increases. 
Surface-Barrier Transistor. 
The surface-barrier transistor is 

similar to the alloy-type transistor 
except that depressions are etched 
into the N-type wafer. This permits 
smaller emitter and collector con-
tacts and results in lower capacities 
between sections of the transistor 
which in turn results in better high-
frequency performance. 

In Fig. 27 we have shown a simpli-
fied sketch of a surface-barrier 
transistor. The sketch in Fig. 27B 
shows the carrier movement from 
the emitter across the base to the 
collector. Notice that in the sketch 
the emitter is shown smaller than 
the collector, we have shown it this 
way because this is the way the 
semiconductor is actually manufac-
tured. 

Various manufacturing techniques 
are used in the manufacture of the 
surface-barrier transistor. Both 
silicon and germanium types are 
made. In the manufacturing process 
different materials are evaporated 
or plated on to the etched depres-
sions depending on the type of tran-

o 
Fig. 27. Sketch of a surface barrier tran-
sistor is shown at A. Hole movement 

across the base is shown at B. 
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sistor being manufactured. How-
ever, regardless of the manufac-
turing technique used, which is of 
no interest to the technician, the 
surface-barrier transistors all have 
the characteristic of giving good 
performance at high frequencies. 

DIFFUSION TRANSISTORS 

To understand diffusion you have 
to understand a little about the 
molecular structure of materials. 
If you look at the wall of a glass 
jar, to the eye it appears solid with 
no space between the various mole-
cules making up the jar. However, 
if you were to fill the jar with hydro-
gen and store it for any length of 
time, you would find that in a short 
while, the jar was no longer filled 
with hydrogen only, but contained a 
mixture of hydrogen and air. The 
reason is that the small hydrogen 
atoms are able to diffuse or pass 
right through the spaces between the 
molecules in the glass. At the same 
time, molecules of air will diffuse 
through the glass and pass on into 
the inside of the bottle. The hydro-
gen molecule is smaller than the air 
molecule; therefore the hydrogen 
will diffuse out of the jar faster than 
the air will diffuse in. 

Diffusion can be used to add im-
purities to either silicon or ger-
manium, and produce either N-type 
or P-type semiconductor material. 
The process can be controlled to 
provide either very uniform base, 
emitter, and collector regions, or it 
can be controlled to provide non-
uniform base, emitter, and collector 
regions. 
The Drift Type. 

One of the most important uses of 
the diffusion technique is in the 
manufacture of transistors with a 

non-uniform base region. If the 
emitter and collector junctions are 
made by the alloy technique, but the 
base region is made by the diffusion 
technique and the impurities in the 
base region varied, we have what is 
known as a drift transistor. In a 
typical PNP-drift transistor, ac-
cepter impurities are added in the 
emitter and collector region. These 
impurities are controlled so that 
their concentration is uniform 
throughout the emitter and collector 
region. At the same time donor im-
purities are added to the base region. 
Their concentration is controlled so 
that it is highest in the region of the 
emitter-base junction and then drops 
off quickly and finally reaches a con-
stant value which it maintains over 
to the base-collector junction, as 
shown in Fig. 28. This type of tran-
sistor is called a drift transistor, 
and its most important character-
istic is its excellent performance 
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Fig. 28. Diagram showing how a large 
number of donor impurities increases 
the electron concentration in the base. 

at high frequencies. However, notice 
that it is still a PNP transistor and 
the basic theory of its operation is 
similar to that of any other PNP 
transistor. The improved perform-
ance is obtained by varying the con-
centration of donor impurities in the 
base region. 
The Mesa Type. 

It is also possible to manufacture 
a transistor using the diffusion tech-
nique entirely. An example of this 
type is the mesa transistor. 

In this type of transistor a semi-
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conductor wafer is etched down in 
steps so that the base and emitter 
regions appear as plateaus above 
the collector region as shown in Fig. 
29. The advantages of the mesa tran-
sistor are good high-frequency per-
formance and very good consistency. 
By this we mean that it is possible 
to control the manufacturing tech-
niques quite closely so that the char-
acteristics of mesa transistors of 
the saine type number will be quite 
similar. This is not necessarily 
true of other transistors; often their 
characteristics vary over a wide 
range. 

e 

Fig. 29. t mesa transistor. 

The Planar Type. 
Another type of transistor manu-

factured by the diffusion technique 
is the planar type of diffused tran-
sistor. This type of transistor is 
shown in Fig. 30. Notice that each 
of the junctions is brought back to a 
common plane, whereas in the mesa 
type the various junctions are built 
up in plateaus. The importance of 
the planar-type transistor is that 
the junctions can be formed beneath 
a protective layer. As a result, many 
of the problems associated with 
other types of transistors having 

e 
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Fig. 30. A diffused planar-type tran-
sistor. 

junctions exposed at the surface are 
avoided in this type of construction. 
Important characteristics of the 
planar transistor are generally very 
low reverse current and improved 
dc gain at low-current levels. 

EPIT AXIAL TRANSISTORS 

One of the disadvantages of the 
diffusion-type transistor is the rela-
tively high resistance of the collec-
tor region. This results in slow 
switching time; it limits the use-
fulness of the transistor in high-
frequency applications. Reducing the 
resistance of the collector region 
reduces the collector breakdown 
voltage and this in turn again reduces 
the usefulness of the transistor. 
These problems can be overcome 
by the epitaxial technique. In this 
technique a thin high-resistance 
layer is produced in the collector 
region and the remainder of the col-
lector region is controlled to keep 
its resistance low. This results in a 
transistor that looks something like 
the one shown in Fig. 31. The pri-
mary advantage of this transistor is 
that it provides good performance 
at very high frequencies. This tech-
nique can be combined with other 
techniques to produce transistors 
having varying characteristics. The 
epitaxial transistor can be referred 
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to as a double-diffused epitaxial 
transistor. The thin high- resistance 
collector region is formed by the 
epitaxial technique and the base and 
the emitter are formed by the dif-
fusion process - hence the term 
double diffusion. 

All the transistors that we have 
discussed so far in this section of 
the lesson are either NPN or PNP 
transistors. The manufacturing 
techniques used to manufacture 
these transistors result in transis-
tors of different characteristics ,but 
the basic theory of operation of these 
transistors is thé same. Now, we'll 
look at another semiconductor de-
vice which operates on a somewhat 
different principle. 

HIGH -R — 

LOW 
COLLECTOR 

LAYER   

Fig. 31. A double-diffused epitaxial 
transistor. 

THE JUNCTION FIELD-
EFFECT TRANSISTOR 

An interesting transistor that re-
sembles a vacuum tube very closely 
in its characteristics and to some 
extent its operation is a field-effect 
transistor. One type of field-effect 
transistor can be made by taking a 
piece of N-type material as shown 
in Fig. 32. If the negative terminal 
of a battery is connected to one end 
of the material and the positive side 

P-TYPE 

— BIAS 

N—TYPE 

Fig. 12. Drawing showing the basic 
operation of a field-effect transistor. 

of the terminal to the other end, 
electrons will flow through the ma-
terial as shown. If we attach a piece 
of P-type material to one side so that 
the PN junction is formed and then 

place a negative voltage on the P-
type material as shown in Fig. 32, 
there will be no current flow across 
the junction, because the battery 
biases the junction in such a way 
that electrons cannot flow from the 
N-type material to the P-type mate-
rial nor can holes flow from the P-
type material to the N-type. 

However, the negative voltage 
applied to the P-type material sets 
up a field in the N-type material. 
This field opposes the electrons 
flowing through the N-type material 
and forces them to move over to one 
side so that the electron movement 
follows the path shown in Fig. 32. 
The negative voltage applied to the 
P-type material has the effect of in-
creasing the resistance of the N-
type material in the area in which 
the field is affected. It forms a de-
pletion layer around the junction so 
there will be no free electrons in the 
N-type material near the junction. 
If the negative bias voltage is made 
high enough, it is able to prevent 

43 



Fig. 33. Schematic representation of the 
circuit shown in Fig. 32. 

the flow of electrons through the 
N-type material entirely so that the 
current flow will be cut off. We call 
this voltage where the bias voltage is 
high enough to stop the flow of cur-
rent through the N-type material 
the "pinch-off" voltage. The N-type 
material is referred to as a channel, 
and the P-type material as a gate. 
This type of transistor is called a 
"junction field-effect transistor." 
The schematic representation of 

the circuit shown in Fig. 32 is shown 
In Fig. 33. Notice that the end of the 
N-type channel at which the elec-
trons from the battery enter is 
called the "source". The other end, 
the end from which the electrons 
leave and flow to the positive ter-

minal of the battery, is called the 
"drain". The P-type material is 
called the gate, as we mentioned 
previously. The transistor is called 
a field-effect transistor because it 
is the field produced by the bias 
voltage applied to the gate that con-
trols the flow of current through the 
channel. This particular type of 
transistor is called a junction tran-
sistor because a junction is formed 
between the P and N-type materials. 
It is called an N-channel transistor 
because the material in the channel 
through which current flows has been 
treated in such a way as to produce 
an N-type semiconductor material. 
Thus the complete name for this 
type of transistor is an N-channel, 
junction- gate , field-effect transis-
tor, We usually abbreviate field-
effect transistor FET, so you will 
see that this type of transistor is 
abbreviated JFET to indicate it is 
a junction-gate type. 
An amplifier using a field-effect 

transistor of this type is shown in 
Fig. 34. In this circuit we have 
eliminated the bias battery by means 
of a resistor connected between the 
negative terminal of the battery and 
the source. This resistor might be 
compared to the cathode-bias re-

Fig. 34. An amplifier using an N-channel junction gate FET. 
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sistor in a triode vacuum tube am-
plifier stage. In the amplifier cir-
cuit, electrons flow from the nega-
tive terminal of the battery through 
the resistor R2 to the source. In so 
doing they set up a voltage drop 
across R2 having a polarity such 
that the source is positive with re-
spect to ground. Since the gate con-
nects back to ground through R1, 
the gate will be at ground potential 
and this will make the source posi-
tive with respect to the gate, or in 
other words, the gate negative with 
respect to the source. Therefore 
none of the electrons in the N chan-
nel will flow to the gate, because 
the gate is negative. 

Fig. 35. \II i.tinplifier using a P-channel junction gat( FET. 

Electrons will flow through the 
N channel to the drain and then 
through the load resistor R3 back 
to the positive terminal of the bat-
tery. As the input voltage applied 
across the input terminals causes 
the voltage between the gate and the 
source to vary, the current flow 
from the source to the drain will 
vary because the controlling action 
of the gate on the current through 
the channel depends upon the volt-

age between the gate and the source. 
Thus we have a varying current, 
which will vary as the input signal 
varies, flowing from the source to 
the drain of the transistor and 
through the load resistor R3. This 
varying current flowing through R3 
will produce an amplified signal 
voltage across R3. 

It is interesting to note the simi-
larity between the circuit shown in 
Fig. 34 and a triode amplifier. When 
the input signal swings the gate in a 
positive direction, current flowing 
through the transistor will increase; 
this will cause the voltage drop a-
cross R3 to increase and therefore 
the voltage between the drain and 

ground will decrease. Thus a posi-
tive-going signal applied to the gate 
will cause a negative-going signal at 
the drain. In other words, this tran-
sistor inverts the signal phase just 
as the triode vacuum tube amplifier 
stage does. 

P-Channel JFET. 
It is possible to make a P-chan-

nel junction-gate field-effect tran-
sistor by using a P-type material 
between the source and drain. The 
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gate is then made of an N-type ma-
terial. The bias polarity is reversed 
so that once again the PN junction 
is biased and no current flows across 
the junction. 
A schematic diagram of an ampli-

fier using a P-channel junction-gate 
effect is shown in Fig. 35. Notice 
the schematic symbol for the P-
channel unit; we have turned the di-
rection of the arrow around just as 
we did to distinguish between NPN 
and PNP transistors. Also notice 
that in this circuit the battery po-
larity is reversed. This is because 
the carriers in the channel in the 
P-channel unit will be holes. The 
positive terminal of the battery 
which connects to the source through 
R2 repels the holes and they travel 
through the channel to the drain 
where they are attracted by the nega-
tive potential connected to the drain. 
Meanwhile, holes arriving at the 
drain terminal are filled by elec-
trons which flow from the negative 
terminal of the battery through R3 
to the drain. At the same time, the 
positive terminal of the battery at-
tracts electrons from the source 
creating new holes. These electrons 
flow from the source through R2 to 
the positive terminal of the battery. 

The operation of the P-channel, 
junction-gate effect is the same as 
with the N-channel unit, except that 
in one case the majority carriers 
are electrons, and in the other case 
they are holes. 

In discussing the action of the 
junction-gate field-effect transis-
tor, we often refer to the reverse 

bias across the junction creating a 
depletion layer in the conducting 
channel. In the case of an N-channel 
unit, the negative voltage on the P-
type gate will repel electrons at the 
junction so that the electrons have 
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been depleted from that area around 
the junction. The higher the negative 

voltage the further the electrons are 
depleted in the area around the junc-
tion, and as we pointed out previously 
if the voltage is made high enough, 
all of the electrons will be depleted 
so that there will be no current flow 
through the channel. The transistor 
is referred to as a depletion-type 
transistor because the bias depletes 
the number of majority carriers 
from the channel around the junc-
tion region. Remember what we 
mean by a depletion type of FET; 
you'll see later there is another type. 

N- CHANNEL 

GATE 

P TYPE 
SUBSTRATE 

GLASS 
INSULATOR 

Fig. 36. Current flow through an insu-
lated-gate, N-channel field-effect tran-

sistor with no bias applied. 

INSULATED-GATE 
FIELD-EFFECT TRANSISTORS 

The transistors we have been dis-
cussing so far are called junction-
gate field-effect transistors. There 
is another type of field-effect tran-
sistor that is called an insulated-
gate field-effect transistor. We usu-
ally abbreviate this IGFET. 

In the insulated-gate field-effect 
transistor, the gate is completely 
insulated from the channel by a thin 
insulating material. For example, 



a very thin piece of glass might be 
placed between the conducting chan-
nel and the gate. Thus there is no 
actual junction formed between the 
semiconductor materials in the 
channel and the gate. In an N-chan-
nel, insulated-gate field-effect tran-
sistor, construction such as shown 
in Fig. 36 is often used. Here we 
have an N channel between the source 
and drain. The substrate on which 
the channel material is mounted is 
P-type material and the gate is 
placed along the channel as shown 
in the figure. The thin layer of glass 
prevents any actual contact between 
the channel and the gate. 

In operation, the source and the 
substrate are connected to the nega-
tive terminal of the battery and the 
drain is connected to the positive 
terminal. This will permit current 
to flow from the negative terminal 
of the battery to the source, through 
the channel to the drain and then 
back to the positive terminal of the 
battery. 
When a negative voltage is applied 

to the gate, it has the effect of re-
pelling electrons away from the gate 
as before. In addition, the negative 
potential applied to the gate attracts 
holes in the P-type material so that 
the width of the channel is reduced 
as shown in Fig. 37. Thus the cur-
rent flow through the channel is re-
stricted by the narrowing of the 
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Fig. 37. Current flots through an N-ehannel 
I(;FFT %.ith bias applied. 

channel. In effect, the resistance of 
the channel is increased. We refer 
to this type of channel as a depletion 
channel. The transistor is called an 
insulated-gate-field-effect transis-
tor and it is also referred to as a de-
pletion type because the flow of cur-
rent through the transistor is con-
trolled by producing a depletion 
layer in the channel as in the case 
of the junction transistors discussed 
previously. 

Both N-channel and P-channel 
IGFET 's are manufactured. The 
schematic symbols used to repre-
sent the two different types are 
shown in Fig. 38A and B. In A, we 
have shown the symbol used for an 
N-channel type, and in B the sche-
matic symbol used for a P-channel 
type. In operation, the units perform 
in essentially the same way as the 
junction-gate units with the excep-
tion that there will be no current 
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Fig. 38. Insulated-gate field-effeet transistors. (..1) shous the sehematic symbol 
for an N-channel unit and (B) the symbol for a P-rhannel unit. 
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flow at all from the channel to the 
gate or from the gate to the chan-
nel. In the JFET, there may be very 
small leakage current across the 

Junction. However, a JFET has a 
high input resistance because this 
leakage current is low. The IGFET 
has an even higher input resistance 
because there is no current flow at 
all from the gate to the channel or 
from the channel to the gate. Thus 
the input resistance of an IGFET is 
almost infinite. 
Enhancement Type. 

So far the field-effect transistors 
we have been discussing are all what 
are known as depletion types. In the 
depletion type of FET, the channel 
is formed and a bias is placed on 
the gate so as to reduce the size 
or width of the channel. In the en-
hancement-type of field-effect tran-
sistor, there is no channel present 
until the bias is applied to the gate. 
Thus, there is no current flow from 
the source to the drain through the 
transistor, unless there is a bias 
applied to the gate. The polarity of 
the bias applied to the gate is re-
versed from what it is in the deple-
tion type, and this bias forms the 
channel through which current can 
flow. The operation of the units is 
the same as with the depletion type 
with the single exception of the re-
verse bias. In other words, in the 
case of an N-channel enhancement-

Fig. 

type field-effect transistor, instead 
of placing a negative bias on the 

gate to reduce the width of the chan-
nel, as we do in the depletion-type 
transistor, in the enhancement-type 
we place a positive bias on the gate 
and produce the N channel. 
The enhancement-type field-ef-

fect transistor is always an insu-
lated gate type. In the case of a junc-
tion FET, if we produced an en-
hancement type, we would have cur-
rent flow across the junction because 
the voltage required to produce the 

channel would forward bias the junc-
tion. However, in the insulated-gate 
FET, no current can flow across the 
junction because we have an insula-
ting material between the gate and 
the channel. Thus we can put any 
type of bias we want, either forward 
or reverse bias, on the gate and we 
still will not get a current flow from 
the gate to the channel or from the 
channel to the gate. 
The schematic symbol of an N-

type IGFET of the enhancement type 
is shown in Fig. 39A. Notice that 
we have indicated there is no chan-
nel by breaking the channel into 
three parts. When the correct bias 
is applied to the gate, an N channel 
between the source and the drain 
will be formed. The schematic sym-
bol for the P-channel unit of an en-

hancement-type IGFET is shown in 
Fig. 39B. 
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39. A shot‘s the schematic symbol for an N-channel enhancement-type 
IGFET. B shows the P-channel unit. 
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The operation of the enhancement-
type IGFET is basically the same as 
with the depletion type. It could be 
used in a circuit similar to the cir-
cuits shown in Fig. 34 and Fig. 35. 
One of the problems with IGF ET 's 

is the very high resistance between 
the gate and the channel. In shipping 
these units the manufacturer usually 
wraps the leads in tin foil to keep 
them connected together. If he 
doesn't do this, static charges can 
build up on the gate because of the 
very high resistance between the 
gate and the channel. These static 
charges may become high enough to 
actually puncture the insulation be-
tween the gate and the channel and 
thus ruin the unit. 

In soldering an IGFET into a cir-
cuit, there might be enough leakage 
from the power line through the tip 
of your soldering iron to ruin the 
FET. To prevent this from happen-
ing, ground leads should be used on 
the various connections to the tran-
sistor and these leads should be left 
in place until the transistor is in-
stalled in the circuit. Once the tran-
sistor is soldered in place, you do 
not have to be concerned about static 
charges destroying the unit because 
the resistance in the circuit will be 
low enough to prevent static charges 
from building up to a high enough 
value to destroy the transistor. 

Field-effect transistors are find-
ing their way into commercial equip-
ment, and you should therefore be 
sure you understand how they oper-
ate. You should review the sections 
on field-effect transistors several 
times if necessary because you can 
be sure they are going to be widely 
used in the future. They offer the 
advantages of the transistor as well 
as many of the advantages of the 
vacuum tube. 

THE IINITUNCTION 

Another important semiconductor 
device is the unijunction. The uni-
junction is different from a con-
ventional two-junction transistor in 
that it has only a single junction. 

Most unijunctions are made of a 
bar of N-type silicon. There are two 
base contacts made to this bar called 
base 1 and base 2. These contacts 
are made at the ends of the bar. 
Between the two bases is a single 
rectifying contact called the emitter. 
The schematic symbol of the uni-
junction is shown in Fig. 40. 

In Fig. 41 we have an equivalent 
circuit showing how the unijunction 
operates. We have referred to the 
resistance between base 1 and the 
emitter as RB i and the resistance 
between base 2 and the emitter con-
tact as RB2. When a dc voltage is 
applied to the unijunction between 
B1 and B2, a current will flow 
through the base as shown. As long 
as the voltage drop across RBi is 
greater than the emitter voltage, the 
emitter will be reverse biased so 
that there will be no current flow 
across the junction between the 
emitter and the base. The voltage 
across the resistance representing 
base 1 and the voltage across the 
resistance representing base 2 will 
remain constant. The two bases 
more or less act like two resistors 

Fig. .10. Schematic symbol of a uni-
junction. 
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Fig. -if. Equivalent circuit shoving 
the operation of the unijunction. 

in series. The positive voltage at the 
emitter junction prevents any elec-
trons from leaving the base and 
crossing the junction to the emitter 
and also prevents holes from travel-
ing from the emitter to the base. 
There will be a small leakage cur-
rent across the junction, but this is 
of no importance insofar as the op-
eration of the unijunction is con-
cerned. 

If the voltage, VE, exceeds the 
voltage across RBI., then holes will 
enter the base and flow throughRBi 
as shown by the arrows on the dia-
gram. These holes will cause the 
number of electrons flowing in Rin 
to increase. The net result will be 
that you will have a drop in voltage 
across RBi but at the same time an 
increase in current. 
You will remember from Ohm's 

Law that the current flowing in a 
circuit is equal to the voltage di-
vided by the resistance. If the volt-
age drops, the current must drop. 
However, in this device we have a 
situation where the voltage drops, 
but the current increases. We refer 
to this as "negative resistance". De-
vices that have this characteristic 
can be used in various types of am-
plifier circuits. 

The unijunctions made for a num-
ber of years always made use of an 
N-type base material and a P-type 
emitter. However, recently some 
uni junctions using a P-type base 
material and an N-type emitter have 
been developed. The schematic sym-
bol is the same, except that the di-
rection of the arrow is reversed. 

Unijunctions have not been widely 
used in commercial radio and TV 
equipment; however, they have been 
used in various pieces of test equip-
ment. It is quite likely that as more 
transistorized television receivers 
are manufactured, the unijunction 
may be used in the sweep circuits 
since they are quite readily adapted 
to this type of application. 
The important thing for you to re-

member at this time about the uni-
junction is that the device has a 
single junction and that the resist-
ance of the two bases remains essen-
tially constant until the emitter volt-
age exceeds the voltage across base 
1. Then the voltage drop across base 
1 decreases while the current flow 

through it increases, resulting in the 
negative resistance characteristic 
of base 1. 

SUMMARY 

There are too many details in 
this section to try to summarize 
them. The important thing for you 
to do is to realize that the different 
names assigned to the conventional 
two-junction transistors indicate the 
manufacturing process used to make 
the transistor. Typical two-junction 

transistors are either NPN or PNP 
•transistors, and the basic theory of 
operation of the two-junction tran-
sistors is the same regardless of the 
manufacturing technique used. Dif-
ferent manufacturing techniques re-
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suit in transistors with different 
characteristics, but the theory of 
operation is the same. 
The field-effect transistor is a 

transistor that very closely re-
sembles a vacuum tube in many of 
its characteristics. Remember that 
there are two basic types: the junc-
tion field-effect transistor and the 
insulated-gate field-effect transis-
tor. In the insulated-gate type, the 
gate is insulated so that the leakage 
current to and from the gate is 
practically zero. This type of tran-
sistor has a very high input resis-
tance. 
You should also remember that 

field-effect transistors can be made 
in both N-channel types and P-chan-
nel types. You'll recall that by de-
pletion type we are referring to a 
transistor where a channel is pres-
ent. The input voltage to this type of 
transistor controls its channel 
width. JFET transistors are all of 
the depletion type. The IGFET may 
be either the depletion type or the 
enhancement type. 
The unijunction is a semiconduc-

tor device with a single junction. 
Its use in commercial equipment is 
somewhat limited at this time, but 
you should understand the basic 
fundamentals of the device because 
it is quite likely that it will be used 
in the future. 

One important point about all 
types of transistors that we must 
emphasize is that they are all easily 
damaged by excessive heat. This is 
true particularly of germanium 
transistors, but silicon transistors 
can also be destroyed by excessive 
heat. Whenever you have to replace 
a transistor in a circuit, you should 
make sure that the point at which 
you have to solder the transistor in 
the circuit is clean so that the solder 

will melt and flow over the connec-

tion quickly. Also make sure that 
the transistor leads are clean. It is 
a good idea to use a heat sink be-
tween the point at which you are 
soldering and the semiconductor de-
vice. A good heat sink is a pair of 
longnose pliers; simply hold the lead 
securely in the jaws of the pliers 
while you are soldering the lead in 
place. Much of the heat developed 
at the joint will flow through the 
pliers and keep the semiconductor 
device itself from becoming exces-
sively hot. The joint should be sol-
dered as quickly as possible; get 
the iron off the joint just as soon 
as the solder has melted and flowed 
smoothly over the connection. 
Semiconductor devices can be 

damaged by storing them in exces-
sively warm places. Again, this is 
particularly true of germanium 
transistors which are more heat 

sensitive than silicon transistors. 
Storing semiconductor devices at 
room temperature will prevent this 
type of damage. You should avoid 
storing them in any place where they 
can become excessively hot. 
Now to check yourself on this im-

portant section you should answer 
the following self-test questions. 

SELF-TEST QUESTIONS 

(aw) 

(ax) 

(ay) 

(az) 

(ba) 

Into what two basic types can 
the grown-junction transistor 
be divided? 
What type of transistor can 
the surface-barrier transis-
tor be classified as? 
What is the most important 
characteristic of the surface-
barrier transistor? 
What do we mean by a diffus-
sion transistor? 
What is an important use of 
the diffusion technique in 
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(k) 

manufacturing transistors? 
(bb) What is the difference between 

a junction-gate field-effect 
transistor and an insulated-
gate field-effect transistor? 

(be) What is a depletion-type field-
effect transistor? 

(bd) What is an enhancement-type 
FET? 

(be) What is a unijunction? 

Answers to Self-Test Questions 
(a) 

(D) 

(e) 

Four. 
Germanium and silicon. 
A covalent bond is the sharing 
of two electrons by two atoms, 
one from each of the two 
atoms. 

(d) Four. A single atom of ger-
manium or silicon will share 
an electron from its outer ring 
and an electron from the outer 
ring of a nearby atom to form 
a covalent bond. It will do this 
with four electrons to estab-
lish four covalent bonds. 

(e) Intrinsic conduction is con-
duction due to the forma-
tion of hole-electron pairs 
throughout a germanium or 
silicon crystal. 

(f) No. 
(g) Germanium. 
(h) Heat. 
(i) Silicon. 
(j) An N-type material is a ma-

terial that has been doped so 
that electrons are the majority 
carriers. This is brought 
about by using an impurity that 
has five electrons in the val-
ence ring so that when it forms 
covalent bonds with nearby 
germanium or silicon atoms 
there will be an electron left 
over. 
A donor material is an im-
purity which when added to 

silicon or germanium will 
form covalent bonds with four 
nearby atoms and have an 
electron left over. When a 
donor material is added to 
germanium or silicon, N-type 
material is formed. 

(1) Arsenic and antimony. 
(m) P-type semiconductor mate-

rial is a material that has been 
doped with an impurity having 
three electrons in the valence 
ring. This will leave a covalent 
bond that is short one electron 
so there will be a hole in the 
bond. The hole is in effect a 
positive charge and hence the 
majority carriers in the P-
type material are the holes or 
positive charges. 

(n) An accepter-type impurity is 
an impurity with three elec-
trons in the valence ring or 
shell. It is an accepter-type 
material because it leaves a 
hole in the covalent bond which 
can accept an electron. 
Indium, boron and aluminum. 
Electrons are the majority 
carriers in N-type material. 

(q) Holes. 
(r) When the arsenic loses an 

electron it will be short one 
electron to completely neu-
tralize the charge on the nu-
cleus, and therefore the atom 

(o) 

(13) 
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(s) 

will have a positive charge. 
Meanwhile the atom of silicon 
or germanium that has re-
ceived the extra electron will 
have a negative charge on it. 
There is no charge on the 
crystal, it is neutral. Although 
some regions may have a posi-
tive charge, other regions may (z) 
have a negative charge; the 
crystal itself neither gains nor 
loses electrons and therefore 
it does not have any charge. 

(t) Holes are produced. 
(u) Diffusion is a random motion 

of the carriers in a semi-
conductor material. It goes on 
at all times in the crystal and 
every effort is made to keep 
diffusion as low as possible 
since it contributes nothing (ab) 
insofar as the usefulness of (ac) 
the material in semiconductor 
devices is concerned. 
Drift. 
Electrons are the majority 
carriers in an N-type mate-
rial and they move from the 
end to which the negative po-
tential is applied towards the 
end to which the positive po-
tential is applied. 

(x) Holes are the majority car-
riers in a P-type material 
and they move from the end 
to which the positive potential (ad) 
is applied to the end to which 
the negative potential is ap-
plied. 
No - the crystal will remain 
electrically neutral. In the 
case of N-type material, ex-
actly the same number of elec-
trons will leave the positive 
end of the crystal and enter 
the negative end of the crystal. 
In the case of the P-type ma-
terial, electrons will leave the 

(Y) 

(aa) 

end to which the positive po-
tential is connected creating 
holes. Exactly the same num-
ber of electrons will enter the 
end to which the negative po-
tential is connected to fill 
holes arriving at the negative 
end. 
No. For a given potential and 
given size of crystal, elec-
trons will move at approxi-
mately twice the rate through 
an N-type crystal as the holes 
will through a P-type crystal. 
The N-type material will have 
the lower resistance. This is 
due to the higher mobility of 
the electrons in the N-type 
material than the holes in the 
P-type material. 
Detectors and rectifiers. 
The depletion layer is an area 
on both sides of the junction. 
On the P-side of the junction 
there is a shortage of holes 
and on the N-side of the junc-
tion there is a shortage of 
electrons. The shortage is 
caused by a few of the ma-
jority carriers crossing the 
junction in each way building 
up a charge at the junction so 
that the majority carriers are 
repelled away from the junc-
tion. 
The potential barrier is the 
voltage built up across the 
junction by the diffusion of 
majority carriers across the 
junction. The holes that dif-
fuse across the junction into 
the N-side of the junction 
create an area that has a nega-
tive charge in the P-side of 
the junction. Similarly, the 
electrons diffusing across the 
junction into the P-side create 
an area on the N-side of the 
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junction that has a positive 
charge. This charge across 
the junction eventually be-
comes high enough to prevent 
any further diffusion of holes 
and electrons across the junc-
tion. 

(ae) No. The net charge on the 
crystal will remain zero. 
There may be areas on the 
crystal that have a positive 
charge, and other areas that 
have a negative charge, but 
since the crystal itself neither 
gains nor loses electrons, the 
net charge on the crystal will 
remain zero. 
Yes. Minority carriers cross-
ing the junction tend to weaken 
the potential barrier estab-
lished across the junction by 
majority carriers diffusing a-
cross the junction. When the 
potential barrier is weakened, 
additional majority carriers 
can cross the junction. Thus 
we end up with carriers cross-
ing the junction in both direc-
tions. This adds nothing to the 
useful current that the diode 
can handle, but it does con-
tribute to heating and thus 
limits the useful current that 
can cross the junction. 

(ag) When a junction is forward 
biased we have a positive po-
tential applied to the P-side 
and a negative potential ap-
plied to the N-side. This per-
mits electrons to freely cross 
the junction from the N region 
to the P region. Similarly 
holes can cross the junction 
from the P region to the N 
region. 
When a junction is reverse 
biased we have a negative po-
tential connected to the P re-

(af) 

(ah) 

gion and a positive potential 
connected to the N region. The 
positive potential connected to 
the N region repels holes in the 
P region away from the junc-
tion so that they cannot cross 
the junction. Similarly, the 
negative potential applied to 
the P region repels electrons 
in the N region away from the 
junction so that they cannot 
cross the junction. When a 
junction is reverse biased, 
majority carriers normally 
cannot cross the junction. 

(ai) When there is no voltage ap-
plied to a semiconductor 
diode, the net current flow a-
cross the junction is zero. 
However, in the case of a 
vacuum tube where there is 
no voltage applied between 
plate and cathode, some elec-
trons will leave the cathode 
with sufficient energy to travel 
over to the plate. As a result, 
there will be a small current 
through the diode even though 
there is no voltage applied be-
tween the plate and cathode. 

(aj) When a semiconductor diode is 
reverse biased, there will be a 
small current flow across the 
junction due to minority car-
riers. As long as the break-
down voltage of the diode is 
not exceeded, this current will 
be quite small. In the case of 
a vacuum tube, when the plate 
is made negative with respect 
to the cathode, the plate will 
repel electrons so that there 
will be no current flow through 
the vacuum tube. 
A Zener diode is a diode used 
in applications where a re-
verse bias is placed across the 
junction. The diode is designed 

(ak) 
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(al) 

to break down at a certain volt-
age and then maintain a con-
stant voltage. If the voltage 
tries to increase above this 
constant value, the current 
flow through the Zener diode 
will increase so that the diode 
can be used in voltage regu-
lating circuits and also can be 
used as a voltage reference 
source. 
A tunnel diode is a diode where 
the electrons cross the junc-
tion by a process similar to 
tunneling across the junction. 
The tunnel diode has a char-
acteristic of introducing nega-
tive resistance into the circuit 
when a certain voltage is ap-
plied across the junction. In 
other words, when the voltage 
across the diode increases, 
the current flow through the 
diode decreases. Similarly, 
when the voltage decreases the 
current increases. Because of 
this negative resistance char-
acteristic, the tunnel diode can 
be used as an oscillator. 

(am) A p-i-n diode is a diode that is 
primarily used as a variable 
resistance. The resistance of 
the diode varies as the voltage 
across it is varied. The p-i-n 
diode is used in automatic gain 
control circuits to vary the 
strength of the signal reach-
ing amplifier stages. 
The base region is the center 
region of the transistor. On 
one side of the base region is 
the emitter, and on the other 
side is the collector. 

(ao) Germanium and silicon. 
(ap) PNP transistors and NPN 

transistors. 
(aq) Forward bias. 
(ar) Reverse bias. 

(an) 

(as) The base region is usually 
comparatively thin. 

(at) See Fig. 22. 
(au) See Fig. 24. 
(ay) Holes are useful current car-

riers in a PNP transistor. 
(aw) NPN and PNP transistors. 
(ax) An alloy-type transistor. 
(ay) Good high-frequency perform-

ance. 
(az) A diffusion transistor is a 

transistor which has been 
made by diffusing the impuri-
ties into the emitter, base and 
collector regions. 

(ba) One of the most important uses 
of the diffusion technique is in 
the manufacture of non-uni-
form base regions. 

(bb) In a junction-gate field-effect 
transistor there is an actual 
contact between the channel 
material and the gate. There 
will be some current flow a-
cross the contact at all times 
due to minority carriers 
crossing the junction. In addi-
tion, if the junction is forward 
biased there will be a high 
current flow across the junc-
tion. In an insulated-gate field-
effect transistor a glass or 
similar insulating material is 
used between the material in 
the channel and the gate. Since 
there is an insulator between 
the gate and the channel, there 
will be little or no current flow 
across the insulator either due 
to minority carriers when 
there is a reverse bias ap-
plied, or due to majority car-
riers with a forward bias ap-
plied. 

(bc) A depletion-type FET is a unit 
in which the channel is present 
at all times. The transistor 
works by depleting or reducing 
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(bd) 

the size of the channel. 
An enhancement FET is a unit 
in which there is no channel 
present until the operating 
bias is applied between the 
gate and the material in which 
the channel is formed. 

(be) A unijunction is a semicon-

ductor device having two base 
connections but only a single 
junction. The junction is called 
the emitter. The single junc-
tion makes the unijunction 
quite different from the con-
ventional two-junction tran-
sistor. 
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LESSON QUESTIONS 

Be sure to number your Answer Sheet B112. 

Place your Student Number on every Answer Sheet. 

Most students want to know their grades as soon as possible, so they 
mail in their answers immediately. Others, knowing they will finish the 
next lesson within a few days, send in two sets of answers at a time. 
Either practice is acceptable. However, don't hold your answers too long; 
you may lose them. Don't hold answers to more than two sets of lessons 
at any time, or you may run out of lessons before new ones can reach you. 

1. Name the two most important semiconductor materials used for tran-
sistors. 

2. When a donor type of material is added to a silicon or a germanium 
crystal, what type of semiconductor material is produced? Does this 
type have free electrons or free holes? 

3. What effect do the two layers of ionized atoms at the junction in a PN 
diode have on the majority carriers in the vicinity of the junction? 

4. To which side of a PN junction diode do you connect the positive 
battery terminal if you wish to place a forward bias on the junction? 

5. If a reverse bias is applied to a junction diode, what effect will a small 
increase in bias have on the current flowing, provided the reverse 
voltage does not exceed the breakdown voltage? 

6. What is a Zener diode? 

7. In a PNP transistor, what happens to a hole that crosses the emitter 
and the base and moves into the collector? 

8. What is a drift transistor? 

9. What is an N-channel, junction-type field-effect transistor? 

10. What do we mean when we refer to a field-effect transistor as an 
enhancement type? 
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CASHING IN ON DISCONTENT 

Discontent is a good thing--if it makes you want to 
do something worthwhile. If you had not been dis-
contented, you would never have enrolled for the NRI 
course. 

Practically everyone is discontented. But some of 
us are "floored" by discontent. We develop into com-
plainers. We find fault with anything and everything. 
We end up as sour and dismal failures. 

Those of us who are wise use our discontent as fuel 
for endeavor. We keep striving toward a goal we have 
set for ourselves. We are happy in our work. We face 
defeat, and we come out the victors. 

At this minute you may be discontented with many 
things--your progress with your course, your earning 
ability, yourself. 

Make that discontent pay you dividends. Don't let it 
throw you down. If you do, you may never be able to 
get up again. Keep striving to remove the cause of 
your discontent. Remember that it's always darkest 

before the dawn. And a real NRI man works hardest 
and accomplishes most when he is face to face with 
the greatest discouragements. 
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STUDY SCHEDULE 
By dividing your study into the steps given below, you can get 
the most out of this part of your NRI Course in the shortest 
possible time. Check off each step when you finish it. 

a L Introduction   Pages 1 - 3 
This gives a brief discussion of the advantages and disad-
vantages of transistors compared to vacuum tubes, and a look 
at the basic circuits you will study. 

2. The Common-Base Circuit   Pages 4 - 9 
The common-base circuit for both NPN and PNP transistors is 
discussed. 

3. The Common-Emitter Circuit   Pages 10 - 15 
The common-emitter circuit is the most frequently used 
transistor circuit. You learn about both NPN and PNP 
common-emitter circuits. 

4. The Common-Collector Circuit   Pages 16 - 21 
You study both NPN and PNP common-collector circuits. 

5. Transistor Characteristics   Pages 22 - 28 
You study characteristic curves and various transistor 
characteristics. 

6. Typical Transistor Circuits   Pages 29 - 37 
You learn how basic transistor circuits are modified to be used 
as audio and if amplifiers. 

7. A Typical Transistor Receiver   Pages 38 - 41 
We take a complete schematic diagram of a radio receiver using 
transistors and see how the stages you have studied are used 
together. 

8. Answers to Self-Test Questions   Pages 41 - 44 

9. Answer the Lesson Questions. 

10. Start Studying the Next Lesson. 
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HOW TRANSISTORS ARE USED 

Just a few years agoa germanium 
transistor cost considerably more 
than most vacuum tubes , and the cost 
of silicon transistors was many 
times that of germanium transis-
tors. Silicon transistors were priced 
so high that their use in commercial 
entertainment devices was prohibi-
tive. Even germanium transistors 
were priced so high that it was hard 
to justify their use in entertainment-
type equipment. Now, however, both 
germanium and silicon transistors 
are relatively inexpensive. There 
are many transistors of both types 
priced lower than even the most in-
expensive vacuum tubes. For this 
reason they are widely used in com-
mercial equipment. All portable 

, 
radio receivers manufactured today 
use transistors. You will not run into 
a portable receiver using tubes ex-
cept in the case of a receiver that 
is many years old. Automobile 
radios use transistors, and most 
stereo and hi-fi equipment is made 
entirely with solid-state devices. 
There are many portable television 

receivers on the market and in use 
today that use transistors exclu-
sively. In addition, there are hybrid 
receivers that use both tubes and 
transistors. 

TRANSISTORS 
AND TUBES 

A transistor can do almost any-
thing a vacuum tube can do. Some-
times a transistor can perform a 
task better than a vacuum tube; 
sometimes it cannot perform the 
task as well as a vacuum tube. 
Advantages of Tubes. 
The big advantage vacuum tubes 

have over transistors is that it is 
usually possible to obtain a higher 
gain with a single vacuum tube than 
it is with a single transistor. In addi-
tion, a number of tubes can be com-
bined in a single envelope so that a 
single vacuum tube may actually 
contain three or more separate tubes 
in the same envelope. This often re-
sults in the multi-purpose tube being 
more economical than the equivalent 
number of transistors that would be 
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required to perform the same func-
tions. 

Another advantage of the tube is 
that today 's engineers are more used 
to working with them. Thus the cost 
of designing a piece of electronic 
equipment, such as a color TV re-
ceiver, using tubes is less than the 
cost of designing a color TV receiver 
using transistors. 
The characteristics of tubes are 

more uniform than those of transis-
tors. In other words, it is easier to 
duplicate circuits using tubes than 
circuits using transistors. Further-
more, when it comes time to re-
place a transistor, you may find the 
replacement has quite different 
characteristics from the original 
and that the stage will perform quite 
differently from the manner in which 
it did with the original transistor. 
You are not likely to run into this 
situation with a tube. 
Advantages of Transistors. 
To offset the advantages of the 

vacuum tube, the transistor offers 
many other advantages. Generally 
speaking, a transistor for a particu-
lar Job is smaller than a vacuum 
tube. The transistor is more rugged 
than the vacuum tube and there is 
less chance of it breaking. A tran-
sistor does not require any power 
to heat a cathode or filament - this 
reduces the power requirement of 
the equipment and also reduces the 
amount of heat that must be dis-
sipated by the equipment. The lower 
temperature inside the equipment 
generally results in longer life from 
all the other parts in the equipment. 

Transistors operate on lower 
voltages than vacuum tubes. This 
often results in savings in the power 
supply and also in the voltage ratings 
of the other components in the 

circuit. 

BASIC TRANSISTOR 

CIRCUITS 

In the span of the few short years 
in which transistors have been man-
ufactured for commercial applica-
tions, there have been a large num-
ber of different transistor types 
manufactured. Each year manufac-
turers introduce new types, and we 
can expect that this will continue 
year after year. This might make 
you think that it will be an almost 
impossible Job to keep up with new 
developments in the field of transis-
tors. However, this is not the case. 
Like tubes, transistors are used in 
certain basic circuits. If you learn 
these basic circuits and how they 
work, you should be able to under-
stand new circuits as you encounter 
them. In addition, there are certain 
basic characteristics of transistors 
that are important. Once you learn 
what these characteristics are and 
what they mean, you will be in a 
position to evaluate new transis-
tors as they appear on the market 
in comparison with older transis-
tors with which you may be more 
familiar. 
As you will remember from your 

study of vacuum tubes, the triode 
tube has three elements: a cathode, 
a plate and a grid. You will re-

member that we found that there 
are three different types of circuits 
in which a triode tube can be used: 
the grounded-cathode circuit, the 
grounded-plate circuit, and the 
grounded-grid circuit. Similarly, a 
triode transistor has three ele-
ments: an emitter, a base , and a col-
lector. There are three basic cir-
cuits in which a triode transistor 
can be used. These circuits are 
called the common-base circuit,the 
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common-emitter circuit, and the 
common-collector circuit. In tran-
sistor circuits we usually use the 
word "common" when speaking of 
different circuits, but actually a 
common-base circuit is a grounded-
base circuit—in other words a cir-
cuit where the base is at the ac 
ground potential. 
Now let's study the three basic 

circuits to learn something about the 
important characteristics of each 
type. It is important for you to under-
stand these three circuits. If you 
understand them you should have no 
difficulty with the other circuits you 
encounter in this book because they 
will all be variations of one of these 
three circuits. 

Of the three circuit variations in 
which a triode transistor may be 
used, the common-emitter circuit 
is found more frequently than the 

other two. This is the circuit that 
will give the greatest voltage and 
power gain. However, we will start 
our study of the three circuits with 
the common-base because you have 
already seen the circuit in the pre-
ceding lesson and also because it is 
a little easier to understand than the 
other two circuits. 

In studying these three basic cir-
cuits we will compare their char-
acteristics with the three basic 
vacuum-tube circuits. You will see 
a great deal of similarity between 
the three circuits insofar as per-
formance is concerned, but you will 
also see some very noticeable dif-
ferences. You should keep in mind 
that, although the end results may be 
the same, there is a great deal of 
difference between the way a circuit 
using a vacuum tube and one using 
a transistor works. 
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The Common-Base Circuit 
Typical common-base circuits 

are shown in Fig. 1. The circuit 
shown at A is for an NPNtransistor; 
the circuit shown at B is for a PNP 
transistor. 

The solid arrows on the two dia-
grams indicate the direction of use-
ful electron flow. In the circuit 
shown at A, electrons flow from the 
negative terminal of battery Bi, 
through resistor R1, through the 
NPN transistor, into the emitter, 
across the emitter-base junction to 
the base, then across the base-col-
lector junction into the collector, and 
from the collector through the col-
lector resistor Re to the positive 
terminal of battery B2. Notice that 
the emitter-base junction is forward 
biased, and the base-collector junc-
tion is reverse biased as in alltran-
sistor circuits. 

In the circuit shown in Fig. 1B, the 
batteries are reversed. Since this is 
a PNP transistor, in order to place 

Fig. I. Basic common-base circuits. The 
circuit at (A) is for an NPN transistor; 

the one at (B) for a PNP transistor. 

a forward bias on the emitter-base 
junction, the positive terminal of the 
battery must be connected to the 
emitter and the negative terminal to 
the base; similarly, battery B2 is 
reversed because , to place a reverse 
bias on the base-collector junction, 
the negative terminal must be con-
nected to the collector and the posi-
tive terminal to the base. 

In Fig. 1B the positive terminal of 
B1 is connected to the emitter 
through resistor Rl. The positive 
potential applied to the emitter will 
attract electrons from the emitter. 
When an electron is attracted from 
the emitter it will flow in the direc-
tion indicated by the solid arrows, 
through resistor R1 to the positive 
terminal of Bi. Meanwhile, when an 
electron is pulled from the emitter, 
a hole is created. The hole travels 
through the transistor in the direc-
tion indicated by the outlined arrow. 
The hole crosses the emitter-base 
junction, then travels through the 
base, across the base-collector 
junction, and to the terminal of the 
collector that is connected to the 
collector resistor Re. There the hole 
is filled by an electron and dis-
appears. The electrons needed tofill 
the holes reaching the collector ter-
minal are supplied by battery B2. 
Thus there will be an electron flow 
from the negative terminal of this 
battery through the resistor Re to the 
collector terminal of the transistor 
as shown by the solid arrows on the 
diagram. 
You will remember from the pre-

ceding lesson that the majority car-
riers diffusing across the junctions 
in a transistor set up potential bar-
riers which prevent an additional 
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flow of majority carriers across the 
junction. In the transistor circuits 
shown in Fig. 1, battery B1 places 
a forward bias on the emitter-base 
junction that partially overcomes 
this potential barrier and allows 
some majority carriers to cross the 
junction. The exact number of 
majority carriers that will cross 
the junction depends upon the char-
acteristics of the transistor and upon 

the voltage of battery Bi. Thus, in 
the circuits shown in Fig. 1, we will 
have a static current flowing. Static 
current is simply a fixed current or 
a current flow that depends upon the 
operating voltages applied and not 
upon the s igna 1 voltage . This current 
is often called the "zero-signal" 
current, and it will set up a voltage 
drop across the collector resistor 
Re. 

A COMMON-BASE 
NPR AMPLIFIER 

Now let us see what happens when 
a signal voltage is applied to the in-
put of these transistor circuits. In 
Fig. 2 we have shown a common-
base amplifier circuit using an NPN 
transistor. Let's see how this cir-
cuit can be used to amplify a signal. 

Let us consider first the voltage 
across R. The end of Re that is con-
nected to battery B2 is essentially 
at signal ground potential. This is 
because B2 is a low impedance at 
signal frequencies or is made to act 

INPUT R, Rc≥OUTPUT 

111111 • 
82 

Fig. 2. .‘ common-base amplifier circuit 
using an NPN transistor. 

like a low impedance by shunting it 
with a capacitor. So let's consider 
this end of Re as being at ground or 
zero potential and see what the volt-
age is at the other end. 

Since current flows through Re in 
the direction shown, the end of Re 
connected to the collector is nega-
tive. We can show this on a graph 
as in Fig. 3A. The voltage is nega-
tive so we represent it by a line 
drawn below the zero-voltage axis. 

O 

o 

IN PUT 
SIGNAL 
VOLTAGE 

o 

OUTPUT 
VOLTAGE 

VOLTAGE AT COLLECTOR 
END OF Rc 

DROP ACROSS Rc 

Fig. 3. Noltage t.a%eforms for the circuit 
of Fig. 2. 

Now, what happens when we apply 
a signal like Fig. 3B to the input? 
Consider first the input signal at 
point 1 in Fig. 3B. At point 1 the 
signal is zero and hence it has no 
effect on the static or zero-signal 
current flowing through the transis-
tor. The only current flowing will be 
the zero-signal current due to the 
battery voltages. Therefore the volt-
age across Re can be represented 
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by the straight line extending to point 
1 in Fig. 3C. Now as the ac signal 
moves to point 2 on the input curve, 
we have a voltage drop across re-
sistor Rl. The polarity of this volt-
age drop makes the end of R1 con-
nected to the emitter positive and 
the end connected to the battery 
negative. This means that the polar-
ity is opposite to the polarity of Bi. 
Therefore the voltage across R 1 will 
subtract from the voltage of battery 
B1 insofar as the net emitter-base 
voltage is concerned. This means 
that the signal will reduce the for-
ward bias applied between the emit-
ter and base and hence reduce the 
number of majority carriers (elec-
trons) that can cross the emitter-
base junction. When the number of 
carriers crossing this junction de-
creases, the number of electrons 
flowing through Re will decrease. 
When the number of electrons 

flowing through Re decreases, the 
voltage drop across the resistor will 
decrease. This is shown in Fig. 3C. 
The curve rises,getsclosertozero, 
between points 1 and 2. This shows 
that the voltage is decreasing. 
When the input voltage drops to 

point 3, we once again have the situa-
tion where the input voltage is zero. 
The current flowing through the col-
lector resistor Re will increase to 
the zero signal current, and the out-
put voltage shown in Fig. 3C will in-
crease to the zero signal voltage, 
point 3, which is the voltage that 
appeared across this resistor be-
fore any signal was applied. Hence 
the current will increase. 
Now let us see what happens when 

the input signal swings in the op-
posite direction. When the signal 
swings to point 4, the end of resistor 
R1 that is connected to the emitter 
will be negative and the end connec-

ted to the battery will be positive. 
Now we have a voltage across R1 
that is in series with the voltage of 
battery B1 and hence adds to it.This 
means that the forward bias across 
the emitter-base junction will be in-
creased and the number of majority 
carriers crossing the junction will 
increase. The current flow through 
Rc will increase. When currentflow 
through this resistor increases, the 
voltage drop across the resistor will 
increase and the end of the resistor 
that is connected to the collector will 
become more negative with respect 
to the other end. Hence the voltage 
appearing across the output termi-
nals will swing to point 4 as shown 
in Fig. 3C. When the input signal 
drops back to point 5 or zero signal 
voltage, the voltage across the out-
put similarly will fall back to zero 
signal voltage at point 5 on the out-
put voltage curve. 
Now let 's consider what is happen-

ing in the output of this amplifier. 
First we have a de voltage across 
Re; this is the static or zero signal 
voltage. When a signal is applied to 
the input, the zero signal voltage 
varies. if we remove the zero sig-
nal voltage, which we can easily do 
by taking the output off through a 
capacitor, we have the output volt-
age shown in Fig. 3D. This is the 
actual amplified output obtained 
from the transistor. 
Two important things to notice in 

this circuit are that the output volt-
age is in phase with the input volt-
age and that the output voltage is 
several times the input voltage. In 
other words when the input voltage 
swings positive, the output voltage 
goes positive and when the input volt-
age goes negative, the output voltage 
goes negative. We can obtain a volt-
age gain using this type of circuit. 
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A COMMON-BASE 
PNP AMPLIFIER 

When a PNP transistor is used as 
an amplifier in a common-base cir-
cuit as shown in Fig. 4, the output 
voltage is also in phase with the in-
put voltage. However, the way in 
which this circuit operates is quite 
different from the way the NPN cir-
cuit operates. 

INPUT Ri Pc OUTPUT 

Fig. 4. A common-base amplifier circuit 
using a PN I' transistor. 

Notice that the polarity of the volt-
age across Re is the opposite to what 
it was in Fig. 2. In Fig. 4, the end 
of the resistor connected to the col-
lector is positive and the end con-
nected to battery B2 is negative. 
Thus the voltage at the collector end 
of Re will be positive with respect to 
the other end of the resistor, and 
under zero signal conditions can be 
represented by a straight line above 
the zero axis as shown in Fig. 5A. 

Now, what happens when t..n input 
signal like Fig. 5B is applied tothis 
circuit? When the input voltage is 
zero, the collector current flowing 
through Re will be the zero signal 
current as shown in Fig. 5C extend-
ing to point 1 on the curve. But when 
the voltage applied across R1 swings 
positive to point 2 in Fig. 5B, the 
emitter end of this resistor is posi-
tive, and the end connected to the 
battery will be negative. This means 
that the voltage will be in series with 

the voltage of battery B1 and hence 
will increase the forward bias on the 
emitter-base junction. This will 
cause an increased movement of 
holes through the transistor and 
hence an increase in current flow 
through Rc. The increase in current 
flow through Re results in an in-
creased voltage drop across Re so 
that the end of the resistor connected 
to the collector becomes more posi-
tive with respect to the other end. 
Thus when the input voltage moves 
from point 1 to point 2 in Fig. 5B, 
the voltage across Re will move from 
point 1 to point 2 as shown in Fig. 
5C. 

Similarly, when the input voltage 
swings negative, the voltage across 
R1 will subtract from the forward 
bias applied across the emitter-
base junction, reducing the bias. 
This will reduce the hole movement 

o 
O 

INPUT 
SIGNAL 
VOLTAGE 

o 
o 

o 

VOLTAGE AT COLLECTOR 
ENO OF Pc 

VOLTAGE 
ACROSS Pc 

2 

_/ \/__ 3 5 OUTPUT 
i VOLTAGE ___ 

4 

Fig. 5. Voltage waveforms for the circuit 
of Fig. 4. 
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through the transistor, which will 
reduce the number of electrons flow-
ing through Re. When the number of 
electrons flowing through this resis-
tor decreases, the voltage drop 

across the resistor decreases with 
the result that the end of the resis-
tor connected to the collector will 
become less positive with respect 
to the other end. This means that 
when the input signal swings from 
point 3 to point 4 on the input curve 
as shown in Fig. 5B, the signalvolt-
age appearing across Re will swing 
from point 3 to point 4 as shown in 

Fig. 5C. 
If we once again remove the zero 

signal current from our graph, we 
have the graph shown in Fig. 5D. 
This represents the actual output 
signal voltage and, as you can readily 
see, it is in phase with the input 
signal. 

CHARACTERISTICS OF 
COMMON-BASE CIRCUITS 

Even though the action of the PNP 
transistor is quite different from 
the action of the NPNtransistor,the 
net result using the common-base 
circuit is the same with both types 
of transistors. In both cases we have 
the output voltage in phase with the 
input voltage, and we have voltage 
amplification. In other words, the 
output signal voltage is greater than 
the input signal voltage. 
You will remember that when you 

studied this circuit in the preceding 
lesson you learned that not all ma-
jority carriers leaving the emitter 
and crossing the emitter-base junc-
tion will reach the collector. Some 
of these carriers will be attracted 
by the potential of the emitter-base 
battery and flow out of the base to 
the battery. Therefore, since all of 

the emitter current does not reach 
the collector, the collector current 
will be less than the emitter cur-
rent. Technicians say that the cur-
rent gain is less than 1. For ex-
ample, if the current in the emitter 
circuit increases by 1 milliampere, 
the current in the collector circuit 
will increase, but the increase will 
be something less than 1 milliam-

pere. 
Two other characteristics of a 

transistor amplifier that are im-
portant are the input impedance and 
the output impedance. The input im-
pedance is simply the ratio of the 
signal voltage over the signal cur-
rent. If we represent the signal volt-
age by e, , and the signal current by 

and the impedance by Z , N then the 
input impedance will be: 

Z , = 
1, 

The output impedance is the ratio 
of the output signal voltage over the 
output signal current. If we repre-
sent the output signalvoltage byeour 
and the output current by ioUT and 
the output impedance by ZouT , then 
the output impedance will be: 

eo j T 
ZouT io 

If we examine the common-base 
circuit shown in Fig. 2, we see that 
the input voltage is applied across 
R 1. This will cause some signal cur-
rent to flow through the resistor Rl. 
In addition, the entire emitter cur-
rent drawn by the transistor must 
flow through Rl. Therefore, even 
with the small signal voltage the 
signal current must be quite high. 
This means that the ratio of the volt-
age divided by the current will be low 

or, in other words, we will have a 
low input impedance. 
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On the other hand, since the stage 
is capable of giving voltage gain,the 
output voltage which will be de-
veloped across Re will be much 
higher than the input voltage. At the 
same time, since the collector cur-
rent is less than the emitter cur-
rent the signal current flowing in 
the output will be lower than the 
signal current flowing in the input. 
Therefore the output impedance will 
be considerably higher than the input 
impedance. In fact, the output imped-
ance will be quite high. Therefore in 
the common-base amplifier we have 
a very low input impedance and a 
reasonably high output impedance. 

COMMON-BASE AND 
OROUNDED-GRID 

CIRCUITS COMPARED 

The common-base circuit is often 
compared to the grounded-grid vac-
uum tube circuit. The two circuits 
are shown in Fig. 6 for comparison 
purposes. Notice the similarity be-
tween the common-base circuit 

Fig. 6. Comparison of a common-base tran-
sistor circuit (A) with a grounded-grid 

vacuum tube circuit (11). 

shown at A and the grounded-grid 

circuit shown at B. The battery 
shown between the grid and the cath-
ode of the grounded-grid circuit is 
seldom found in practice, because 
resistor R1 can be made to supply 
the bias required by the tube or, in 
some instances, a resistor placed 
in the grid circuit is used todevelop 
bias. In this case the grid resistor 
will be bypassed by a capacitor. 

SUMMARY 

The common-base circuit has a 
very low input impedance and a high 
output impedance. This output volt-

age is in phase with the input volt-
age and is greater than the input 
voltage. The current gain of the stage 
is less than one. A common-base 
circuit is often used in applications 
where we want to match a low im-
pedance to a high impedance. 

SELF-TEST QUESTIONS 

(a) In the common-base circuit, is 
it possible to get a current gain? 

(b) What is the phase relationship 
between the amplified signal 
voltage and the input signal 
voltage in a common-base cir-
cuit? 

(c) What are the majority carriers 

in a common-base circuit using 
a PNP transistor? 

(d) Why is it possible to get a volt-
age gain ina common-base am-
plifier circuit even though we do 
not have a current gain? 

(e) What are the relative input and 
output impedances of the com-
mon-base amplifier circuit? 

(f) To what type of vacuum tube 
circuit can the common-base 
circuit be compared? 
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The Common-Emitter Circuit 
The most frequently used transis-

tor circuits are the common-emitter 
circuits shown in Fig. 7. The circuit 
shown at A is for an NPN transistor, 
and the circuit shown at B is for a 
PNP transistor. Battery BI in both 
cases provides the forward bias 
needed for the emitter-base junc-
tion, and battery B2 provides the 
reverse bias needed for the base-
collector junction. In Fig. IA battery 
Bi was connected sothat the emitter 
was made negative with respect to 
the base. In Fig. 7A the emitter is 
also made negative with respect to 
the base. This provides forward bias 
for the emitter-base junction of the 
NPN transistor. 
The solid arrows on the two dia-

grams in Fig. 7 indicate the direc-
tion of electron flow in the circuit. 
In Fig. 7A electrons leave the nega-

Fig. 7. Common-emitter circuits for (A) an 
NPN transistor, and (B) a PNP transistor. 

tive terminal of Bi and flow to the 
emitter. They cross the emitter-
base junction, then flow through the 
base, across the base-collector 
junction, and through resistor Re to 
the positive terminal of B2. 

In the circuit shown in Fig. 7Bthe 
electrons are attracted from the 
emitter by the positive potential of 
B1 and flow to the positive terminal 
of Bi. The electrons leaving the 
emitter leave holes behind. These 
holes flow through the emitter, 
across the emitter-base junction, 
through the base, across the base-
collector junction, and to the termi-
nal of the collector. Here the holes 
are filled by electrons supplied by 
battery B2. The electrons from B2 
leave the negative terminal of the 
battery, flow through the collector 
resistor Re and to the terminal of 
the collector. 

Notice the difference between 
these circuits and the common-base 
circuits shown in Fig. 1.In the com-
mon-base circuits, the useful tran-
sistor current flows through the in-
put resistor RI, whereas in the cir-
cuits shown in Fig. 7, the useful 
transistor current does not flow 
through Rl. The result is that the 
common-emitter circuit has a much 
higher input resistance than the 
common-base circuit. This is an ad-
vantage because it means that the 
generator driving the common-
emitter circuit does not have to have 
such a low output impedance. 

Notice that in the two circuits 
shown in Fig. 7 electrons flow 
through the collector resistor Re in 
opposite directions. In the circuit 
shown at A, the electrons flow from 
the collector through the resistor to 
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the battery, making the end of the 
resistor connected to the collector 
negative with respect to the other 
end. In the circuit shown at B,elec-
trons flow from the negative termi-
nal of B2 to the collector, making 
the end of the resistor connected to 
the battery negative with respect to 
the end connected to the collector. 
In other words, the polarity of the 
voltage across Re in the circuit 

shown in Fig. 7A is opposite to the 
polarity of the voltage across Re 
in the circuit shown in Fig. 7B. Now 
let us see how this type of circuit 
works. 

A COMMON-EMITTER 
NPR AMPLIFIER 

A common-emitter circuit using 
an NPN transistor is shown in Fig. 
7A. As in the common-base circuit 
you just studied, battery B2 is a low 
impedance (or can be bypassed by a 
capacitor to make it act like a low 
impedance); therefore, the end of 
Re connected to the battery is at sig-
nal ground potential. Since current 
flows through the resistor in the di-
rection shown by the arrows ,the end 
of Rc connected to the collector will 
be negative with respect to the end 
connected to the battery. The po-
larity of the end of the resistor con-
nected to the collector can be repre-
sented by the straight line drawn 
below the zero axis as shown by 
curve 1 of Fig. 8A. 
Now let us consider what happens 

when an input signal is applied tothe 
input, as shown in curve 2 of Fig. 8A. 
At point 1, the input voltage is zero, 
and the only current flowing through 
the transistor is caused by the bat-
tery voltages. The signal voltage 
across Re at that instant is zero and 
identified at point 1 on curve 3 of 

Fig. 8A. Now when the input signal 
swings in a positive direction so that 
the end of R1 connected to the base 
is positive and the end connected to 
ground is negative, the voltage 
across resistor R1 will be in series 
with the voltage of battery Bi. This 
will increase the forward bias ap-
plied across the emitter-base junc-
tion of the transistor. This will in-
crease the number of electrons 
crossing the emitter-base junction 
and hence increase the number of 
electrons flowing through the tran-
sistor to the collector. Therefore 
the number of electrons flowing 
through resistor Re will increase, 
and the voltage drop across the re-
sistor will increase, making the end 
of the resistor connected to the col-
lector more negative with respect to 

o 

o 

o 
VOLTAGE AT COLLECTOR 

END OF Re 

INPUT 
SIGNAL 
VOLTAGE 

O 

o 
5 

VOLTAGE 
ACROSS 
Rc 

4 

o 
5 
OUTPUT 
VOLTAGE 

o 
VOLTAGE AT COL-

LECTOR END OF Re 

O 

INPUT 
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VOLTAGE 
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e 
5 
VOLTAGE 
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Rc 
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Fig. A. Voltage %%aveforms for the circuits 
of Fig. 7. (A) is for the NPN transistor 
circuit, and (1)) is for the ¡'NP transistor 

circuit. 
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the end connected to the battery. 
Thus the output voltage will swing in 
a negative direction to point 2 on the 
output voltage curve, 3 of Fig. M. 
As the input voltage drops back to 

zero, the forward bias applied 
across the emitter-base junction 
will decrease until, when the signal 
voltage reaches point 3, the forward 
bias will be made up of only the bat-
tery voltage and zero-signal current 
will be flowing through Re. The volt-
age across Re will drop to point 3 
on the output voltage curve, 3 of Fig. 
8A. 
When the polarity of the input sig-

nal reverses, making the end of R1 
that is connected to the base nega-
tive and the end connected to ground 
positive, the input voltage across 
resistor R1 will oppose the bias volt-
age applied between the emitter and 
base by battery Bi. Thus the forward 
bias applied across the emitter-base 
junction will decrease, and the cur-
rent flowing across this junction will 
decrease. When the current flowing 
across this junction decreases, the 
• collector current, and hence the cur-
rent flowing through load resistor 
Re, will decrease. When the current 
flowing through this resistor de-
creases, the voltage drop across it 
will decrease, and the voltage at the 
end of the resistor connected to the 
collector will approach zero. This 
is represented by point 4 on curve 
3 of Fig. M. 

Finally, when the input signal volt-
age again drops to zero as shown at 
point 5 on curve 2 of Fig. 8A, the 
voltage across Re will again in-
crease in a negative direction until 
it reaches point 5 on curve 3 of Fig. 
8A. 

In curve 4 we have shown the out-
put signal voltage that can be ob-
tained by removing the de compo-

nent of the total voltage appearing 
across the resistor Re. Again, this 
de component can easily be removed 
by connecting a capacitor in series 
with one of the output leads. 
Compare the output voltage curve 

shown in 4 of Fig. M with the input 
voltage shown in 2 of Fig. 8A.Notice 
that when the input voltage swings 
positive to point 2, the output voltage 
swings negative to point 2. Similarly, 
when the input voltage swings in a 
negative direction to point 4, the out-
put voltage swings in a positive di-
rection to point 4. This means that 
when the input is going in a positive 
direction, the output is going in a 
negative direction. In other words, 
the output signal voltage appearing 
across the load resistor Re is 180° 
out-of-phase with the input signal 
voltage appearing across Rl. From 
this we can conclude that when an 
NPN transistor is used in a common-
emitter circuit, the amplified output 
voltage will be 180° out-of-phase 
with the input voltage. Also notice 
when comparing curve 4 with curve 
2 that the amplitude of curve 4 is 
greater than the amplitude of curve 
2. In other words, there is a voltage 
gain in this circuit. 

A COMMON-EMITTER 
PAP AMPLIFIER 

Although we have a somewhat dif-
ferent situation in a common-emit-
ter amplifier using a PNP transis-
tor, the net result is the same. 

In a common-emitter amplifier 
using a PNP transistor, as shown 
in Fig. 7B, the electron current 
through resistor Rc is in the opposite 
direction to what it was in the am-
plifier using the NPN transistor. In 
the PNP amplifier, the electrons 
flow from the negative terminal of 
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battery B2, through load resistor 
Re into the collector to fill the holes 
crossing the base-collector junc-
tion. The electrons flowing through 
load resistor Re set up a voltage 
drop across it havinga polarity such 
that the end of the resistor connected 
to the collector is positive with re-
spect to the end connected to the bat-
tery, as shown in Fig. 7B. Thus, if 
we plot the voltage at the collector 
end of this resistor with respect to 
the other end we have a curve like 
the one shown in 1 of Fig. 8B. Here 
the zero-signal voltage across Re is 
represented by a straight line drawn 
above the zero voltage axis to indi-
cate the fact that this voltage is posi-
tive. 

Now, when an input signal like the 
one shown in curve 2 of Fig. 8B is 
applied across R1, the collector cur-
rent will vary as before. When the 
input signal swings positive so that 
the end of R1 that is connected tothe 
base is positive and the end con-
nected to ground is negative, the 
voltage across R1 will oppose the 
voltage of battery Bi, thus reducing 
the forward bias applied across the 
emitter-base junction. When the for-
ward bias is reduced, the number of 
holes crossing this junction and 
traveling through the base, across 
the base-collector junction to the 
collector terminal is reduced. lithe 
number of holes reaching the col-
lector is reduced, the number of 
electrons flowing through Re to fill 
the holes reaching the collector will 
be reduced. Hence the voltage drop 
across Re will decrease, in other 
words drop toward zero. This is 
shown by curve 3 of Fig. 8B. When 
the input voltage shown in curve 2 
swings in the positive direction, 
from point 1 to point 2, the output 
voltage across Re moves from point 

1 to point 2 on curve 3 of Fig. 8B. 
When the input signal applied 

across R1 swings in a negative di-
rection so that the end of R1 that is 
connected to the base is negative 
and the end connected to ground is 
positive, the voltage across resis-
tor R1 will be in series with the 
voltage of battery B1 and will add 
to the forward bias applied across 
the emitter-base junction by the bat-
tery. This increased forward bias 
will result in an increase in the num-
ber of holes crossing the emitter-
base junction which will, in turn, 
mean that there will be an increase 
in the number of holes reaching the 
collector. If more holes reach the 
collector, more electrons will have 
to flow through the output load re-
sistor, Itc, to fill these holes. The 
result will be that the voltage drop 
across this resistor will increase 
above the zero-signal voltage level, 
and the end of Re connected to the 
collector will become more positive 
with respect to the end connected to 
B2. This increase in voltage is shown 
as point 4 on curve 3 in Fig. 8B. 
The complete cycle across Re ob-

tained with an input voltage such as 
shown in curve 2 is shown in curve 
3 of Fig. 8B. When the dc component 
across resistor Re is removed, we 
have the results shown by curve 4 of 
Fig. 8B. Notice that once again the 
output signal is 180° out-of-phase 
with the input signal. 
By comparing the NPN amplifier 

with the PNP amplifier, you can im-
mediately see that, although the ac-
tion is somewhat different inthe two 
circuits, the net results are the 
same. In both cases we have voltage 
amplification, and in both cases we 
find that in the common-emitter cir-
cuit the output signal is 180° out-of-
phase with the input. Another way of 
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saying this is that a common-emitter 
amplifier reverses the phase of the 
signal. 

CHARACTERISTICS OF A 
COMMON-EMITTER 

CIRCUIT 

The common-emitter circuit is 
the most important of all transistor 
circuits; it is by far the most widely 
used. 

It is quite easy to get relatively 
high gain using the common-emitter 
circuit. Voltage gains from 80 to 
100 are quite easily obtained. You 
can also obtain a current gain with 
this circuit. 

Although the input impedance of 
this circuit is not as high as the in-
put impedance of a vacuum tube cir-
cuit, it is substantially higher than 
the input impedance of the common-
base circuit. Therefore it can be 
driven by a much higher impedance 
device than a common-base circuit. 
In a typical common-emitter circuit 
we usually have an input impedance 
of somewhere between 1000 and 2000 
ohms. The output impedance is not 
quite as high as the output imped-
ance of the common-base circuit, 
but it is still high, usually having a 
value of around 20,000 ohms. 

COMMON-EMITTER AND 
GROUNDED-CATHODE 

CIRCUITS COMPARED 

Because of circuit similarities 
and performance similarities, the 
common-emitter circuit can be 
compared to the grounded-cathode 
vacuum tube circuit. The grounded-
cathode is the most common of all 
vacuum tube circuits. With it, as 
with the common-emitter transistor 

Fig. 9. Comparison of common-emitter tran-
sistor circuit (A) and grounded-cathode 

vacuum-tube circuit (13). 

circuit, it is possible to obtain volt-
age gains of 80 to 100, and the phase 
is shifted 180°. 

In order to help you see the simi-
larity between these two circuits, 
the common-emitter circuit and the 
grounded-cathode vacuum tube cir-
cuit are shown in Fig. 9. The bat-
tery shown in the cathode circuit of 
the grounded-cathode amplifier is 
not found in actual practice because 
a resistor can be used in this circuit 
to avoid the necessity of this extra 
battery. You will see later that simi-
lar arrangements are used in tran-
sistor circuits to avoid the necessity 
of using two batteries to operate a 
single stage. 

SUMMARY 

The common-emitter circuit is the 
most frequently used transistor cir-
cuit. The voltage gain is from 80 to 
100 and there is also considerable 
current gain. It has a medium input 
resistance and an output resistance 
of about 20,000 ohms. The output sig-
nal is 180° out-of-phase with the in-
put signal. 
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SELF-TEST QUESTIONS 

(g) Is it possible to get a current 
gain using the common-emit-
ter circuit? 

(h) What is the relationship be-
tween the input signal voltage 
and the amplified output signal 
voltage? 

(i) How does the input impedance 
of the common-emitter circuit 
compare with the input imped-

(i) 

(k) 

ance of the common-base cir-
cuit? 
Draw schematic diagrams of 
common-emitter circuits using 
NPN and PNP transistors. You 
should do this from memory 
since it is important that you 
remember these circuit con-
figurations. 
To what vacuum tube circuit 
can the common-emitter cir-
cuit be compared? 
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The Common-Collector Circuit 
The third possible circuit con-

figuration using a triode transistor 
is the common-collector circuit. In 
this type of circuit the collector is 
operated at signal ground potential. 
Although this circuit is not found as 
often as the common-emitter cir-
cuit, it does have some characteris-
tics that are useful in some special 
applications. 
A common-collector circuit using 

an NPN transistor is shown in Fig. 
10A, and one using a PNPtransistor 
is shown in Fig. 10B. The arrows on 
the diagram in Fig. 10A show the 
direction of electron flow through 
the circuit. The solid arrows in 10B 
show the electron flow, and the out-
lined arrow indicates the direction 
of hole movement through the PNP 
transistor. Compare the circuits 
shown in Fig. 10 with the common-

Fig. 10. Common-collector circuits. (A) 
for an NPN transistor, and (B) for a PNP 

transistor. 

base circuits shown in Fig. 1 and the 
common-emitter circuits shown in 
Fig. 7. Let's see how each of these 
circuits works. 

A COMMON-COLLECTOR 
NPN AMPLIFIER 

In the circuit shown in Fig. 10A, 
electrons flow from the negative ter-
minal of Bi through the emitter re-
sistor Re to the emitter. They flow 
across the emitter-base junction, 
through the base, across the base-
collector junction, to the positive 
terminal of B2. Battery B1 biases 
the emitter-base junction in a for-
ward direction, whereas B2 biases 
the base-collector junction in a re-
verse direction. 

Electrons flowing through Re set 
up a voltage drop across Re withthe 
polarity indicated on the diagram. 
The end of the resistor connected to 
the emitter is positive with respect 
to the end connected to the battery. 
If we plot the voltage at the emitter 
end of the resistor, it will be like 
curve 1 of Fig. 11A. The voltage is 
represented by a straight line drawn 
above the zero voltage axis to indi-
cate that it is positive with respect 
to the other end of the resistor. 
Now let us consider what happens 

when an input signal like that shown 
by curve 2 of Fig. 11A is applied 
across the input terminals. When 
this signal swings in a positive di-
rection from point 1 to point 2, the 
end of R1 connected to the base will 
be positive and the other end will be 
negative. 

This means that the voltage across 
R1 will be in series with battery Bi 
and will add to the forward bias ap-
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plied across the emitter-base Junc-
tion. This will increase the flow of 
electrons across this junction, and 
hence increase the current flow 
through the circuit and through Re. 
The increase in current through Re 
will result in an increase in the volt-
age drop across Re. This means that 
the end of the resistor connected to 
the emitter will become more posi-
tive with respect to the other end. 
The change in the voltage is indi-
cated by points 1 and 2 on curve 3 
of Fig. 11A. 

Let's stop for a minute and con-
sider what happens to the voltage 
applied across the emitter-base 
junction at this time. When the volt-
tage across Re increases, it sub-

tracts from the total voltage across 
the emitter-base junction. You will 
notice that the voltage across Re 
opposes the voltage of battery 
Therefore an increase in the volt-
age across Re results in an increase 
in the opposition tothe voltage of bat-
tery Bi. When the input signal swings 
in a positive direction, the voltage 
across Re increases, opposing the 
increase in emitter-base voltage 
producing it. In other words, we have 
100% voltage feedback. All of the am-
plified voltage appearing across Re 
opposes the input voltage producing 
It. 
When the voltage across R1 swings 

in a negative direction as shown be-
tween points 3 and 4 on the input 
voltage curve, 2 of Fig. 11A, the in-
put voltage will oppose the voltage of 
battery Bi. This will reduce the 
emitter-base bias, resulting in 
fewer electrons crossing the emit-
ter-base junction. This means that 
the current flowing in the circuit 
will decrease, and therefore the 
voltage across Re will decrease. 
This is shown between points 3 and 
4 on curve 3 of Fig. 11A. This de-
crease in the voltage across Re will 
result in a reduction of the opposi-
tion of this voltage to the voltage of 
battery Bi. In other words, we again 
have a situation where the output 
signal voltage being produced across 
Re is opposing the input signal volt-
age producing it. 

In curve 4 of Fig. 11A we have 
shown the output voltage with the de 
component removed. Notice that this 
voltage is in phase with the input 
voltage. Also notice that this volt-
age is smaller than the input volt-
age. Since we have 100% voltage 
feedback in this circuit, the output 
voltage will always be less than the 
input voltage. This situation is simi-
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lar to the situation in the grounded-
plate or cathode-follower vacuum 
tube amplifier. This transistor cir-
cuit is often compared to the 
grounded-plate amplifier, and we 
will soon see the similarity between 
these two circuits. 

A COMMON-COLLECTOR 
PNP AMPLIFIER 

In the common-collector circuit 
using a PNP transistor, the polarity 
of the voltage across Re is the op-
posite of what it was with the NPN 
transistor. Thus the voltage at the 
emitter end of resistor Re is repre-
sented by a straight line drawn be-
low the zero signal axis as shown by 
curve 1 of Fig. 11B. In curve 2 of 
Fig. 11B we have shown an input sig-
nal similar to the one shown in curve 
2 of Fig. 11A. When this input signal 
swings in a positive direction s o that 
the end of R1 connected to the base 
is positive and the grounded end is 
negative, the voltage across R1 will 
oppose the voltage of battery Bi. 
This will reduce the forward bias 
applied across the emitter-base 
junction and reduce the number of 
holes crossing this junction. You will 
remember that holes are formed in 
the emitter by pulling the electrons 
off the emitter. If fewer holes are 
formed, fewer electrons will be 
pulled off the emitter, and hence the 
current flowing through Re will de-
crease. When the current flowing 
through Re decreases, the voltage 
drop across Re decreases. This can 
be seen between points 1 and 2 on 
curve 3 of Fig. 11B. 
When the input voltage applied 

across R1 swings in a negative di-
rection as between points 3 and 4 of 
curve 2, the end of resistor R1 con-
nected to the base will be negative 

and the grounded end positive. The 
voltage across R1 will be in series 
with battery B1 and will add to the 
emitter-base forward bias. This will 
result in an increase in the number 
of holes crossing the emitter-base 
junction. More electrons will there-
fore be pulled out of the emitter to 
produce additional holes across this 
junction. The current flowing 
through Re will increase, resulting 
in an increase in the voltage drop 
across Re. This increase is shown 
between points 3 and 4 on curve 3 of 
Fig. 11B. 

Once again we have shown the out-
put signal voltage in curve 4. Notice 
this is identical to the output signal 
voltage obtained with the NPN tran-
sistor. Notice that a lthough the basic 
operation of the two circuits is 
somewhat different, the net result is 
the same. In both cases we have 100% 
voltage feedback, so the output is 
less than the input. Also notice that 
in both cases the output signal volt-
age is in phase with the input signal 
voltage. 

CHARACTERISTICS OF 
COMMON-COLLECTOR 

CIRCUITS 

The common-collector circuit has 
several interesting characteristics. 
It has the highest input impedance 
of the three circuits. You can see 
why this is true if you refer to Fig. 
10. The input impedance will be the 
ratio of the input voltage over the 
input current. The voltage applied 
across resistor R1 will cause a cer-
tain current to flow through it. In 
addition, this input voltage will cause 
a signal current to flow from the 
emitter, through the transistor, to 
the collector. In the circuit shown 
in Fig. 10A, part of the electrons 

18 



travelling from the emitter to the 
collector will be attracted by the 
base and hence will flow through Rl. 
However, since the output signal 
voltage subtracts from the input sig-
nal voltage insofar as signal volt-
age applied between base and emit-
ter is concerned, the actual signal 
current flowing through the transis-
tor will be quite small. Therefore 
the total input signal current will 
be small and this, in turn, will re-
sult in the input impedance being 
high. On the other hand, the output 
impedance of the transistor will be 
low. This is due to the fact that the 
emitter signal current flows through 
the resistor Re and that very little 
voltage will be developed across this 
resistor. As a matter of fact, the 
voltage cannot be equal to the input 
signal voltage because if it was it 
would cancel the signal voltage en-
tirely. Therefore, since the output 
voltage is small, the ratio of the 
voltage divided by the current will 
be small and the output impedance 

will be low. 
In a common-collector circuit the 

voltage gain is always less than one. 
This means that the output voltage 
will always be less than the input 
voltage. We have already pointed 
out that this must be true because 
otherwise the output voltage would 
completely cancel the input voltage. 
Of course, this is impossible be-
cause it is the input voltage that 
causes the current change through 
the transistor which in turn develops 
the output voltage. All of the output 
voltage is fed back into the input 
circuit and therefore we say that we 
have 100% voltage feedback. 

The common-collector circuit has 
the best stability of the three tran-
sistor circuits. This is what you 
might expect because, with the low 

output voltage, there is very little 
voltage to produce feedback into the 
input circuit which could cause in-
stability or oscillation. Also, there 
is no phase reversal in the circuit 
and therefore the output voltage is 
in phase with the input voltage. 
We have redrawn the common-

collector circuit in Fig. 12A to make 
it easier to compare it with a cath-
ode-follower or grounded-plate 
vacuum tube circuit shown in Fig. 
12B. Notice the similarity between 
the cathode - follower and common 

collector circuit. 

INPUT OUTPUT 

o 

Fig. 12. Comparison of a common-collector 
transistor circuit (..it) and a cathode-follow-

er vacuum-tube circuit (W. 

Because the common-collector 
circuit has a high input impedance 
and a low output impedance it is often 
used as an impedance matching de-
vice to match a relatively high im-
pedance to a low impedance. An ex-
cellent use of this type of circuit is 
in the video amplifier of color TV 
receivers. In a color TV receiver 
a delay line, that slows up or delays 
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the video signal, is used inthe video 
amplifier. This delay line is used so 
that the brightness signals beingfed 
to the color picture tube will be 
slowed down a little so that they will 
arrive at the picture tube at the same 
time as the color signal. A delay 
line is a comparatively low imped-
ance device and the common-collec-
tor circuit provides an excellent 
method of matching from the higher 
impedance video amplifier stages to 
the low impedance of the delaying 
line. It is quite likely that when more 
transistorized color TV receivers 
are manufactured, this circuit will 
be very uscful in this application. 

SUMMARY 

It is important for you to under-
stand the three basic transistor cir-
cuits. You will find that transistors 
in commercial equipment will be ar-
ranged in one of these three basic 
circuits. 
The most commonly used of the 

three circuits is the common-emit-
ter circuit. In this circuit,the emit-
ter is common to both the input and 
the output circuits. It is operated at 
signal ground potential. In the com-
mon-emitter circuit a voltage gain 
of from 80 to 100 can easily be ob-
tained. In addition , there will be con-
siderable current gain in this cir-
cuit. Other important characteris-
tics of this circuit are a medium 
input resistance, usually somewhere 
between 1000 and 2000 ohms, and 
an output resistance in the neighbor-
hood of 20,000 ohms. You should also 
remember that this is the voltage 
amplifier circuit that produces a 
18CP phase shift. In other words, the 
output signal voltage will be 180° 
out-of-phase with the input signal 
voltage. 

The common-base circuit is the 
circuit in which the base is common 
to both the input and output circuits. 
It has a very low input resistance but 
has the highest output resistance of 
the three basic circuits. The current 
gain is always less than 1, but this 
type of circuit is quite stable. In 
fact, temperature changes have little 
effect on the operation of the circuit, 
whereas this is not always true of the 
common-emitter circuit. There is 
no phase reversal in a voltage am-
plifier used in this type of circuit; 
in other words, the output voltage 
will be in phase with the input volt-
age. 
The common-collector amplifier 

is an amplifier in which the collector 
circuit is common to both the input 
and output circuits. This circuit has 
the highest input resistance, but the 
output resistance is very low; it may 
be as low as 100 ohms. This is the 
only one of the three circuits that 
has a lower output resistance than 
input resistance. In this circuit the 
voltage gain is always less than 1 
because there is 100% voltage feed-
back. The stability of this circuit is 
excellent--the best of the three cir-
cuits. Again, there is no phase re-
versal when this circuit is used;the 
output voltage is in phase with the 
input voltage. 

SELF-TEST QUESTIONS 

(1) 

(m) 

(n) 

What is the phase relationship 
between the output voltage and 
the input voltage in a common-
collector circuit? 
What will the voltage gain of 
the common-collector circuit 
be? 
What are the relative input and 
output impedances of the com-
mon-collector circuit? 
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(o) To what vacuum tube circuit 
can we compare the common-
collector circuit? 

(p) In which transistor circuits will 
you find an output voltage that 
is in phase with the input volt-
age? 

(q) Which transistor circuits give 
you an output signal voltage 
that is 180° out-of-phase with 

the input signal voltage? 
(r) Which transistor circuits will 

give you a voltage gain? 
(s) Which transistor circuits will 

give you a current gain? 
(t) Which transistor circuits have 

a relatively high input imped-
ance? 

(u) Which transistor circuit has a 
low output impedance? 
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Transistor Characteristics 

You will remember from your 
study of tubes that they have certain 
important characteristics that tell 
the technician a great dealabout how 
the tube should perform. The impor-
tant tube characteristics are the 
mutual conductance, amplification 
factor and plate resistance. Like-
wise, there are certain transistor 
characteristics that are important 
to the technician. They enable him 
to compare one transistor with an-
other and to get an idea of what to 
expect from a transistor in a cer-
tain circuit. All of this information 
is helpful in determining whether or 
not a transistor is performing the 
way it should. 

In addition, there are a large num-
ber of symbols used in describing 
transistor performance. Many of 
these symbols are of interest only 
to circuit designers and engineers, 
but the technician should be familiar 
with the more important ones and be 
able to evaluate from a transistor 
manual the important transistor 
characteristics. In this section of 
this lesson we are going to cover 
some of the more important symbols 
and transistor characteristics. 

TRANSISTOR SYMBOLS 

As you might expect, the letter I 
is used to represent current in tran-
sistor circuits. When the capital 
letter I is used, it indicates de cur-
rent or rms current. When the small 
letter i is used, it indicates instan-
taneous current. 

Currents flowing in the various 
transistor electrodes are identified 
by means of a letter representing the 

electrodes. For example, the emit-
ter current is represented by the 
letter E or e. Base current is repre-
sented by B or b and collector cur-
rent is represented by the letter C 
or c. Using these symbols, the dc 
emitter current is designated bythe 
symbol 1E. The rms emitter current 
is represented by the symbol Ie , and 
the instantaneous emitter current is 
represented by the symbol ie.Simi-
larly, de base current is represented 
by Ig, rms base current is repre-
sented by Ib, and instantaneous base 
current is represented by ib. Collec-
tor de current is represented by lc , 
rms collector current is repre-
sented by le, and instantaneous col-
lector current is represented by ie. 
Two characteristics that are often 

referred to in transistors are the 
forward current and the reverse 
current. The symbol used to repre-
sent the de forward current is IF, 
and ir is used to represent the in-
stantaneous-forward current. The 
dc reverse current is represented 
by I, and the instantaneous-reverse 
current is represented by I. 
You will remember that in normal 

operation a transistor is operated 
with a forward bias across the emit-
ter-base junction and a reverse bias 
across the base-collector junction. 
Thus in an NPN transistor, current 
can flow from the emitter, across 
the emitter-base junction, through 
the base, across the base-collector 
junction and through the collector 
to the positive terminal of the bat-
tery, placing the reverse bias across 
the base-collector junction. How-
ever, we also point out that there 
would be at all times some minority 
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carriers crossing the various junc-
tions in a reverse direction. Thus 
there will be a current flow across 
the base-collector junction due to 
holes travelling from the collector 
across the junction into the base. 
This reverse current is kept as 
small as possible because it con-
tributes «nothing to the usefulness 
of the transistor. As a matter of 
fact, the current crossing the junc-
tion tends to heat the junction and 
cause a number of undesirable 
effects. Transistor manuals often 
list the reverse current across the 
collector-base junction. The current 
that is listed is the current that will 
flow across the junction when the 
junction is reverse biased and the 
emitter is open circuited. Th;_s de 
current is represented by the sym-
bol - Ic a 0. The letters CB indicate 
that the current is across the col-
lector-base junction in the reverse 
direction. The letter 0 indicates that 
the other electrode, the emitter, is 
open. This symbol is so widely used, 
that it is often abbreviated lc 0. 

Groups of symbols are used in this 
manner to indicate other transistor 
current. For example, the symbol 
lc E o is used to represent the de col-
lector current with the collector 
junction reverse biased and the base 
open circuited. 
There are other symbols used in 

conjunction with transistors, but the 
ones covered in this section are the 
most important ones for the tech-
nician to remember, along with the 
few new ones we will cover in the 
next section. If you read through this 
section carefully and understand how 
these symbols are put together, the 
chances are that you will be able to 
figure out any that you are likely to 
encounter that will be of importance 
to you. 

CURRENT GAIN 

As we mentioned, a transistor is 
primarily a current operated device. 
Its ability to amplify is due to the 
fact that it can transfer a current 
from a comparatively low resistant 
circuit to a higher-resistant circuit. 
One of the important characteris-
tics of a transistor is its current 
gain. 

Since the current gain that can be 
obtained with a transistor depends 
upon the circuit in which the tran-
sistor is used, two symbols are used 
for current gain. These symbols are 
the Greek letters alpha (a) which 
represents the current gain in a 
common-base circuit, and the Greek 
letter Beta (13), which is used to 
represent the current gain in a com-
mon-emitter circuit. The two are 
interrelated; let's see how and ex-
actly what each symbol means. 
Alpha. 

Alpha is equal to the change in 
collector current divided by the 
change in emitter current needed to 
produce this change in collector cur-
rent. This is often represented by 
the symbols: 

A Ic 
Œ = 

A Ie 

The small triangles are Greek letter 
deltas, which are used to indicate a 
change; in this case, a change in cur-
rent. 
You will remember that in a com-

mon-base circuit the current gain 
is less than 1 because the change in 
collector current is slightly less 
than the change in emitter current. 
This is due to the fact that not all of 
the carriers crossing the emitter-
base junction reach the collector. 
Some of them are attracted to the 
battery in the emitter-base circuit, 
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and some of them are lost through 
recombination in the base. Thus the 
number of carriers reaching the col-
lector will be slightly less than the 
number of carriers crossing the 
emitter-base junction. However, in 
a good transistor the majority of the 
carriers do reach the collector so 
that the current gain in the common-
base circuit is close to 1. Typical 
values run around .95, which indi-
cates that 95% of the carriers cross-
ing the emitter-base junction reach 
the collector. 

Transistor manufacturers often 
list the alpha of a transistor in the 
transistor characteristics. This will 
immediately tell you what current 
gain can be obtained from the tran-
sistor used in a common-base cir-
cuit. Also, as you will see later, you 
can determine from this figure the 
current gain that will be obtained in 
the same transistor in a common-
emitter circuit. Another character-
istic often given is the alpha cut-off 
frequency. This is the frequency at 
which the current gain of the tran-
sistor in the common-base circuit 
drops to 70.7% of what it is at lower 
frequencies. 
Beta. 
You will remember that in the 

common-emitter circuit we had a 
current gain. This means that the 
value of beta will always be greater 
than 1. 

Beta is defined as the change in 
collector current divided by the 
change in base current. It is often 
represented by the expression: 

A Ic 
B — 1-713 

Again, the small triangles are used 
to indicate a change in current. Typi-
cal values of beta may run as high 
as 80 or 100. 

Beta is another characteristic 
frequently found in transistor speci-
fications. If you know the beta of a 
transistor, you immediately know 
the current gain that the transistor 
will give when it is used in a com-
mon-emitter circuit. From this, as 
you will soon see, you can also de-
termine the current gain that will be 
obtained in the common-base cir-
cuit, if the value is not given in the 
characteristics. The beta cut-off 
frequency is the frequency at which 
the current gain of the transistor in 
a common-emitter circuit drops to 
70.7% of what it is at lower frequen-
cies. 
Converting Values. 

Manufacturers often give either 
the alpha or the beta of a transistor, 
but seldom both. Sometimes when the 
alpha is given you want to know the 
value of beta and vice versa. Actu-
ally it is quite easy to convert from 
one to the other. If you know the alpha 
of a transistor you can find beta from 
the formula: 

e 
a 

If you know the beta of a transistor 
you can find alpha from the formula: 

a 
0 _ 

1 + e 
Now let 's work a couple of examples 
to see how easy it is toconvert from 
one value to the other. Let 's assume 
that we have a certain transistor 
and the manufacturer lists the value 
of alpha as .95. Let's find the value 
of beta. 

Starting with the formula: 

a 

We substitute .95 for alpha and get: 
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.95 .95 
5 - 

1 - .95 _ .05 

We can eliminate the decimals in 
this division by moving both the deci-
mal points two places to the right so 
we have: 

95 _ 95 _ 
5 = ug- - --g- - 19 

Thus if alpha is equal to .95, beta 
will be equal to 19. 
Now let's assume we have been 

given the value of beta as 19and see 
what value of alpha we get. We know 
it should be .95. Starting with the 
formula: 

5 a = 
1 + 0 

we substitute 19 for beta and get: 

= 19 19 
a  1 + 19 - 20 

to get the value of alpha we need 
only divide 19 by 20: 

.95  
20/19.0 

18 0 
1 00 

_1-.0._ 

so we get a value of .95 for alpha if 
we start with 19 for beta. 
Sometimes the gain of a transis-

tor is referred to as a forward cur-
rent-transfer ratio. In other words, 
instead of referring to the gain in 
a common-base circuit we say that 
the forward current-transfer ratio 
is alpha; we know this will always be 
less than one. Similarly, in the com-
mon-emitter circuit we refer to beta 
as the forward current-transfer 
ratio which, in effect, is the same 
thing as the current gain of the tran-
sistor. 

Another characteristic or term 

that is frequently used in transistor 
manuals is the gain-bandwidth prod-
uct. The gain-bandwidth product is 
the frequency at which beta equals 
one. In other words, as the fre-
quency at which the transistor is 
used is increased, the current gain 
in the common-emitter circuit will 
drop off. At some frequency beta 
will be equal to one and this is called 
the gain-bandwidth product. 

CHARACTERISTIC CURVES 

When you studied vacuum tubes, 
you learned that characteristics are 
used to supply information about the 
manner in which a given tube per-
forms. By means of curves a great 
deal of information about the tube 
can be condensed and presented in 
a convenient form. It is possible to 
see what the tube will do with dif-
ferent operating voltages and under 
different operating conditions. 

Transistor characteristic curves 
are used for exactly the same rea-
son. The curves give information 
about the way in which a transistor 
will perform in a convenient com-
pact form. 
A typical set of characteristic 

transistor curves is shown in Fig. 
13. These curves are for a transis-
tor used in a common-emitter cir-
cuit. They indicate what the collec-
tor current will be with different 
values of collector-to-emitter volt-
ages and with different base cur-
rents. This type of curve is the most 
widely used transistor characteris-
tic curve. 
The curves shown in Fig. 13 can be 

used to determine the beta of a tran-
sistor for different collector-to-
emitter voltages. For example, at a 
voltage of -4 volts, notice that when 
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Fig. 13. Typical collector characteristic curves for a transistor used in a common-emitter 

circuit for different base currents. 
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Fig. 14. Typical characteristic curves for a PNP transistor used in a common-base cir-
cuit for different emitter currents. 
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Fig. 15. A typical transfer curve. 
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Another set of transistor charac-
teristic curves for a PNP transis-
tor is shown in Fig. 14. This set of 
curves is for a transistor used in a 
common-base circuit. Curves of this 
type are not given as often as those 
shown in Fig. 13 for the common-
emitter circuit, since the common-
emitter circuit is more widely used 
than the common-base circuit. 

However, manufacturers often re-
lease detailed specification sheets 
on certain transistor types where 
curves of this type are given. 

Another characteristic curve that 
is frequently given is the transfer 
characteristic curve, shown in Fig. 
15, which enables you to find the 
collector current for different base-
to-emitter voltages at a fixed col-
lector-to-emitter voltage. An in-
dication of the collector current 
change that might be expected with 
a given input voltage can be obtained 

Courtesy RCA 

from a curve of this type.The curve 
also indicates the range over which 
the transistor is comparatively 
linear. For example, with the base-
to-emitter voltage of 100 millivolts, 
you can see that the collector cur-
rent changes will not be linear with 
changes in input voltage. However, 
with a fixed base-to-emitter voltage 
of about -175 millivolts, small 
changes in this voltage will result 
in linear current changes. 

SUMMARY 

In this section of the lesson we 
have touched briefly on some of the 
important transistor characteris-
tics. You learned that alpha is a term 
used to represent the current gain 
of a transistor in a common-base 
circuit. The alpha of a transistor is 
always less than 1,which means that 
the current gain of a transistor in a 
common-base circuit is always less 
than one. 

Beta is the symbol used to repre-
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sent the current gain of a transistor 
in a common-emitter circuit. The 
common-emitter circuit always has 
a current gain, and therefore the 
value of beta will always be greater 
than 1. Remember a Is o that the value 
of beta is not constant; it depends 
to some extent upon the collector 
current. 
You studied a number of important 

symbols that are used in transistor 
manuals to describe transistor per-
formance and in many technical 
bulletins on transistor circuitry. 
The characteristic curves studied 

in this lesson are typical of charac-
teristic curves issued by transistor 
manufacturers. They give you an in-
dication of what the collector cur-
rent will be for different values of 
collector voltage and different 
values of emitter or base currents 
depending upon whether the transis-
tor is used in a common-base or a 
common-emitter circuit. 

Transistors are newcomers tothe 
electronics field compared to vacu-
um tubes. As a result, from time 
to time you may see different types 
of characteristic curves on transis-
tors issued by manufacturers.How-
ever, by studying the curves and the 
information given by the manufac-
turer on the transistor you can usu-
ally learn a great deal about the 
transistor and the type of perform-
ance you would expect from it, and 
from this information you can 
evaluate its performance in the cir-

cuit to determine whether or not it 
is operating properly. Being able 
to do this is a great help to a tech-
nician because he is able to deter-
mine whether or not he is getting 
all he should be able to get out of 
a particular circuit. 

SELF-TEST QUESTIONS 

(x) 

(Y) 

(z) 

(aa) 

(ab) 

(ac) 

(ad) 

(ae) 

(d) 

What are the symbols used to 
represent the de currents in 
the various transistor elec-
trodes? 
What is meant by the symbol 

IC B ? 
Based on the transistor sym-
bols you studied in this section 
of this lesson, what would you 
expect the symbol V c E tornean? 
What is the Greek letter a used 
to represent in transistor cir-
cuitry? 
What is the maximum value that 
a can have? 
What is meant by the forward 
current-transfer ratio in a 
common-base circuit ? 
What symbol is used to repre-
sent the current gain of a tran-
sistor in the common-emitter 
circuit? 
What is meant by the alpha cut-
off frequency? 
What is the gain bandwidth 
product of a transistor? 
If the beta of a transistor is 24, 
what is the value of alpha ? 
Find the beta value of a tran-
sistor if alpha is equal to .99. 
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Typical Transistor Circuits 

So far the circuits we have dis-
cussed have been basic transistor 
circuits. The circuits could be used 
in essentially these forms, but it is 
more convenient to modify these cir-
cuits slightly in actual usage. 
The disadvantage of the circuits 

we have shown is that they use two 
separate batteries, one to supply 
the forward bias required across 
the emitter-base junction and a sec-
ond battery to supply the reverse 
bias required across the base-col-
lector junction. In actual practice, 
these circuits are modified so that 
both voltages can be obtained from a 
single voltage source. In battery-
operated equipment this eliminates 
the need for a second battery. In 
equipment that operates from a 
power line, it simplifies the power 
supply somewhat so that the power 
supply can be arranged to provide 
either a positive or a negative volt-
age with respect to ground instead 
of having to supply both positive and 
negative voltages. 

In this section of this lesson we 
will look at a number of typical 
transistor amplifier stages. 

AUDIO AMPLIFIERS 

A typical common-emitter audio 
amplifier circuit using an NPN tran-
sistor is shown in Fig. 16. Notice 
that the circuit is somewhat differ-
ent from the common-emitter cir-
cuits you have seen previously in-
asmuch as only one battery is used 
in this circuit. Notice that the nega-
tive terminal of the battery is con-
nected to the emitter. The positive 
terminal of the battery is connec-

ted to the base through the resistor 
Rl. This would tend to make the 
base positive with respect to the 
emitter, which is what we want in 
order to place a forward bias across 
the emitter-base junction. You will 
remember that some of the elec-
trons travelling from the emitter 
across the junction into the base 
leave the transistor through the base 

connection. These electrons will 
flow through the resistor R1 and set 
up a voltage drop across the resis-
tor having the polarity shown. Al-
though the number of electrons flow-
ing through R1 will be very small, 
by using a large value resistor for 
R1 we can develop considerable volt-
age drop across it. Therefore even 
though the base is connected directly 

to the positive terminal of the bat-
tery through R1, the voltage drop 
across R1 subtracts from the bat-
tery voltage so that the net emitter-
base voltage is quite small. Usu-
ally the base will be positive with 
respect to the emitter by only a few 
tenths of a volt, which is all that is 
required to forward bias the junc-
tion. 

The collector is connected to the 
positive terminal of the battery 
through R2. The value of R2 is chosen 

NP/1 C2 

Fig. 16. A common-emitter audio amplifier 
using an NIIN transistor. 
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so that the current flowing through it 
will result in a voltage drop across 
the resistor that is less than the volt-
age drop across Rl. This means that 
the collector is positive with respect 
to the base, which is again the con-
dition required to place a reverse 
bias across the base-collector junc-

tion. 
In operation, the input signal 

causes the base-emitter forward 
bias to vary. This in turn causes the 
number of electrons crossing the 
emitter-base junction to vary and 
hence the collector current varies. 
The varying collector current flow-
ing through the resistor R2 will re-
sult in an amplified signal voltage 
being developed across R2. This am-
plified signal voltage is fed to the 
load through the coupling capacitor 

C2. 
In a typical circuit you will often 

find that both C 1 and C2 are electro-

lytic capacitors. Electrolytic ca-
pacitors are used because the im-
pedances found in transistor circuits 
are much lower than those found in 
vacuum tube circuits. You will re-
member that the capacitor Cl will 
act as a voltage divider along with 
R1 and divide the input signal in 
such a way that part of it will ap-
pear across the capacitor and part 
of it will appear across the transis-
tor input impedance. The amount that 
will be lost across the capacitor will 
depend upon its reactance in com-
parison with the input impedance of 
the transistor. Therefore, to keep 
the reactance of the capacitor low, 
a large value capacitor is usually 

used. 
Fig. 17 is a schematic of a com-

mon-emitter amplifier using a PNP 
transistor. Notice that the circuit is 
identical except that the battery is 
reversed. In this circuit, the nega-

Fig. 17. A common-emitter audio amplifier 
using a PNP transistor. 

tive terminal of the battery is con-
nected to the base of the transistor 
through Rl. This places a negative 
voltage on the base with respect to 
the emitter, which will forward bias 
the emitter-base junction. As in the 
previous case, however, the entire 
voltage will not be applied across the 
emitter-base junction because of the 
voltage drop across Rl. Some elec-
trons will flow from the negative ter-
minal of the battery through R1 and 
into the base of the transistor to fill 
holes. This will result in a voltage 
drop across R1 having the polarity 
shown in the diagram. This voltage 
drop will subtract from the battery 
voltage so that once again the for-
ward emitter-base bias is only a few 

tenths of a volt. 
In this circuit, as in the previous 

circuit, the voltage drop across R2 
will be less than the voltage drop 
across R1, and therefore the collec-
tor will be negative with respect to 
the base so that we will have a re-

verse bias across the base-collec-
tor junction. 
The operation of this circuit is 

essentially the same as the opera-
tion of the circuit shown in Fig. 16. 
The only exception is that in the 
transistor holes will be the ma-
jority carriers whereas in the pre-
ceding NPN transistor, electrons 
were the majority carriers. 
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Bias Stabilization. 
In the circuit shown in Fig. 16 we 

have used an NPN transistor. In the 
collector region, in addition to free 
electrons which are the majority 
carriers, there will be some free 
holes. These holes, which are the 
minority carriers will tend to cross 
the collector-base junction and flow 
into the base of the transistor.Some 
of the electrons travelling from the 
emitter across the emitter-base 
junction into the base will fill these 
holes. This is one of the reasons 
why the collector current will al-
ways be less than the emitter cur-
rent. Some of the holes, however, 
will be filled by electrons that would 
normally leave the transistor at the 
base and flow through R1. 

If the temperature of the transis-
tor increases, the resistance of the 
base-collector junction will de-
crease, and this will allow additional 
holes to cross from the collector into 
the base. This, in turn, will reduce 
the number of electrons flowing 
through R1 which will reduce the 
voltage drop across it. 

If the voltage drop across R1 is 
reduced, the effective emitter-base 
forward bias will be increased be-
cause this bias is equal to the battery 
voltage less the voltage dropacross 
Rl. The increase in forward bias 
across the emitter-base junction 
will result in a higher emitter cur-
rent. This, in turn, will result in a 
higher current across the emitter-
base junction, through the base, and 
across the base-collector junction. 
The increase in current across the 
base-collector junction will result 
in a further increase in the tempera-
ture of this junction which in turn 
will reduce the resistance again, 
causing the number of minority car-
riers crossing the junction to in-

crease still further. This action will 
continue until eventually the current 
through the transistor becomes so 
high that the transistor is destroyed. 

The simplest way to overcome this 
problem is to add a bias-stabilizing 
resistor in series with the emitter 
lead. A typical circuit in which this 
has been added is shown in Fig. 18. 
The bias-stabilizing resistor is 
marked R3 on the diagram. Capaci-
tor C3 bypasses the signa 1 around 
this resistor to prevent degenera-
tion. 

If a transistor heats and the base-
collector junction resistance is 
lowered in this circuit, we will have 
the same situation as before; the re-
sistance will go down and the mi-
nority carriers crossing from the 
collector into the base will increase. 
This will cause the current through 
R1 to go down which in turn will re-
duce the voltage drop across the re-
sistor and tend to increase the emit-
ter-base forward bias.However,the 
increase in forward bias will tend 
to cause the emitter current to in-
crease. This increase in current will 
result in an increase in the voltage 
drop across R3. Since this voltage 
subtracts from the forward bias, it 
will tend to keep the forward bias 
across the emitter-base junction 
reasonably stable. Although there 
will be some increase in current, it 
is usually not large enough to damage 
the transistor. 

Fig. 18. common-emitter circuit %% ith a 
bias stabilizing resistor in the emitter 

circuit. 
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Common-Base Amplifier. 

The common-base circuit is 
sometimes found in voltage ampli-
fier circuits. This circuit is particu-
larly useful in TV receivers where 
some voltage amplification is re-
quired without a phase shift. You 
will remember that with a common-
emitter type of amplifier circuit 
there is a 18CP phase shift,whereas 
in a common-base circuit there is 
no phase shift. 

Fig. 19. A single-battery common-base 
amplifier %%ith bias stabilization. 

The circuit shown in Fig. 19 is a 
common-base circuit modified for 
use with a single battery. R1 and R4 
make up a voltage divider which is 
connected across the battery. The 
forward bias, which is required for 
the emitter-base junction, is de-
veloped across R4. 
The emitter resistor, R3, serves 

two purposes in the common-base 
amplifier. First, it is the impedance 
across which the input signal is de-
veloped. Second, it acts as a bias-
stabilizing resistor. As a bias-
stabilizing resistor, it works exactly 
like resistor R3 in Fig.18, reducing 
the forward bias of the emitter-base 
junction if the emitter current tends 
to increase. 

Resistors R1 and R4 are chosen 
such that the battery current through 
R1 and R4 is much greater than the 

base current which flows only 
through R 1. Thus any variations in 
base current will have little effect 
on the base voltage which appears 
across R4. Capacitor C3 bypasses 
R4 and assures that the base is 
grounded for ac signals. 

RF AMPLIFIERS 

Radio frequency amplifiers are 
almost always tuned amplifiers. 
They make use of series-resonant 
and parallel-resonant circuits so 
that they can be tuned to accept one 
signal and reject all others. If a low 
resistance is connected across a 
parallel-resonant circuit, the re-
sistance will load the circuit sothat 
its selectivity will be destroyed. In 
other words, it will be unable to se-
lect one signal and reject another. 
This is one of the problems that we 
face with transistor rf amplifiers. 
Transistor amplifiers must take in-
to account the fact that transistors 
are relatively low impedance de-
vices and if they are connected di-
rectly across a resonant circuit they 
will load the circuit and reduce the 
selectivity. 
A typical transistor i-f amplifier 

is shown in Fig. 20. Although this 

N-P-N 

Fig. 20. Transistor input impedance 
matched by a step-down input i-f trans-
former and output impedance matched to 

tuned circuit by tapping down on coil. 
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is used as the intermediate fre-
quency amplifier in a radio receiver, 
it is still a radio frequency ampli-
fier since it is designed to amplify 
radio frequency signals. 

Notice that instead of using a 
double-tuned input transformer, as 
used in i-f stages using tubes, a 
single-tuned transformer is used. 
The secondary of the 1-f transformer 
has far fewer turns than the pri-
mary. Therefore the transformer 
acts like a step-down transformer. 
The low input impedance of the tran-
sistor does not load the primary of 
the transformer which is a parallel-
resonant circuit. Insofar as the pri-
mary is concerned, the step-down 
transformer effectively matches it 
to the transistor so that excessive 
loading is avoided. 

In the output circuit, the collector 
is connected to a tap on the primary 
winding of a secondi-f transformer. 
The lower end of this transformer 
primary is connected to the positive 
terminal of the battery and is effec-
tively at s ignalground potential. The 
upper end of the transformer is at 
some comparatively high impedance 
with respect to ground. Somewhere 
along the transformer windingthere 
will be a point at which the imped-
ance of the transformer winding is 
equal to the output impedance of the 
transistor. The idea is to connect 
the collector to this point and by so 
doing match the collector tothe pri-
mary winding of the transformer to 
get maximum signal transfer and at 
the same time avoid loading the 
parallel-resonant circuit. 
As a technician, you will not have 

to be concerned about finding the 

correct impedance point at which to 
connect a transistor to an 1-f trans-
former; the engineers who designed 
the set will have taken care of this 

for you. The important point for you 
to see is how the transistor is con-
nected into the circuit and tounder-
stand why this provision has been 
made. 

One disadvantage of the circuit 
shown in Fig. 20 is that it is some-
what unstable. This is due to the 
capacity and resistance across the 
base-collector junction. Energy can 
be fed from the collector circuit to 
the base which is connected directly 
to the input circuit. If the energy fed 
back into the input circuit is of the 
correct phase to reinforce or add to 
the input signal, the transistor may 
go into oscillation and generate a 
signal of its own. 
Neutralization. 
Two circuits that are used to over-

come this undesirable effect are 
shown in Fig. 21. In both of these 
circuits neutralization is used to 
overcome the undesirable effects of 
feedback. 

In the circuit shown in Fig. 21A, 
tap 2 on the primary of the output 
i-f transformer is operated at signal 
ground potential. This tap on the 
transformer is grounded through the 
.01-mfd capacitor connected from 
terminal 2 of the transformer to the 
emitter. The collector is connected 
to terminal 1 and signal currents 
flowing between terminals 1 and 2 
will induce a voltage in the portion 
of the winding between terminals 2 
and 3. Thus a voltage is set up at 
terminal 3 having the opposite po-
larity to the voltage in terminal 1. 
This voltage is fed through Cl back 
to the base of the transistor. 

Now, if sufficient energy is fed 
from the collector of the transistor 
across the base-collector junction to 
the base to cause instability, a sig-
nal with the opposite polarity is fed 
through Cl to the base of the tran-
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N-P-N 

Fig. 21. Two methods of neutralizing a 
transistor i-f stage. 

S istor. These two signal voltages 
tend to cancel each other so that 
there is not sufficient net feedback 
to the base to cause oscillation. 

In this circuit the tuned part of 
the output i-f transformer consists 
of the entire winding between ter-
minals 1 and 3. You will notice that 
this winding is tuned by a capacitor 
so that they form a parallel reso-
nant circuit. Since terminal 2 is op-
erated at ground potential and the 
collector is connected to terminal 
1, the transistor is connected across 
only a portion of the i-f transformer 
so that it does not load the trans-
former excessively and reduce the 
selectivity of the parallel resonant 
circuit. At the same time, with this 
arrangement the instability that was 
encountered in the circuit shown in 
Fig. 20 is avoided. 

The circuit shown in Fig. 21B is 
similar to the circuit shown in Fig. 
20 except that neutralization is added 
by means of capacitor Cl connected 
from the secondary of the output i-f 
transformer back to the base. The 
polarity of the signal voltage fed 
through this capacitor to the base is 
opposite to the polarity of the signal 
voltage fed back through the transis-
tor itself across the base-collector 
junction, so that these two signals 
will tend to cancel. 
When a circuit like the one shown 

in Fig. 21B is used, the neutralizing 
capacitor Cl will be somewhat 
larger than the neutralizing capaci-
tor Cl shown in Fig. 21A because 
there is quite a step-down in voltage 
between the primary and secondary 
windings of the i-f transformer. 
Since Cl in Fig. 21B is connected 
to the secondary, the voltage will be 
considerably lower at this point than 
it is at the primary. Therefore, a 
larger capacity is needed in order 
to feed sufficient voltage back tothe 
base to prevent oscillation.The cir-
cuit shown in Fig. 21B is somewhat 
less critical than the circuit shown 
in Fig. 212‘. 
The gain obtained in an i-f stage 

using a transistor is considerably 
less than that obtained in an i-f stage 
using a vacuum tube. As a result, 
many receivers using transistors in 
the i-f amplifier have two or more 
i-f stages. Most modern receivers 
using vacuum tubes, on the other 
hand, have only one i-f stage. 

OSCILLATOR AND MIXER 
STAGES 

You will remember that modern 
radio receivers are superhetero-
dyne receivers. In the superhetero-
dyne receiver, the signal being re-
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ceived is mixed in the mixer or con-
verter stage with a signal generated 
in a local oscillator. Mixing these 
two signals together results in the 
formation of two new signals, one 
with a frequency equal to the sum 
of the two frequencies and the other 
with a frequency equal to the differ-
ence between the two. Both signals 
are modulated with the original in-
telligence being transmitted by the 
broadcast station. 

In modern receivers the differ-
ence signal is amplified by the i-f 
amplifier because the i-f amplifier 
is tuned to this frequency. This sig-
nal is then fed to a detector where 
the audio signal is separated from 
the carrier, and then the audio sig-
nal is amplified further and fed to a 
loudspeaker. 

Typical mixer and oscillator cir-
cuits are shown in Fig. 22. Here an 
NPN transistor is used in a com-
mon-emitter mixer circuit. The pri-
mary winding of the loop antenna, Li 
on the diagram, is inductively cou-
pled to L2. The signal picked up by 
the loop is fed to L2 and then applied 
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LI 

L2 

MIXER 
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/ »CI 
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.001 
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Fig. 22. Oscillator and mixer stages using 
separate transistors. 

N-P-N 

+9V 

Fig. 23. A converter stage using one tran-
sistor as both oscillator and mixer. 

between the base and ground. This 
arrangement prevents the input im-
pedance of the transistor from load-
ing the tuned circuit. The signal from 
the local oscillator is fed through 
Cl to L2 and hence to the base of 
the mixer. In the mixer, the two 
signals beat together to produce the 
desired i-f signal. 
The oscillator circuit uses an-

other NPN transistor in a common-
emitter circuit. This circuit is one 
form of the Hartley Oscillator which 
you have seen used previously with 
vacuum tubes. 

The circuit shown in Fig.22 works 
well and seldom gives trouble; it's 
main disadvantage is that two tran-
sistors are required. You are not 
likely to see this arrangement ex-
cept in some of the more expensive 
transistor receivers. The usual 
practice is to use one transistor as 
both the mixer and the oscillator. 
A converter stage, where a single 

transistor is used as both the mixer 
and oscillator, is shown in Fig. 23. 
Here an NPN transistor is used ma 
common-emitter circuit. In this cir-
cuit the signal is picked up by the 
loop antenna, which is inductively 
coupled to L2. The signal voltage is 
induced in series with L2, and this 
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is applied to the base of the transis-
tor through L3, and to ground through 
the .1-mfd capacitor. 

At the same time, energy is fed 
from the collector into the primary 
of the i-f transformer and from the 
primary of the i-f transformer back 
to L4. L4, C2, C4, and C5 make up 
the oscillator tank circuit. IA is in-
ductively coupled to L3, and energy 
is fed from L3 to the base of the 
transistor. Thus we have two signals 
fed to the base of the transistor,the 
incoming signal picked up by the loop 
antenna, and the signal generated in 
the oscillator tank circuit. These two 
signals are mixed in the transistor 
and the resulting difference-fre-
quency signal is selected by the i-f 
transformer and fed to the first i-f 
amplifier. 

Another transistor mixer-oscil-
lator circuit is shown in Fig. 24. This 
is quite an interesting circuit inas-
much as the transistor is used in both 
a common-base and a common-
emitter circuit at the same time. 

In this circuit the incoming signal 
induced in L3 is applied to the base 

/ -F 
TRANSFORMER 

Fig. 24. Converter stage using one tran-
sistor connected in a common-base circuit 
for the oscillator signal, and a common-

emitter circuit for the rf signal. 

of the transistor. As far as the in-
coming signal is concerned, the 
emitter is essentially at ground po-
tential and hence the mixer operates 
as a common-emitter mixer. 
The oscillator signal, on the other 

hand, is coupled to the feedback 
winding L4 in the emitter circuit. 
Therefore, as far as this signal is 
concerned, the base is the common 
element and the oscillator operates 
as a common-base circuit. In spite 
of the fact that the two signals are 
fed into different elements of the 
transistor, mixing still takes place 
because of the non-linear character-
istic of the emitter-base junction. 

SUMMARY 

The circuits we have studied in 
these two sections of this lesson are 
basic transistor circuits. Transis-
tors are found in circuits other than 
these. Other common circuits in 
which transistors are found are mul-
tivibrators and switching circuits 
such as used in electronic equip-
ment. However, the circuits that we 
have studied in this section are what 
might be considered basic circuits; 
you should learn these circuit con-
figurations before going on to more 
complex circuits. 
Do not expect to remember what 

these circuits look like simply by 
taking a quick look at the diagram 
in the lesson texts. You should take 
the time to draw each of these cir-
cuits yourself. Draw a circuit two 
or three times, copying it from the 
book, then close the book and try to 
draw it yourself. The chances are 
that the first time you try to do this 
you will find that you cannot repro-
duce the circuit, but after two or 
three attempts you should be able 
to do so. Knowing what these basic 
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circuits look like will be a big help 
to you. You might not understand 
what all the parts are used for at 
this time, but we are going to study 
all of these circuits again in later 
lessons. If you are familiar with the 
general circuit configuration, it will 
be a big help to you because you will 
know what the circuit looks like and 
hence will be ready for the next step, 
that of learning what each and every 
part in the circuit is used for. 

SELF-TEST QUESTIONS 

(ag) In the circuit shown in Fig. 16, 
why is the emitter-base for-
ward bias considerably less 
than the battery voltage? 

(ah) Why is it necessary to provide 
bias stabilization in transistor 
amplifiers? 

(ai) 

(aj) 

(ak) 

(al) 

(am) 

What advantage does the com-
mon-base amplifier circuit of-
fer over the common-emitter 
circuit? 
In an i-f amplifier such as the 
one shown in Fig. 20, why is the 
secondary of the input i-f trans-
former untuned and shown as 
having fewer turns than the pri-
mary winding? 
What is the purpose of connect-
ing the collector in the transis-
tor circuit shown in Fig. 20 to 
a tap on the primary winding of 
the output i-f transformer ? 
How are the effects of collec-
tor-base signal feedback elimi-
nated in transistor amplifiers? 
What type of circuits are used 
in the converter stage shown in 
Fig. 24? 
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A Typical Transistor Receiver 

Cne important use for transistors 
is in portable receivers. Transis-
tors are ideally suited for portable 
equipment because of their small 
size and modest current and voltage 
requirements. 
A typical portable receiver is 

shown in Fig. 25. This receiver uses 
circuits similar to those you have al-
ready studied in this lesson. We will 
run through this receiver quickly to 
help you see how the various stages 
you studied are used together in a 
complete receiver. 

For the purpose of study, we will 
divide the receiver into two sections, 
the rf section and the audio section. 
In the rf section we will include all 
the stages where the signal present 
is not an audio signal. 

THE RI' SECTION 

The rf section of this receiver 
consists of three stages: the con-
verter, which is actually a combi-
nation mixer and oscillator, two i-f 
stages, and the second detector, 
which is also part of the audio sec-
tion. The transistors used in these 
stages are NPN transistors. You will 
remember that we can identify these 
transistors as NPN transistors be-
cause the arrow used to identify the 
emitter is pointing up, away from the 
base. 
The converter stage in this re-

ceiver is similar to the mixer-oscil-
lator stage shown in Fig. 23. Here 
we have a transistor used in a com-
mon emitter circuit performing the 
functions of both mixer and oscilla-
tor. The primary winding of the i-f 
transformer T2 is tapped, and the 
collector is connected to the tap. 

This is done to avoid loading the 
high Q i-f transformer and to pro-
vide maximum power transfer. 
Maximum power transfer can be ob-
tained only when impedances are 
matched. The load impedance of this 
transistor is quite low, probably 
about 30,000 ohms, whereas that of 
the resonant circuit is over 500,000 
ohms so the transistor collector is 
connected to the tap. 
The i-f transformer T2 is a step-

down transformer. The input imped-
ance of the first i-f stage is very 
low, approximately 50 ohms.A step-
down transformer is required in 
order to match the high-impedance 
primary circuit to the low-imped-
ance secondary circuit. 
The secondary of transformer T2 

is tapped. The center tap, marked 
5 on the diagram, is at signal ground 
potential because it is connected to 
ground through the .1-mfd capacitor 
C6. This capacitor is in effect a di-
rect connection at the i-f signalfre-
quency. Signal voltages fed from the 
emitter through the .1-mfd capaci-
tor C5 will cause a current flow 
through the part of the secondary 
between terminals 3 and 5. The cur-
rent flowing through this half of the 
secondary will set up a field which 
will induce a voltage between ter-
minals 2 and 5. This voltage is ap-
plied between the base and ground 
and neutralizes the i-f stage. This 
voltage applied between the base and 
ground because of the signal fed 
back through C5 is out-of-phase with 
the signal voltage fed from the col-
lector through the transistor back 
to the base, so the two signals 
cancel. 
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Both transistors used as i-f am-
plifiers are connected in common-
emitter circuits, and the collector is 
connected to a tap on the i-f trans-
former to avoid loading the trans-
former. The second i-f amplifier is 
neutralized by the signalfed through 
the .1-mfd capacitor C7 back to the 
secondary of the i-f transformer T3. 
The forward bias needed across 

the emitter-base junction is de-
veloped by the resistors in the emit-
ter circuit. R2 develops the voltage 
needed for the converter ,and R6 and 
R9 develop the voltages for the two 
i-f stages. 
The last i-f transformer T4 is a 

step-down transformer, and the sec-
ondary of this transformer is con-
nected to a diode second detector. 
This diode rectifies the rf signal so 
that the audio signal appears in the 
diode output across the 1500-ohm 
volume control R12A. 

THE AUDIO SECTION 

The audio section of this receiver 
is made up of three stages. A PNP 
transistor is used in a common-
emitter circuit as the first audio 
frequency amplifier. The circuit 
used in this stage is similar to the 
audio amplifier you already studied. 
The second audio stage is called 

the driver stage on the schematic 
diagram. It is called a driver be-
cause it is a power amplifier. It is 
used to supply power to the push-
pull output stage. The push-pull out-
put stage in this receiver uses two 
transistors in a common-emitter 
circuit. This stage is a class B push-
pull amplifier. It is somewhat dif-
ferent from the class A driver used 
in the preceding stage. In a class A 
stage, the average collector current 
does not change when a signal is ap-

plied to the input, but in a class B 
stage the collector current in-
creases appreciably when the signal 

is applied. A class B transistor 
stage, like a class B tube stage, is 
biased to cut-off. In a transistor 
circuit this means that there is 
little or no forward bias across the 
emitter-base junction. 

Notice the resistor R21. The sym-
bol used to identify this resistor is 
that of a conventional resistor with 
a circle drawn around it and the 
letter T inside the circle. This is a 
thermistor. You will remember that 
a thermistor is a resistor with a 
negative temperature coefficient. In 
other words, if the temperature in-
creases, its resistance decreases. 
Thermistors are used in this circuit 
to avoid instability in the output 
stages which temperature changes 
would otherwise produce. 

SUMMARY 

We do not expect you to remem-
ber all the circuits used in this re-
ceiver. The purpose of presenting 
this schematic diagram is to give 
you a general idea of how the vari-
ous circuits you studied in this les-
son may be used together in a com-
plete portable receiver. These cir-
cuits are typical of those that you 
will find in portable radio receivers. 
In the output stages of some re-
ceivers there is only a single tran-
sistor instead of the two transis-
tors in the push-pull circuit found 
in this receiver. You will also find 
some portables with only one i-f 
stage. Ci course a receiver with a 
single i-f stage will not have the 
sensitivity of this receiver. 

Spend some time studying this 
schematic diagram; it will help you 
become familiar with transistor cir-
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cuits. This will be a big help to you 
in later lessons when you study these 
circuits in more detail. 

LOOKING AHEAD 

In the next group of lessons you are 
going to study the various types of 
circuits found in modern electronic 
equipment. Your next lesson dis-
cusses power supplies. 
Power supplies are important be-

cause they are found in every piece 
of electronic equipment. In portable 
equipment the power supply is usu-
ally made up of one or more bat-
teries. In equipment designed to op-
erate from the power line,the power 
supply will often contain a trans-
former designed either to step-up 
or to step-down the power-line volt-
age. In addition it will contain a rec-
tifier designed to change alternating 
current to direct current and then 
some means of smoothing out the 
pulsating direct current at the out-
put of the rectifier into smooth dc. 
The power supply will often consist 
of one or more voltage-divider net-
works designed to provide more than 
one operating voltage from a single 
power supply. 

In the lesson on power supplies 
and in the following lessons we will 
discuss the circuit in generalterms 
first, pointing out what the circuit 
must do, what is needed to accom-
plish the desired results, what the 
basic circuit looks like, and some of 
the more important variations of the 
basic circuit. Then we will go into 
typical circuits; where possible we 
will give part values and other per-
tinent information that might help 
you become more familiar with these 
circuits. In the following lessons you 
will find that you will use many of the 
basic fundamentals studied in the 
first thirteen lessons. Do not fail to 

review these early lessons. It is a 
good idea to review one or two of 
your earlier lessons with each new 
lesson you study. By doing this you 
will pick up many of the fine points 
you missed the first time you went 
over the lesson and, in addition, you 
will be sure that you do not forget 
what you have already learned. 

ANSWERS TO 
SELF-TEST QUESTIONS 

(a) No. In the common-base cir-
cuit the collector current is al-
ways less than the emitter cur-
rent because part of the emit-
ter current leaves the transis-
tor through the base. Although 
this current is quite small, it 
does subtract from the emitter 
current. Therefore the collec-
tor current will be less than the 
emitter current and the current 
gain of the stage will be less 
than one. 

(b) They are in phase. 
(c) Holes. 
(d) We can obtain a voltage gain in 

a common-base amplifier be-
cause the output load resistor 
can be made quite large. Thus, 
even though the signal current 
flowing through the load resis-
tor is smaller than the input 
signal current, the fact that the 
output load resistor can be 
made many times the input im-
pedance of the transistor re-
sults in the output voltage being 
greater than the input signal 
voltage. The output voltage will 
be the product of the output sig-
nal current times the load re-
sistor. The input voltage is 
equal to the product of the input 
signal current times the input 
resistance. As long as the out-
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(e) 

(f) 

(g) 

(h) 

put product is greater, we will 

have a voltage gain. 
A very low input impedance; 
high output impedance. 
To the grounded grid vacuum 
tube circuit. 
Yes. In the common-emitter 
circuit the signal voltage is ap-
plied across the input resistor. 
None of the emitter current that (o) 
is flowing to the collector flows 
through this resistor. The ac-
tual signal current flowing in 
the input is comparatively 
small. At the same time, the 
collector current is equal t o the 
emitter current minus any cur-
rent lost in the base and there-
fore is much larger than the 
signal input current. As a re-
sult, a current gain is possible 
with the common-emitter cir-
cuit. (u) 
The amplified signal voltage is (v) 
many times the input signal 
voltage and is 180° out-of-
phase with it in the common-

emitter circuit. 
(i) The input impedance of the 

common-emitter circuit is 
much higher than the input im-
pedance of the common-base 
circuit. 

(I) See Fig. 7A for the common-
emitter circuit using an NPN 
circuit and Fig. 7B for a cir-
cuit using a PNP transistor. 

(k) The common-emitter circuit 
can be compared with the tube 
circuit in which a tube is used 
in a typical grounded-cathode 
circuit. 

(1) The output signal voltage will (z) 
be in phase with the input sig-
nal voltage. 

(m) The voltage gain of a common-
collector circuit is less than 
one. 

(n) 

(13) 

(c1) 
(r) 

(s) 

(t) 

(w) 

(x) 

(Y) 

The common-collector circuit 
has a comparatively high input 
impedance and a low output im-
pedance. Its input impedance 
is higher than that of the other 
two circuits, and at the same 
time, it is the only circuit in 
which the output impedance is 
lower than the input impedance. 
The grounded plate or cathode 
follower circuits. 
The common-base circuit and 
the common-collector circuit. 
The common-emitter circuit. 
The common-base circuit and 
the common-emitter circuit. 
The common-emitter circuit 
and the common-collector cir-

cuit. 
The common-emitter circuit 
and the common-collector cir-
cuit. 
The common-collector circuit. 
Emitter current IE; collector 
current lc; and base current 
18 . 
IC Bo is the symbol used to 
represent the collector-base 
reverse current with the col-
lector-base junction reverse 
biased and the emitter open. 
The symbol V is widely used 
to represent voltage. The 
capital C and the ca.pitalE have 
been used to represent the col-
lector and emitter under de 
conditions. Therefore, the 
symbol vc E means the de col-
lector-to-emitter voltage. 
The Greek letter a represents 
the current gain of a transis-
tor in a common-base circuit. 
The maximum value that a can 
have will be some value slightly 
less than one. The current gain 
of the transistor in a common-
base circuit will always be less 
than one. This is due to the fact 

- 
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that the emitter current will be 
greater than the collector cur-
rent because some of the car-
riers leaving the emitter are 
lost in the base and do not reach 
the collector. 

(aa) The forward current-transfer 
ratio is the gain of the transis-
tor in a common-base circuit 
and hence it is equal to a. 

(ab) The Greek letter B. 
(ac) The alpha cut-off frequency is 

the frequency at which the cur-
rent gain of a transistor in a 
common-base circuit drops to 
.707 of its gain at lower fre-
quencies. 

(ad) It is the frequency at which (ah) 
beta drops to one. 

(ae) .96. 

We find the value of a by using 
the formula 

= 1 •---Fe 

substituting 24 for 0, we get: 

24  = 24 a - 
1+24 25 

.96 
25)24.0 

225 
150 
150 

(ag) 

(ai) 

a = .96 

(af) Beta equals 99. 
We find the value of 5 by using (aj) 
the formula 

-   
1 - a 

substituting .99 for a, we get: 

.99  = ,91 
1 - .99 .01 

99 
= — = 99 
1 

(ak) 

The forward bias across the 
emitter-base junction is equal 
to the battery voltage less the 
voltage drop across Rl. There 
will be a substantial voltage 
drop across R1 because elec-
trons leaving the base of the 
transistor flowing through this 
resistor will develop a voltage 
drop which subtracts from the 
battery voltage. Even though the 
current flowing through the re-
sistor is small, the resistance 
of the resistor is large so that 
the net forward bias across the 
emitter-base junction is only a 
few tenths of a volt. 
Bias stabilization is necessary 
because reverse collector-
base current due to minority 
carriers crossingfrom the col-
lector into the base will effec-
tively reduce the base current. 
This will reduce the voltage 
drop across the base resistor 
and increase the forward bias 
on the transistor. The in-
creased forward bias may 
cause sufficient current to flow 
through the transistor to de-
stroy the transistor. 
The common-base amplifier 
circuit provides voltage ampli-
fication without a phase shift. 
In some applications, particu-
larly in television receivers, 
this may be an advantage. 
The low input resistance of a 
transistor would load a reso-
nant circuit and thus reduce 
the selectivity of the circuit. 
By using an untuned secondary 
and a step-down transformer, 
the effects of loading on the 
resonant circuit can be elimi-
nated. 
The collector is connected to a 
tap on the transformer to elimi-
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nate the effect of loading on the 

tuned circuit, which will cause 
poor selectivity. 

(al) By neutralization - that is, 
feeding a signal equal to but 
180° out-of-phase with the col-
lector-base feedback signal 

back into the base circuit so 
that the signal deliberately fed 

BIPOLAR NPN BIPOLAR PNP 

ZENER DIODE FOUR LAYER DIODE 

DIAC SILICON CONTROLLED 

RECTIFIER (SCR) 

GATE TURN OFF 

TRIAC RECTIFIER IGTOI 

back cancels the signal fed back 
through the transistor itself. 

(am)The oscillator circuit uses a 
common-base circuit; the sig-
nal rf circuit uses a common-

emitter circuit. The two cir-
cuits are used with the single 
transistor used in the converter 
stage. 

UNIJUNCTION 

SILICON CONTROLLED 

SWITCH (SCSI 

N CHANNEL 

JUNCTION FET 

P CHANNEL 

DEPLETION MOSFET 

Table I. Semiconductor device symbols. 

DIODE 

TUNNEL DIODE 

P CHANNEL 

JUNCTION FET 

N CHANNEL 

ENHANCEMENT MOSFET 
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Lesson Questions 

Be sure to number your Answer Sheet B113. 

Place your Student Number on every Answer Sheet. 

Most students want to know their grade as soon as possible, so they 
3 mail their set of answers immediately. Others, knowing they will finish 

the next lesson within a few days, send in two sets of answers at a time. 
Either practice is acceptable to us. However,donit hold your answers too 
long; you may lose them.Don %hold answers to send in more than two sets 
at a time, or you may run out of lessons before new ones can reach you. 

1. In a PNP transistor circuit, is the collector made (a) positive or (b) 
negative with respect to the base? 

2. Name the three basic transistor circuits and tell what vacuum-tube 
circuit each one resembles. 

3. Which basic transistor circuit produces a 18CP phase shift? 

4. Which of the following transistor amplifiers has a current gain? 
(a) common-base or (b) common-emitter? 

5. Which basic transistor circuit has the highest input resistance? 

6. (a) What does the term "alpha "applied toa transistor mean? (b) What 
does the term "beta" mean? 

7. If the alpha of a certain transistor is .96, find the beta of the same 
transistor. 

8. If the beta of a certain transistor is 49, find the alpha of the same 
transistor. 

9. In the circuit shown in Fig. 16, the transistor will be very sensitive 
to temperature changes. How can this be overcome? 

10. If a transistor has an alpha cut-off frequency of 100 kc, is it suitable 
for use as a 455 kc i-f amplifier? 



FIRST IMPRESSIONS 

First impressions mean a lot in this busy world. 
An applicant for a job has a pretty tough time making 
the grade if his appearance and first few words do 
not make a favorable impression on the employment 
manager. A salesman likewise gets the "cold shoulder" 
if there is anything about him which annoys the 
prospect. 

With technical material of any kind, however, first 
impressions can be very treacherous. Cftentimes a 
simple technical book will contain a number of ap-
parently complicated diagrams, charts, graphs, 
sketches or tables. Since we glance mostly at illus-
trations when inspecting a book, we are apt to get a 
misleading impression. Also, paragraphs, pages or 
entire lessons may seem difficult during the first 
reading, but become almost magically clear during 
the second or third reading. 

If the first impressions of a required task are 
favorable, fine and dandy; if unfavorable, don't be 
discouraged, but wade right into the work and give 
it a chance to prove that first impressions don't al-
ways count. 
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POWER SUPPLIES FOR 
ELECTRONIC EQUIPMENT 

One of the most important sec-
tions in electronic equipment is the 
power supply. It is the section that 
furnishes the operating voltages and 
currents required by the various 
stages. If the power supply is not 
operating properly, the equipment 
can't do the job it's supposed to do. 

In your career as an electronics 
technician, you will encounter many 
different types of power supplies.In 
equipment using tubes you will find 
power supplies that must supply the 
heater voltage for the various tubes 
and, in addition, a de supply voltage 
that is often considerably higher than 
the power line voltage. 

On the other hand, the power sup-
ply in transistorized equipment will 
be quite different from that used in 
tube-operated equipment. Most 
power supplies in transistorized 
equipment will have to reduce the 
voltage to some value less than the 
line voltage. 
However, the current require-

ments of the power supply ina tran-
sistorized piece of equipment may 

be considerably higher than those 
of a power supply in a similar tube-
operated device. All power supplies 
have basically the same function, 
regardless of the parts and circuitry 
used to make them;the power supply 
must supply the operating voltages 
and currents required by the vari-
ous stages in the equipment. 
You have already studied the basic 

components used in power supplies. 
In this lesson you will learn more 
about these components and how they 
are used together in this particular 
application. You will be introduced 
to some new circuits and will learn 
enough about power supplies to en-
able you to understand the purpose 
for which each part in a power sup-
ply is used. Once you know why the 
various parts are used and under-
stand what each one is supposed to 
do, you should be able to service 
any power supply defect you en-
counter. 
We will first take up the different 

rectifier circuits used in modern 
power supplies. The power supplied 
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by power companies for home and 
industrial use is ac power, whereas 
the tubes and transistors used in 
electronic equipment require de op-
erating voltages. Therefore, in a 
power supply designed to operate 
from a power line, we must have 
some means of changing the ac to 
de. The device used to do this is 
called a rectifier. 

Once the ac is changed to dc by a 
rectifier, we have what is called a 
pulsating de at the output of the recti-
fier. This is actually de with ac 
superimposed on it. A power supply 
must therefore have some means of 
filtering or smoothing the pulsating 
de to get pure dc. This is done by 
means of a filter network, which 
separates the ac and dc components 
of the pulsating de at the rectifier 
output so that only the de appears at 
the output of the filter network. 
Many power supplies also have 

some type of voltage-divider net-
work. Such a network is designed to 
provide several different operating 
voltages from one power supply.All 
the tubes or transistors ma piece of 

electronic equipment may not re-
quire the same operating voltage. It 
is more economical to use a single 
power supply and a voltage divider 
than to use a separate power supply 
for each voltage needed. 
The power supplies in modern 

electronic equipment use solid state 
rectifiers in most low-voltage appli-
cations. Vacuum tubes are seldom 
used today as rectifiers in such de-
vices as radio or television re-
ceivers or in other modern equip-
ment. However, there are still mil-
lions of radios and television re-
ceivers in use today that do use 
vacuum-tube rectifiers. Therefore, 
you will probably have to work on 
this type of power supply as a serv-
ice technician even though it is ob-
solete as far as its use in new equip-
ment is concerned and you still 
should know how this type of recti-
fier works. For this reason, we will 
cover not only the new rectifier cir-
cuits using solid state rectifiers, but 
also a number of the older fre-
quently-used rectifier circuits using 
vacuum tubes. 
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Rectifier Circuits 
Any device that will pass current 

in one direction but not in the other 
direction can be used as a rectifier. 
You have already seen one example 
of this type of device: the vacuum 
tube. In a vacuum tube, as long as 
the voltage applied to the plate is 
positive with respect to the voltage 
applied to the cathode, the current 
will flow from the cathode to the 
plate of the tube. However, if the 
voltage applied to the plate is nega-
tive with respect to the voltage ap-
plied to the cathode, there will be 
no current flow through the tube be-
cause current cannot normally flow 
through the tube from the plate to the 
cathode. Thus, a two-element or 
diode tube was used for many years 
as the rectifier in the power supply 
of radio and television receivers. 
The diode tube is entirely satis-

factory as a rectifier, but it does 
have one big disadvantage. In order 
to handle the currents required in 
large radio receivers or in tele-
vision receivers a rectifier tube with 
a rather heavy cathode or filament 
is required. Considerable power 
must be applied to the heater toheat 
the large cathode or filament,there-
by bringing it to the temperature re-
quired for it to emit an abundant sup-
ply of electrons. Not only does this 
increase the power consumed by the 
equipment; also, a substantial 
amount of heat is given off by the 
diode and this, in turn, heats up 
other parts in the equipment. This 
often contributes to a shortened life 
of the other parts. 
As we mentioned, diode vacuum 

tubes were used for many years as 
the rectifiers in radio and television 
receivers. However, a number of 

years ago the selenium rectifier be-
gan to replace the vacuum tube as 
the rectifier in entertainment-type 
equipment. 
A typical selenium rectifier is 

shown in Fig. 1. A selenium recti-
fier is made up of a series of se-
lenium discs with a coating of se-
lenium oxide on the surface of one 
side of each disc. E lectrons can flow 
from the selenium to the selenium 
oxide quite readily, but they cannot 
readily flow in the other direction, 
from the selenium oxide to the se-
lenium. Thus, a selenium rectifier 
permits current to flow through it in 
one direction, but offers a high re-
sistance to current flow through it 
in the opposite direction. 

This type of rectifier is often 

called a dry-disc rectifier: "dry "to 
distinguish it from earlier rectifiers 
that used a wet chemical solution, 
"disc" because it is made up of discs. 
The square plates that are visible 
in Fig. 1 are cooling fins. The discs 
used are usually round and are 

Fig. 1. A typical selenium rectifier de-
signed for use in electronic equipment. 
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placed between the cooling fins, 

which are necessary because the 
rectifier does have some resistance 
and the current flowing through this 
resistance produces heat which must 
be dissipated. 
The advantage of the selenium 

rectifier over the diode tube is that 
the selenium rectifier does not have 
a cathode that must be heated, and 
hence the power required to heat the 
cathode is saved. In addition, the 
total heat dissipated into the equip-
ment from the selenium rectifier is 

somewhat lower than from a tube 
capable of handling the same cur-
rent. 

Both the vacuum tube rectifier and 
the selenium rectifier have been re-
placed in modern radio and televi-
sion receivers by the silicon recti-
fier. The silicon rectifier, like the 
selenium rectifier, does not require 
any heater power; in addition, a 
silicon rectifier is much smaller 
than a selenium rectifier. It has a 
much lower forward resistance; that 
is, it offers far less opposition to 
current flow through it in the forward 
direction than does a selenium recti-

Fig. 2. Two typical silicon rectifiers with 
a dime between them to show their rela-

tive size. 

fier, and at the same time it has a 
higher reverse resistance (in other 
words it will permit a smaller cur-
rent to flow through it lathe reverse 
direction than a selenium rectifier). 
Two typical silicon rectifiers are 

shown in Fig. 2. The rectifier at the 
top is called a top-hat rectifier be-
cause of its shape. A rectifier of 
this type and size is capable of hand-
ling currents several times those 
required in a color TV receiver. 
We have shown a photograph of the 
two rectifiers with a dime in between 
them so you can get an idea of the 
relative size of the two units. The 
lower rectifier is capable of hand-
ling currents of two or three am-
peres. 

In addition to their small size and 
high current-handling capabilities, 
silicon rectifiers have another big 
advantage over selenium and vacuum 
tube rectifiers due to modern 
manufacturing techniques: they are 
relatively inexpensive to manufac-
ture. Furthermore, unless they are 
overloaded, their life is almost in-
definite. 
Now, let's see how the various 

types of rectifiers are used in power 
supply circuits. 

HALF-WAVE RECTIFIERS 

You already know that the power 
supplied by most power companies 
is ac power and that the voltage sup-
plied has a waveform that is called 
a sine wave. A typical single cycle 
is shown in Fig. 3A. A rectifier cir-
cuit using a diode tube is shown in 
Fig. 3B. Let 's assume that the wave-
form shown at A represents the volt-
age at terminal A of Fig. 3 with re-
spect to the voltage at terminal B. 
This means that for the first half-
cycle (that is, the voltage waveform 
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Fig. 3. How current flows in a half-wave 
rectifier circuit for one ac cycle. We have 
omitted the rectifier heater to simplify the 

diagram. 

from point 1 to point 3), the plate of 
the tube will be positive. When the 
plate of the tube is positive, it will 
attract electrons from the cathode; 
therefore, current can flow through 
the tube. 
Thus during the first half-cycle, 

as the plate voltage starts at point 

1 and builds up to point 2, the cur-
rent through the tube will increase 
from point 1 to point 2 as shown in 
Fig. 3C. As the voltage decreases 
during the first half-cycle from point 
2 to point 3, the current through the 
tube will decrease as shown from 
point 2 to point 3 in Fig. 3C. When 
the voltage in Fig. 3A reaches point 
3 there will be zero potential be-
tween points A and B inthe rectifier 
circuit and current will stop flowing. 

During the next half-cycle termi-
nal A will be negative with respect 
to terminal B. This means that the 
plate of the tube will be negative; 
hence no current can flow through 
the tube. Therefore, the current will 
be zero (as shown in the waveform 
in Fig. 3C) as the voltage swings 
from point 3 to point 5. 

The rectifier circuit shown in Fig. 
3 conducts when the plate of the tube 
is positive. Since this occurs during 
one half the time of each cycle then 
the rectifier conducts during one 
half of the cycle but not during the 

other half. As a result, the rectifier 
is called a half-wave rectifier. If 
we operate this type of rectifier from 
a 60-cycle power line, we will get 
60 current pulses through the recti-
fier during one half-cycle and 60 in-
tervals during which there is no 
current flow through the rectifier. 

Another half-wave rectifier is 
shown in Fig. 4. Here we have shown 
a solid-state rectifier in place of the 
tube. This could be either a selenium 
rectifier or a silicon rectifier --the 
same symbol is used for both types. 

Notice the schematic symbol used 
for the rectifier. Also notice that the 
arrows indicate that the direction of 
current flow through the circuit is 
opposite to the direction in which the 
arrow points in the schematic 
symbol. The reason for this is that 
in the early days of electricity, 
scientists thought that current 
flowed from positive to negative. 
Therefore, this symbol was designed 
to show the direction in which cur-
rent flowed. But it was discovered 
later that current flow was actually 
electron flow and that it flowed from 
negative to positive, a direction op-
posite from that in which the early 
scientists thought it flowed. Although 
we know current flow is from nega-
tive to positive, we still use the same 
symbol; it has never been changed 
so that the arrow is actually pointing 
in the direction opposite to the di-
rection of electron flow. 

0 4 

2 

Fig. 4. A half-wave selenium rectifier 
circuit. 
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In a power supply of this type 
using a selenium rectifier .with ter-
minal A positive with respect to 
terminal B, the selenium rectifier 
will offer only a low resistance to 
the flow of current through it; there-
fore, current flows in the circuit 
from B through the load and through 
the rectifier and back toterminal A. 
During the next half-cycle , when ter-
minal A is negative with respect to 
terminal B, the selenium rectifier 
will offer a very high opposition to 
the flow of current through it so that 
there will be little or no current flow 
through the load (as shown in Fig. 
4C). 

We mentioned that the schematic 
symbol for the rectifier in Fig. 4 
also represents a silicon rectifier. 
If a silicon rectifier is used, the 
rectifier will simply consist of a PN 
junction. The P-type material will 
be on the side represented by the 
arrow and the N-type material by 
the flat line. With a PN junction 
rectifier in the circuit when termi-
nal A is positive and terminal B is 
negative, we will have a positive 
voltage applied to the P side of the 
junction and a negative voltage ap-
plied to the N side of the junction. 
The negative voltage will repel elec-
trons from the N side of the junction 
across the junction into the P-type 
material. Electrons will be attracted 
through the P-type material by the 
positive potential applied to it. In 
other words, there will be a forward 
bias placed across the junction and 
current can readily flow through the 
rectifier because the carriers can 
cross the junction. 
During the next half-cycle when 

the polarity reverses, terminal A 
will be negative and terminal B posi-
tive. Thus there will be a negative 
voltage, applied to the P side of the 

junction, which will repel electrons 
and prevent them from crossing the 
junction. At the same time there will 
be a positive voltage, applied on the 
N side of the junction, which will 
prevent any holes from the P side 
crossing the junction. In other 
words, there will be a reverse bias 
placed across the junction; hence 
the carriers cannot cross the junc-
tion and there will be no current flow 
through the circuit. 

Of the three types of half-wave 
rectifiers, the silicon-type rectifier 
is the most widely used in modern 
equipment because of its small size, 
low cost and very low forward volt-
age drop. 
Sometimes, in order to operate a 

piece of electronic equipment, a 
higher voltage is required than can 
be obtained directly from the power 
line. Under these circumstances a 
step-up transformer may be used 
to step up the voltage as shown in 
Fig. 5. The secondary-to-primary 
turns-ratio is simply adjusted to 
provide the required voltage step-
up. A half-wave rectifier is then 
used as shown to rectify the ac and 
change it to pulsating dc. The oper-
ation of the half-wave rectifier is 
exactly the same in the circuit as 

A 

Fig. 5. A half-wave rectifier circuit using 
a power transformer to produce an output 
voltage greater than the power line volt-

age. 

6 



it was in the preceding circuits; how-
ever, the rectifier will have to have 
a higher voltage rating to make up 
for the fact that it is being used in 
a higher voltage circuit. 

The disadvantage of the circuit 
shown in Fig. 5 is that power trans-
formers are comparatively expen-
sive. By means of the circuit shown 
in Fig. 6 a voltage approximately 
twice the voltage obtainable from 
the half-wave rectifier circuits 
shown in Figs. 3 and 4 can be ob-
tained. This circuit can be operated 
directly from the power line and is 
known as a voltage-doubler circuit. 
The operation of this circuit is 

quite simple. During one half-cycle 
terminal A will be negative with re-
spect to terminal B. During this 
half-cycle electrons flow from A 
into the side of the capacitor Cl 
marked with the minus sign. The 
electrons flowing into this side of 
the capacitor force electrons out of 
the other side leaving a positive 
charge on this side of Cl. The elec-
trons leaving the positive side of Cl 
flow through the rectifier Dl, back 
to side B of the power line which is 
positive and which will attract elec-
trons. Thus, during this half-cycle, 
when terminal A is negative with 
respect to terminal B, capacitor Cl 
is charged with the polarity shown. 
The peak charge on Cl will be equal 
to the peak value of the ac input volt-
age. 

During the next half-cycle, when 
terminal A is positive with respect 
to terminal B, we have a situation 
where the voltage between terminals 
A and B is effectively placed in 
series with the voltage charging ca-
pacitor Cl. These series-connected 
voltages will cause a current toflow 
through the load and through D2. 
During this half-cycle terminal A is 

cl 02 

Fig. 6. A half-wave voltage-doubler cir-
cuit. 

positive with respect to terminal B. 
This means that terminal B is nega-
tive. Electrons flow from terminal 
B through the load and through D2. 
They are attracted by a positive volt-
age which is equal to the voltage 
across Cl plus the line voltage. Thus 
the peak voltage that can be de-
veloped across the load will be equal 
to twice the peak line voltage. 
You might wonder whythe current 

flows through only one rectifier dur-
ing each half-cycle. During the first 
half-cycle, when terminalA is nega-
tive with respect to terminal B, the 
electrons flowing through Dl and 
charging Cl cannot flow through D2 
because the diode is connected in 
such a way as to prevent current 
flow through it in that direction. 

Similarly, during the next half-
cycle, when terminal B is negative 
and terminal A is positive, current 
cannot flow through Dl because it 
would have to flow through it in the 
reverse direction. Current can flow 
through the diodes only in the direc-
tion shown and it will flow through 
Dl during one half-cycle and through 
D2 during the other half-cycle. 

This type of power supply is known 
as a half-wave doubler circuit. It is 
called a voltage-doubler circuit be-
cause the voltage across the load is 
effectively double the line voltage. 



It is called a hall-wave circuit be-
cause there is a current pulse tothe 
load during only one half of each 

cycle. The half-wave voltage-dou-
bler circuit is widely used in modern 
radio and television receivers. It's 
a very important circuit and you 
should be sure you understand how 
it works before leaving it. 
When a half-wave rectifier is used 

in the power supply, the current will 
flow through the rectifier in a series 
of pulses. With a 60-cycle power 
supply line, there will be 60 pulses 
per second: one pulse during each 
positive-half cycle and nothing dur-
ing each negative-half cycle. The 
net result is that you will have cur-
rent flowing through the rectifier for 
no more than half the time.This re-
sults in a pulsating dc output from 
the rectifier that is rather difficult 
to smooth out to the pure dc required 
in most equipment to operate the 
tubes and/or transistors. A some-
what better arrangement is the full-
wave rectifier that passes current 
during both halves of the ac voltage 
cycles. 

FULL-WAVE RECTIFIERS 

A typical full-wave rectifier cir-
cuit is shown in Fig. 7. Notice that 
the tube used is a twin diode tube. 

Fig. 7. full-wave rectifier circuit using 
a single rectifier tube with two plates. 

The tube has two plates and a single 
filament which is used with both 
plates. In operation, this tube acts 
as two separate diode tubes. 
The power transformer used in 

the rectifier circuit has three wind-
ings. The primary winding is the 
winding that connects to the power 
line. A low-voltage winding is used 
to provide the current required to 
heat the filament of the rectifier 
tube. It serves no other purpose as 
far as the operation of the rectifier 
circuit is concerned. This winding 
is often referred to as the filament 
winding. 

The high-voltage winding on the 

transformer is the winding that will 
supply the pulsating current to the 
load resistor. Notice that this wind-
ing has a center tap. In operation, 
one half of the winding first supplies 
the current and then, during the next 
half-cycle, the other half of the wind-
ing supplies current tothe load. 
We can see how this rectifier cir-

cuit works if we consider one half-
cycle during which terminal 1 of the 
high-voltage secondary is positive. 
This means that terminal 2 will be 
negative with respect to terminal 1 
and terminal 3 will be even more 
negative. Electrons will leave the 
center tap, terminal 2, and flow 
through ground to the load resistor. 
They will flow through the load re-
sistor to the filament of the recti-
fier tube and then be attracted to 
the plate connected toterminal lbe-
cause this plate has a positive volt-
age applied to it. No electrons will 
flow to the other plate because this 
plate is negative with respect to 
both terminals 1 and 2. 

During the next half-cycle, the 
polarity of the secondary voltage 
will reverse. At this time terminal 

3 will be positive, terminal 2 nega-
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tive with respect to it, and terminal 
1 even more negative. During this 
half-cycle electrons will leave ter-
minal 2 and flow through ground to 
the load, through the load and to the 
filament of the rectifier tube, and 
then to the plate connected to ter-
minal 3 because this plate now has 
the positive voltage applied to it. No 
electrons will flow to terminal lbe-
cause terminal 1 is negative with 
respect to both terminals 2 and 3. 

Notice that with the full-wave rec-
tifier circuit we get a current pulse 
through the load resistor during each 
half-cycle. This means that for a 
60-cycle power line we will get 120 
pulses of current through the load. 
Since there is current flowing 
through the load during each half-
cycle, this type of rectifier produces 
an output that is much easier to fil-
ter to a smooth de than the output 
from a half-wave rectifier. 

Either selenium rectifiers or sili-
con rectifiers can be substituted in 
this type of circuit in place of the 
rectifier tube. This type of circuit 
was widely used in older television 
receivers along with vacuum tubes. 
Modern TV receivers use silicon 
rectifiers and frequently use bridge-
rectifier circuits or voltage-doubler 
circuits in place of this circuit. 

BRIDGE-RECTIFIER 
CIRCUITS 

One of the disadvantages of the 
full-wave rectifier circuit shown in 
Fig. 7 is that it requires a trans-
former with a center-tapped sec-
ondary. The total voltage across the 
entire secondary winding is actually 
twice the voltage between the center 
tap and either end of the secondary 
winding. This type of transformer is 
more expensive to manufacture than 
a transformer without a center tap 

Fig. 8. ,‘ bridge-rectifier circuit. 

because twice as many turns are re-
quired on the secondary to get the 
required voltage. 
A circuit that gets around the re-

quirement of a center-tapped sec-
ondary is shown in Fig. 8. This is 
called a bridge-rectifier circuit; it 
is also often called a full-wave 
bridge-rectifier circuit because 
current flows to the load during each 
half-cycle. 
A quick look at the circuit im-

mediately shows us that four rec-
tifiers are required in a circuit of 
this type. At one time this was a 
disadvantage because of the cost of 
rectifiers, but silicon rectifiers are 
comparatively inexpensive today and 
it is usually more economicaltouse 
the extra two silicon rectifiers and 
avoid the center tap on the secondary 
winding of the power transformer. 
The power transformer shown in 
Fig. 8 would be far more economi-
cal to manufacture than the one 
shown in Fig. 7. 
The operation of the bridge rec-

tifier is comparatively simple. When 
terminal A is positive and terminal 
B is negative, current willflow from 
terminal B through the rectifier 
marked 2 on the diagram and then 
through the load to the junction of 
rectifiers 3 and 4. It will then flow 
through rectifier 4 back to terminal 
A on the transformer. During the 
next half-cycle, when terminal A is 
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negative and terminal B is positive, 
current will flow fromterminal A on 
the transformer through the recti-
fier marked 1 on the diagram and 
then through the load back to the 
junction of rectifiers 3 and 4. This 
time the current will flow through 
rectifier 3 back to terminal B of the 
power transformer. 

Notice that during each half-cycle 
current flows through two of the rec-
tifiers. During one half-cycle it will 
flow through rectifiers 2 and 4 and 
during the other half-cycle it will 
flow through rectifiers 1 and 3.Also 
notice that current flows during both 
half-cycles; therefore, this bridge 
rectifier is a full-wave rectifier. 

Bridge rectifiers have been used 
in television receivers where com-
paratively high operating voltages 
and high currents are required. The 
bridge circuit eliminates the need 
for the center tap on the power trans-
former secondary winding and thus 
reduces the cost of the transformer. 
The voltage regulation (the ratio of 
the full-load voltage to the no-load 
voltage) obtainable with this type of 
power supply is as good as the regu-
lation that can be obtained from the 
full-wave rectifier circuit shown in 
Fig. 7. 

FULL-WAVE 
VOLTAGE DOUBLERS 

A full-wave voltage-doubler cir-
cuit is shown in Fig. 9. One advan-
tage of this type of circuit is that 
we get the same load voltage as you 

have in a circuit like the bridge rec-
tifier shown in Fig. 8, although only 
half as many turns are required on 
the secondary of the power trans-
former. This will result in a savings 
in the cost of the power transformer. 
Another advantage of this type of cir-
cuit is that only two rectifiers are 

required instead of the four required 
in the bridge-rectifier circuit. 
The operation of the full-wave 

voltage-doubler circuit is quite sim-
ple. During one half-cycle terminal 
A of the power transformer second-
ary will be negative and terminal B 
will be positive. During this half-
cycle current flows from terminal 
A through diode D2 to the capacitor 
C2 charging the capacitor as shown. 
Electrons flow into the negative side 

of the capacitor and out the positive 
side back to terminal B of the power 
transformer. During the next half-
cycle, terminal B of the power trans-
former secondary will be negative 
and terminal A will be positive.Dur-
ing this half-cycle electrons leave 
terminal B of the power transformer 
and flow into capacitor C 1. They flow 
into the side of the capacitor marked 
with the minus sign and force elec-
trons out of the plus side.Electrons 
leaving the plus side flow through 
diode DI back to terminal A of the 
power transformer, which is posi-

tive. 
The capacitors C 1 and C2 are con-

nected in series and they supply the 
voltage to the load. The capacitors 
are charged by the current flowing 

Fig. 9. A full-wave voltage doubler. 

A 0 I 
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through the diodes, and since there 
is a charging pulse each half-cycle 
we will get 12 0 charging pulses from 
a 60-cycle power line. Since there 
is a charging pulse during each half-
cycle, the circuit is a full-wave rec-
tifier. The actual voltage that will 
be available across Cl and C2 in 
series will depend upon the power 
transformer secondary resistance, 
the resistance of the diodes when 
they are conducting, the size of the 
two capacitors, and the size of the 
load. As the resistance of the load 
increases, the current that will flow 
through the load decreases, and the 
charge on each capacitor becomes 
closer to the peak value of the ac 
voltage between terminals A and B. 

Notice that in the diagram we have 
shown the direction of current flow 
through the load. The load current is 
supplied entirely by the charged ca-
pacitors Cl and C2. As the capaci-
tors supply current to the load, elec-
trons leave the negative plate of C2 
and flow through the load in the di-
rection shown. These electrons flow 
into the positive side of Cl forcing 
electrons out of the negative side 
into the positive side of C2. Thus 
the current flow through the load 
tends to reduce the charge across the 
capacitors. Of course, during each 
half-cycle one of the diodes conducts 
to build the charge across one of the 
capacitors up towards the peak value 
of the line voltage. 

While this type of rectifier circuit 
offers some advantages over the cir-
cuits shown in Figs. 7 and 8, it does 
not have as good voltage regulation 
as they have. However, by using 
capacitors of large capacity for Cl 
and C2, and with modern silicon 
rectifiers that have a very low re-
sistance when they are conducting, 
reasonably good voltage regulation 

can be obtained from this type of 
power supply. You will find the power 
supply widely used both in mono-
chrome and color television receiv-
ers. Be sure you understand how it 
operates because you will run into 
it frequently. 

In comparing this power supply 
with the half-wave doubler circuit 
shown in Fig. 6, we immediately see 
that the full-wave doubler circuit is 
best suited to equipment where a 
power transformer is used. The 
half-wave voltage-doubler circuit is 
widely used in equipment where no 
power transformer is used. 

SUMMARY 

The rectifier circuits that we have 
discussed in this section of the les-
son are extremely important. As you 
know, the power supplied by the 
power companies is alternating cur-
rent and the tubes and transistors 
in electronic equipment require di-
rect current for their operation. 
Therefore, equipment designed to 
operate from the power line must 
use some type of rectifier to convert 
the alternating current to direct cur-
rent. One of the circuits shown in 
this section of the lesson is likely 
to be found in any type of electronic 
equipment you will service. 
The half-wave rectifier circuit 

shown in Fig. 5 is perhaps the most 
widely used. All table model radio 
receivers use this type of rectifier 
circuit without a power transformer 
so that the receiver can operate di-
rectly from the power line . The ha lf-
wave voltage-doubler circuit shown 
in Fig. 6 is widely used intelevision 
receivers where operating voltages 
higher than those that can be ob-
tained directly from the power line 
are needed. In some of the older 
radio receivers and many older tele-
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vision receivers a full-wave recti-
fier circuit such as shown in Fig. 7 
will be found. This type of circuit 
was used almost exclusively in tele-
vision receivers before the develop-
ment of low-cost selenium and sili-
con rectifiers. 
The bridge-rectifier circuit 

shown in Fig. 8 is used in many tele-
vision receivers, particularly large 
television receivers where fairly 
high voltages and high currents are 
required. This type of circuit is also 
used in some transistorized equip-
ment where lower than line voltages 
are required. In this instance, in-
stead of being a step-up trans-
former, the transformer will be a 
step-down transformer that steps 
the line voltage down to a low value. 
The bridge-rectifier circuit is then 
used so that good voltage regulation 
can be obtained and so that at the 
same time a comparatively large 
current can be taken from the power 
supply. 
The full-wave voltage-doubler 

circuit has been used in many tele-
vision receivers -- in those which 
use power transformers where volt-
ages higher than the line voltage are 
required -- yet at the same time, 
the transformer serves primarily 
as an isolation transformer. In other 
words, the secondary voltage is ap-
proximately equal to the primary 
voltage. The higher voltage required 
is obtained by the voltage-doubling 
action. The output from the full-wave 
doubler circuit is somewhat easier 
to filter or smooth out than the out-
put from the half-wave doubler cir-
cuit, because with the former we 
have 120 pulses per second through 
the load and with the latter we have 
only 60 pulses per second. 

Before leaving this section re-

garding rectifier circuits, why not 
try to draw the circuits yourself ? It 
would be worthwhile, and you don't 
have to draw them from memory --
copying them first fr om the book will 
help you to remember what they look 
like. Eventually, you'll be able to 
draw them from memory and recog-
nize various circuits on the sche-
matic diagram of any radio or TV 
receiver or piece of electronic 
equipment you may encounter. 

After reviewing this section, do 
the following self-test questions. 

SELF-TEST QUESTIONS 

(a) In a half-wave rectifier circuit 
such as the circuit in Fig. 5, 
how many current pulses per 
second will there be through 
the load when the power line 
frequency is 60 pulses per sec-
ond? 
What is the disadvantage of a 
half-wave rectifier circuit? 

(c) What is the purpose of the diode 
marked DI in the half-wave 
voltage-doubler circuit shown 
in Fig. 6? 

(d) Why is the circuit shown in Fig. 
7 called a full-wave rectifier 
circuit? 

(e) What is the disadvantage of the 
full-wave rectifier circuit 
shown in Fig. 7? 

(f) What are the advantages of the 
bridge-rectifier circuit shown 
in Fig. 8? 
What advantage does the volt-
age-doubler circuit shown in 
Fig. 9 have over the voltage-
doubler circuit shown in Fig. 
6? 
What are the advantages and 
disadvantages of the full-wave 
voltage doubler over the 
bridge-rectifier circuit? 

(b) 

(g) 

(b) 
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Filter Circuits 
The output from the rectifiers we 

discussed in the preceding section 
is not pure de. Instead, it is pulsat-
ing dc: "direct" because it flows in 
only one direction, "pulsating" be-
cause it is varying in amplitude 
rather than flowing steadily. A 
pulsating de voltage is a voltage that 
does not change polarity, but does 
change in amplitude. The voltage at 
the output of a half-wave rectifier 
will be zero during one half of each 
cycle and swing in a positive direc-
tion during the other half of each 
cycle. 

Looking at the half-wave circuits 
shown in Fig. 3 and 4, you can con-
sider the rectifier more or less as 
a switch. During one half-cycle the 
switch is closed so that the load is 
connected directly across the power 
line, and during the other half-cycle 
the switch is open so that no voltage 
is applied to the load. The voltage 
across the load in a half-wave rec-
tifier circuit looks like Fig. 10A. 
The first half-cycle represents the 
cycle when the switch is closed and 
the load is connected directly across 
the power line, and the second half-
cycle represents the cycle when the 
switch is open and there is no volt-
age applied across the load. We have 
shown what the voltage across the 
load will look like for four cycles in 
Fig. 10A. 

In a full-wave rectifier circuit 
such as shown in Fig. 7, you have 
two switches. During one half-cycle 
one switch closes and connects the 
load across one half of the power 
transformer secondary; then ,during 
the next half-cycle, the other switch 
closes and connects the load across 
the other half of the transformer 
secondary. 

In the bridge rectifier shown in 
Fig. 8 two rectifiers act as switches 
and close to connect the load across 
the transformer secondary during 
one half-cycle; then during the next 
half-cycle the other two switches 
close, giving the effect of turning 
the load around so that the current 
flows through it in the same direc-
tion and the voltage applied across 
the load has the same polarity. The 
output from a full-wave rectifier 
circuit will produce a voltage across 
the load that looks like Fig. 10B. 
As you can see from the wave-

forms shown in Fig. 10, the output 
taken directly from the rectifier is 
not a pure de. There is a voltage, 
but the voltage drops to zero, builds 
up to the maximum value, and drops 
to zero again. In the half-wave cir-
cuit it remains at zero for a half-
cycle and then builds up again in a 
positive direction. In the full-wave 
rectifier circuit- the voltage builds 
up across the load during each half-
cycle. In either case, this pulsating 
voltage will cause a pulsating cur-
rent through the load which is en-
tirely unsuitable for use in elec-
tronic equipment. Fortunately, there 
are convenient methods that can be 
used to filter or smooth this voltage 
to a pure de voltage. 

Fig. 10. Output voltage from half-wave 
and full-wave rectifier. 
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The pulsating de voltage at the 
output of the rectifier is actually a 
dc voltage with an ac volta.ge, called 
a ripple voltage or a hum voltage, 
superimposed on it. The circuits 
used to get rid of this ripple or hum 
voltage are called filter circuits. 
There are a number of different 
types of filter circuits found in elec-
tronic equipment; in this section we 
will cover some of the circuits more 
commonly used. 

THE SIMPLE 
CAPACITOR CIRCUIT 

One of the simplest filters is the 
single capacitor filter shown in Fig. 
11. In Fig. 11A we have shown a 
rectifier circuit using a tube and in 
Fig. 11B a rectifier circuit using a 
silicon rectifier. Notice that the cir-
cuits are practically identical --we 
simply changed the rectifying de-
vices in the two circuits. 
The simple capacitor-type filter 

411-

A•  

Fig. 11. A simple capacitor-type filter. 

is sometimes used in circuits where 
the current drained or taken from 
the power supply is low. If the rec-
tifier must supply high current to 
the circuit, this type of filter is gen-
erally unsatisfactory because there 
will be too much ripple or hum pres-
ent across the load. In other words, 
the simple filter is simply not capa-
ble of eliminating all the ac or ripple 
voltage present at the output of the 
rectifier. 

Both circuits shown in Fig. 11 
work in the same way. Current flows 
through the rectifier during one half-
cycle, as in the half-wave rectifier 
circuits we studied previously. When 
terminal A is positive, electrons 
will flow from terminal B through 
the load and through the rectifier 
back to terminal A . At the same time, 
electrons will flow into the negative 
side of the capacitor and out the 
positive side and through the tube 
or silicon rectifier back to terminal 
A. The capacitor eventually will be 
charged to a value almost equal to 
the peak line voltage. This will hap-
pen when the ac line voltage reaches 
its peak value with terminal A at its 
peak positive voltage with respect to 
terminal B. 

Now, if the load on the rectifier 
circuit is light (that is, if the load 
resistor is a high resistance that 
draws very little current), as the 
ac input voltage between terminal 
A and B drops, capacitor C will be-
gin to supply the current required 
by the load. Electrons will start to 
leave the negative side of the capaci-
tor and flow through the load resis-
tor back to the positive side of the 
capacitor. They will continue doing 
this as the ac voltage drops to zero 
and remains at zero during the next 
half-cycle and starts to build up 
again in the positive direction. The 
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capacitor will continue to supply 
current to the load as long as the 
voltage across the capacitor is 
greater than the ac input voltage. 
Eventually, the input voltage will 
reach a value greater than the ca-
pacitor voltage; then we '11 get a cur-
rent flow into the capacitor and 
through the rectifier to recharge the 
capacitor. 

In Fig. 12 we have shown the ac 
input voltage. Notice that during the 
first half-cycle between points land 
2 in Fig. 12A the ac voltage is in-
creasing in a positive direction. 
Let's assume that terminal A in Fig. 
11 is becoming positive with respect 
to terminal B. This explanation ap-
plies to both of the two circuits 
shown. During this first half-cycle 
the capacitor is charging and follows 
a curve as shown from point 1 to 
point 2 in Fig. 12B. Now, as the ac 
cycle drops from point 2 to point 3 
on curve A in Fig. 12, the voltage 
drops faster than the capacitor dis-
charges. During the interval from 
point 2 to point 5 and almost to point 
6, as shown in Fig. 12A, the capaci-
tor discharges very little. The dis-
charge is shown on the curve from 
point 2 over to the number 5 on curve 
B. At this point the ac input voltage 
exceeds the capacitor voltage , sothe 
capacitor is recharged again. 

In circuits where the drain or 
load current is low, the capacitor 
will discharge very little between 
current pulses that recharge it so 
that the voltage across the capacitor 
and hence the voltage across the load 
remain almost constant. Of course, 
as the requirements of the load in-
crease, the capacitor willdischarge 
more so that there will be more of a 
voltage drop across the capacitor 
and across the load than in circuits 
where current drain is low. 

15 

Fig. 12. Voltage naveshapes for a simple 
capacitor filter. (A) Input voltage; (B) 

output voltage. 

There are several important 
points you should notice in the cir-
cuits shown in Fig. 11. Notice that 
the current does not flow during an 
entire half-cycle, but flows only 
when the line voltage exceeds the 
voltage across the capacitor. This 
may be for a very short interval if 
a load is a high resistance and draws 
very little current, or it may be for 
a sizable portion of a half-cycle if 
the load is a low resistance and 
draws a high current from the power 
supply. However, since the current 
flows through the rectifier in pulses, 
then the current pulse through the 
rectifier must be many times the 
average de current flowing through 
the load. This is because the pulse 
or current that flows through the 
rectifier during the interval in which 
the rectifier is conducting must sup-
ply enough current to the capacitor 
to charge the capacitor and makeup 
for the current it is going to supply 
for the remainder of the cycle. 
When the rectifier is not conduc-

ting it is because the voltage across 
it is what we call a reverse voltage. 
In other words, it has a polarity op-
posite from that which the rectifier 
needs to conduct. In the case of the 
vacuum tube circuit this means that 
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the plate of the tube is negative with 
respect to the cathode; in the case 
of the silicon rectifier, that there 
is a reverse bias across the Junc-
tion. 

Crie of the important character-
istics of a rectifier is the maximum 
peak reverse voltage that can be 
placed across the rectifier before it 
breaks down. In the circuit shown in 
Fig. 11 the capacitor will be charged 
as shown and the charge can equal 
the peak line voltage. During the 
next half-cycle, when the polarity 
of the input voltage reverses, ter-
minal A will be negative and termi-
nal B will be positive. When this 
voltage reaches its peak, the peak 
reverse voltage across the rectifier 
will be equal to twice the peak line 
voltage. The rectifier must be able 
to withstand this voltage without 
breaking down. This important char-
acteristic, by which rectifiers are 
rated, is usually referred to as 
"PRV" (peak reverse voltage), al-
though it may also be called "PIV" 
(peak inverse voltage). The two are 

simply the maximum reverse or in-
verse voltages that can be applied 
across the rectifier without its 
breaking down. In circuits such as 
those shown in Fig. 11, the Ply 
should be considerably higher than 
twice the peak line voltage in order 
to allow a reasonable safety factor. 

As we mentioned previously, the 
simple capacitor-type filter shown 
in Fig. 11 is usable only where a 
small current is required by the 
load. If the current required is 
small, the output capacitor can be 
made large enough so that it dis-
charges very little between pulses. 
If the current required by the load 
is high, on the other hand, then the 
capacitor will discharge appreciably 
between charging pulses, resulting 
in a varying voltage applied to the 
load. This is essentially the same 
as applying de mixed with ac to the 
load. Additional filtering is required 
in applications of this type in order 
to eliminate ac so that we will have 
pure de across the load. 

AN B-C FILTER 

An improved filter, which is often 
called a pi filter because it looks 
like the Greek letter pi (n), is shown 
in Fig. 13. You will notice that this 
filter consists of two capacitors, Cl 
and C2, and a filter resistor, Rl. 
The operation of the half-wave 

rectifier and capacitor Cl, which is 
called the input filter capacitor, is 
the same as in the simple capacitor 
filter shown in Fig.11.The rectifier 
tube passes current pulses to charge 
capacitor Cl with the polarity indi-
cated on the diagram. However, if the 

hg. H-C pi-type filter. 

16 



load resistance R, is low enough to 
draw appreciable current from the 
supply, then the voltage across Cl 
will discharge appreciably during 
the portion of the cycle when the 
rectifier tube is not conducting. 
Thus, we have de with an ac super-
imposed on it across Cl. 
Now, to see the action of R1 and 

C2, let us first consider how the ca-
pacitor C2 reacts to ac and to de. 
Remember that a capacitor is a de-
vice that will not pass de -- it can 
be charged so that a de voltage will 
exist across it, but applying de to 
the plates of the capacitor will not 
cause a current to flow through it. 
Although electrons cannot cross 
through the dielectric of a capaci-
tor, however, applying ac to the di-
electric of a capacitor yields the 
effect of a current flowing through 
it. This is due to the fact that elec-
trons will flow first into one plate 
and then into the other as the po-
larity of the ac voltage reverses. 
You will remember from your 

study of capacitors that a capacitor 
offers what is called capacitive re-
actance (or opposition) to the flow 
of ac through it. The exact react-
ance that any capacitor will offer 
to the flow of ac through it is given 
by the formula: 

1  
Xc = 

6.28 X f xC 

You can see from this formula 
that the larger the value of the ca-
pacitor, the lower the capacitive re-
actance will be to an ac voltage of 
a particular frequency. In Fig. 14A 
we have shown how the filter con-
sisting of R1 and C2 reacts to de; 
in Fig. 14B, we have shown how it 
reacts to ac. 
As you know, a "perfect" capaci-

tor will not pass de -- although no 
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Fig. 14. Equivalent circuits showing the 
reaction of an R-C filter to dc at A. and 

to ac at B. 

capacitor is really perfect because 
there will always be a small de cur-
rent (called a leakage current). In 
other words, the capacitor offers a 
very high resistance to de, so we 
have shown it as resistor Etc 2. Most 
of the de voltage applied to the input 
of this filter network will appear 
across the capacitor, and there will 
be very little dc dropped across the 
resistor Rl. The exact drop across 
this resistor will depend upon the 
size of the resistor and the current 
drawn by the load. 
Now look at Fig. 14B which shows 

the reaction of the circuit to an ac 
voltage. The capacitor has a very 
low reactance to ac, so most of the 
ac voltage will be dropped across 
R1, because the resistance of R1 is 
much higher than the reactance (X) 
of C2. R1 and C2 act as a voltage 
divider network with most of the ac 
being dropped across R1 because 
its resistance is much higher than 
the reactance of C2. 
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There is another way of looking 
at this type of power supply which 
may help you see exactly what is 
happening in the circuit. Refer back 
to Fig. 13; the explanation applies 
to the circuit using the vacuum tube 
rectifier shown at A and to the one 
using the silicon rectifier shown at 
B. 
When terminal A is positive with 

respect to terminal B, the diode will 
conduct and current can flow through 
the diode and through the load.Dur-
ing this part of the cycle electrons 
will flow into the plates of Cl and 
C2 marked with a minus sign. At 
the same time electrons will flow 
out of the other plate of both ca-
pacitors. Electrons leaving the posi-
tive side of Cl will flow directly 
through the diode being attracted by 
the positive voltage at terminal A. 
Because the resistance of the recti-
fier is low, Cl can charge up to a 
value almost equal to the peak ac 
voltage. However, the electrons 
leaving the positive side of C2 must 
flow through the filter resistor Rl. 
Thus, capacitor C2 cannot charge to 
as high a voltage as capacitor Cl. 
When the ac input voltage drops 

so that the diode no longer conducts, 
capacitors C2 and Cl begin supply-
ing the power required by the load. 
However, capacitor Cl is charged 
to a higher voltage than capacitor 
C2. Hence, capacitor Cl begins sup-
plying power to the load and also 
tries to charge capacitor C2. Since 
electrons flowing from the negative 
side of Cl to the positive side must 
flow through filter resistor R1, the 
attempt of these electrons to charge 
C2 and flow through the load resis-
tor will be somewhat restricted by 
Rl. The net effect is that the resis-
tor R1 prevents C2 from charging 
to as high a peak voltage as it would 

if R1 were not on the circuit. Be-
cause Cl charges to a higher volt-
age than C2, and while discharging 
tends to charge C2, the voltage 
across C2 is more nearly constant 
than the voltage across Cl. 

AN L-C FILTER 

The disadvantage of the resistor-
capacitor type of filter shown in Fig. 
13 soon becomes apparent if you con-
sider the size of the resistor and 
capacitor needed to obtain effective 
filtering and also the effect that the 
high value of resistance in the cir-
cuit has on the de voltage present. 

Consider Fig. 13 again for a min-
ute. Suppose that the ac component 
of the pulsating de across Cl is 10 
volts and that the maximum ac com-
ponent that can be applied tothe load 
is only 1 volt. This means that the 
filter network consisting of R1 and 
C2 must produce a 9-to-1 voltage 
division. In other words, of the 10 
volts ac appearing across Cl we 
must drop 9 volts across R1 and 1 
volt across C2. This means that the 
resistance of R1 must be about 9 or 
10 times the reactance of C2. 
A 25-mfd capacitor (which is 

fairly large, particularly if it must 
be built to withstand high voltages), 
has a reactance of about 100 ohms 
at a frequency of 60 cycles. If we 
used such a capacitor for C2, then 
the resistance of R1 would have to 
be 10 times its reactance, or about 
1000 ohms. If the current drawn by 
the load is 100 milliamperes, then 
the voltage drop across R1 due to the 
load current flowing through it will 
be 1000 ohms times .lamp (100 ma), 
or 100 volts. This means that we will 
be losing 100 volts of our de voltage 
across Rl. Furthermore, the power 
being wasted by this resistor will be 
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Fig. 15. An L-C filter. 

equal to the voltage across it times 
the current flowing through it, which 
is 100 x .1, or 10 watts.You can see 
that we have an appreciable voltage 
drop and a sizable amount of power 
wasted by this resistor. 

In some cases the current drawn 
through the filter resistor is not so 
high that the voltage dropacross the 
resistor cannot be tolerated. Thus 
you will see this type of filter used 
in equipment when the current taken 
from the power supply is moderate. 
In equipment when the current drawn 
is high, a different type of filter is 
used. Such a filter is shown in Fig. 
15. Notice that this circuit is iden-
tical to Fig. 13, except that we have 
substituted an iron-core choke for 
Rl. The action of this filter network 
is quite similar to that of the filter 
network shown in Fig.13.Aga.in,ca-
pacitor Cl is charged by the recti-
fier and because there is no resist-
ance in the circuit other than the 
rectifier resistance, it charges to a 
fairly high value. Just as before, 
however, the voltage across it will 
be pulsating (the equivalent of de 
with ac superimposed on it). 
Now consider the reaction of the 

choke to ac and dc.Youwill remem-
ber that a choke has inductance,and 
an inductance offers reactance to 
the flow of ac through it. At the same 

L 

time the only opposition that the 
choke will offer to the flow of de 
through it is due to the resistance of 
the wire used to wind the coil. By 
using a large size wire, this resist-
ance can be kept quite low. The choke 
may have a de resistance of 100 ohms 
or less and at the same time have a 
reactance of several thousand ohms 
to the 60-cycle ac applied to it. 
The reaction of the L-C filter to 

dc is shown in Fig. 16A, and the re-
action to ac is shown in Fig. 16B. 
In 16A we see that as far as the de 
is concerned, the choke acts as a 
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Fig. 16. Equivalent circuit showing the 
reaction of an L-C filter to de at A. and 

to ac at B. 
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low resistance while the capacitor 
acts as a very high resistance. Thus, 
we have practically all of our de volt-
age appearing across the capacitor 
and very little of it being lost across 
the choke. However, as shown in 
16B, the choke acts as a high resist-
ance to the ac while the capacitor 
acts as a low resistance.Thus, most 
of the ac voltage will appear across 
the choke and very little of it will 
appear across the capacitor. 
There is another way of looking 

at the action of the L-C filter. We 
can consider the charging of the ca-
pacitors and the opposition offered 
by the choke more or less in the 
same way as we considered the 
action of the R-C filter in Fig. 13. 
During the first half-cycle, when 
terminal A of either rectifier cir-
cuit is positive and terminal B is 
negative, the rectifier will conduct. 
Electrons will flow from terminal 
B into the sides of C 1 and C2 marked 
with a minus sign. These electrons 

will force electrons out of the posi-
tive side of Cl and they will flow 
through the rectifier with little or 
no opposition. However, the elec-
trons leaving the positive side of 
C2 will encounter opposition in the 
choke. This is because at the instant 
when the electrons first try to get 
through the choke there is no mag-
netic field built up in the choke.You 
will remember that a choke is a de-
vice that opposes any change in cur-
rent flowing through it. Therefore, 
the choke tries to keep the electrons 
leaving the positive side of C2 from 
flowing through it. Eventually this 
opposition offered by the choke is 
overcome, a magnetic field is built 
up in the choke, and some of the 
electrons can flow through the choke 
and capacitor C2 will be charged. 
However, the voltage to which C2 is 

charged will not be as high as the 
voltage to which Cl is charged be-
cause of the opposition of the choke. 
When the ac input voltage drops 

below the voltage to which Cl is 
charged, the rectifier will no longer 
conduct and no current can flow 
through it. Now Cl and C2 and choke 
Li must supply the current needed 
by the load. C2 does this by attempt-
ing to discharge. Cl also tries to 
discharge to charge C2 and to supply 
part of the current required by the 
load. At the same time there is a 
magnetic field built up in the choke 
Li which does not collapse instantly 
but instead tries to keep current 
flowing in the direction it was flow-
ing when the rectifier was conduct-
ing. It too helps to maintain the cur-
rent flow through the load RL. Thus 
in this type of filter we have energy 
stored in three places: the capaci-
tors Cl and C2 (as we did inthe cir-
cuit in Fig. 13), and in the magnetic 
field of choke Ll. 

In the circuits shown in Fig. 15, 
the rectifier tube in Fig. 15A offers 
a certain amount of resistance tothe 
flow of current through it. In addi-
tion, the rectifier tube has a cathode 
which must be heated by a heater. 
It takes some time for the cathode 
to come up to operatingtemperature ; 
when a tube first starts conducting, 
the cathode is below normal opera-
ting temperature, and the tube offers 
a higher resistance to the flow of 
current through it than it does when 
the tube reaches its full operating 
temperature. Thus when the power 
supply is first turned on and the tube 
reaches a temperature at which the 
cathode begins toemit electrons ,the 
tube offers considerable resistance 

to the flow of current through it. This 
limits the charging current through 
the tube that charges the input filter 
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capacitor Cl. In a matter of a few 
seconds capacitor C 1 is charged and 
from then on the current that must 
flow through the tube is within the 
tube 's capabilities. 

In the circuit shown in Fig. 15B, 
however, the silicon rectifier does 
not have a cathode which must be 
heated -- as soon as the power is 
turned on the rectifier begins to con-
duct to charge the input capacitor 
Cl. If you turn the equipment on at 
the peak of the ac cycle there will 
be a very high voltage immediately 
impressed across Cl and a very 
high current will flow through the 
rectifier. As a matter of fact, the 
current might be so high that it could 
burn out the rectifier. Even if the 
power is turned on when the ac volt-
age is at zero, a high current will 
flow through the diode to charge Cl 
as the voltage rises to a peak value 
with terminal A positive with respect 
to terminal B. If Cl is large enough, 
this could burn out the rectifier. 

This problem of excessively high 
charging current can be overcome 
with the circuit shown in Fig. 17. 
Here a resistor is connected in 
series with the silicon rectifier to 
limit the current flow. In some 
equipment, this resistor is a fairly 
low resistance, fixed-value resis-
tor. In other applications, the re-
sistor may be a thermistor. You will 
remember that a thermistor is a re-
sistor with a negative temperature 
coefficient. This means that the re-
sistance of the thermistor decreases 
as its temperature increases. 
With a thermistor for the resis-

tor R1 shown in the circuit in Fig. 
17, the thermistor will offer a fairly 
high resistance to currentflow when 
the equipment is first turned on. This 
will limit the charging current that 
flows through the diode to charge C 1 

to a reasonable value. As the current 
flowing to the thermistor heats the 
thermistor and its resistance goes 
down, the charge across capacitor 
Cl will build up slowly so that the 
diode current never reaches an ex-
cessively high value. By the time 
the capacitor is fully charged, the 
thermistor temperature will have 
increased to a point where the re-
sistance of the thermistor has 
dropped to a low value so that the 
thermistor has very little effect on 
the overall operation of the circuit. 

L 
R1 

Fig. 17. Power supply with series-limiting 
resistor. 

If you have to service a power 
supply of this type (where a resistor 
or a thermistor is used in the cir-
cuit in series with a silicon recti-
fier) and you find that the resistor 
or thermistor is opened, do not 
simply short the resistor or ther-
mistor out of the circuit. If you do 
the chances are that the diode will 
burn out either the first time that 
you turn the equipment on or shortly 
thereafter. 
The rectifier tubes used in low 

power equipment such as radio and 
television receivers are high vacu-
um rectifier tubes. However, in 
transmitters and in industrial appli-
cations where high voltages are in-
volved you will often run into mer-
cury-vapor rectifier tubes. Tubes 
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Fig. 18. A choke-input filter. 

of this type cannot be subjected to 
high peak currents through them 
without damaging the tube. A mer-
cury-vapor rectifier tube in the cir-
cuit such as shown in Fig. 15A lasts 
only a short time. We can keep the 
peak current through the tube down 
to a safe value by using a somewhat 
different filter circuit known as a 
choke-input filter. 

CHORE-INPUT FILTERS 

The filter circuits shown in Figs. 
15 and 17 are called capacitor-input 
filters because the rectifier is con-
nected directly to the input filter ca-
pacitor. A choke-input filter such as 
those frequently used with a mer-
cury-vapor rectifier tube is shown 
In Fig. 18. Here, the rectifier tube 
is connected to a filter choke rather 
than a capacitor. Power supplies of 
this type will be found in radio and 
television transmitters and in indus-
trial applications where compara-
tively high voltages are encountered. 

It is easy to see how this type of 
filter works when we remember that 
the pulsating de at the output of the 
rectifier tube is actually de with ac 
superimposed on it. The choke offers 
little or no opposition to the flow of 
de through it. On the other hand,the 
choke offers a high reactance to the 
flow of ac through it and at the same 
time the capacitor offers a low re-
actance to the ac across it. Thus the 
choke and the capacitor forma volt-

age divider network for the ac, so 
that most of the ac is dropped across 
the filter choke and very little of it 
appears across the load. 
A more elaborate filter network is 

the two-section filter shown in Fig. 
19. Again, it is a choke-input filter 
because the first element in the fil-
ter network is a choke. This type of 
filter network is frequently used in 
power supplies of radio and TV 
transmitters and of industrial elec-
tronic equipment where mercury-
vapor rectifier tubes are used. 
The choke-input filter has several 

advantages over the capacitor-input 
filter, even though the voltage ob-
tained at the output of a choke-input 
filter is not quite as high as it is at 
the output of equivalent capacitor-
input filters. In other words, if you 
feed the same pulsating de into a 
choke-input filter you will not obtain 
as high an output voltage for a given 
load as you can with a capacitor-
input filter. However, this type of 
filter has better voltage regulation 
than a capacitor-input filter. The 
voltage regulation of a power supply 
is the ratio of the full-load voltage 
to the no-load voltage. With a choke-
input filter there is not as great a 
variation between the no-load and the 
full-load voltages as there is in the 
capacitor-input filter. 
Another big advantage of the 

choke-input filter is that the peak 
current passed by the rectifier tube 
is held to a reasonable value. In a 
choke-input filter, the choke offers 
considerable reactance to any 
change in current flow through it. 
Thus, when the rectifier tube tries 
to conduct current heavily to charge 
Cl in Fig. 19, the input-filter choke 
Li offers considerable reactance or 
opposition to the change in current 
flow through it. It tends to smooth 
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Fig. 19. two-section choke-inpu filter. 

out the pulses of current throughthe 
rectifier tube. The current pulse 
flowing through the rectifier tube 
flows for a slightly longer time than 
it would flow with an equivalent ca-
pacitor-input type of filter, and the 
peak amplitude of the current flow-
ing through the rectifier tube is not 
as high as it would be with the ca-
pacitor input filter. This is a big 
advantage in a power supply using 
mercury-vapor rectifier tubes, be-
cause they can easily be destroyed 
by excessively high current pulses 
through them. 

The filter network shown in Fig. 
19 is quite effective in eliminating 
hum. Consider what would happen 
if the output of the rectifier had an 
ac voltage of 100 volts superimposed 
on the dc. If the two sections of the 
filter network are designed so that 
each choke has a reactance about 10 
times as high as the reactance of the 
capacitors, each section will have 
approximately a 10-to-1 ripple volt-
age division; thus if there are 100 
volts ac at the output of the rectifier, 
Li and Cl will divide this voltage so 
that there will be only 10 volts ap-
pearing across Cl. Now L2 and C2 
act as a voltage divider networkand 
divide this 10 volts further, so that 
the voltage across C2 would be only 
1 volt. Thus, the two-section filter 
has reduced the ac hum or ripple 
voltage at the rectifier output from 
100 volts to 1 volt. 

The input filter choke, which is Li 
in Fig. 19, is often a swingingchoke. 
A swinging choke is designed sothat 
it saturates rather easily and thus 
its inductance will vary appreciably 
as the current through the choke 
changes. When the current through 
the choke becomes high, the induc-
tance and hence the inductive re-
actance of the choke decrease, but 
when the current through the choke 
is low, the inductance and hence the 
inductive reactance increase. Thus 
we have in effect a variable react-
ance between the rectifier tube and 
the input-filter capacitor; this vari-
able reactance helps to improve 
voltage regulation at the power sup-
ply output. This type of choke is 
particularly useful in circuits where 
the load current goes through wide 
variations. If the load current goes 
down, the reactance of the choke in-
creases. The increased reactance 
limits the charging action of the rec-
tifier tube and keeps the output volt-
age from rising appreciably. On the 
other hand, if the load current in-
creases, the reactance of the choke 
decreases, allowing the rectifier to 
charge Cl to a higher value so the 
capacitor can supply the increased 
current demand. 

FACTORS AFFECTING 
THE OUTPUT VOLTAGE 

In any filter network containing a 
filter choke or a filter resistor, the 
de current flowing through the load 
must also flow through the filter 
choke or filter resistor. Thus ,there 
will be a voltage drop across this 
choke or resistor; the exact value 
of the voltage drop will depend upon 
the de resistance and the current 
flowing. We already pointed out that 
if a 1000-ohm filter resistor is used 
in the circuit and the current that is 
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flowing is 100 milliamperes, the 
voltage drop across the filter resis-
tor will be 100 volts. On the other 
hand, if a filter choke having a de 
resistance of 100 ohms is used, a 
current of 100 milliamperes will 
produce a voltage drop of only 10 
volts across it. 

If the current drawn by the load 
changes, the output voltage at the 
output of the filter network will 
change. You can see why this is so--
the current must flow through the 
filter resistor or filter choke. If the 
current flowing through the choke or 
resistor changes, the voltage drop 
across it will change, and hence the 
voltage at the output of the power 
supply will have some tendency to 
change. 
The output voltage is also affected 

by the size of the filter capacitors 
used. If the filter capacitors used are 
small, then the rectifier is unable 
to keep them completely charged; if 
the filter capacitors are large, once 
the rectifier gets them charged,they 
will stay charged to a voltage near 
the peak ac voltage being applied to 
the rectifier tube. 
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Fig. 20. How the size of the input ca-
pacitor of a filter affects the output volt-
age for different values of load current. 

Of course, it is difficult to say 
whether a filter capacitor is large 
or small. Whether or not it is large 
for the particular circuit depends 
upon how much current is being 
drawn from the circuit. If the cur-
rent drain is low, then a capacitor 
of 10 or 20-mfd will usually be suffi-
cient to keep the power supply output 
voltage at or near the peak value of 
the ac voltage applied to the rectifier 
tube. However, if the current drain 
from the power supply is large,then 
the voltage across the power supply 
output will be considerably less than 
the peak ac value if the capacitors 
used are 10-mfd or 20-mfd capaci-
tors. 
To give you some idea of how the 

size of the input filter capacitor af-
fects the output voltage, we have 
shown a graph in Fig. 20. The graph 
is for a full-wave rectifier. It shows 
how the output voltage varies with 
different load currents for both 4-
mfd and 8-mfd capacitors. We have 
shown this for three separate input 
voltages. Notice that in each case 
when the current drain is low, the 
output voltage is substantially above 
the rms input voltage applied to the 
rectifier. Remember, of course , that 
the peak value of a 300-volt rms volt-
age is actually 1.4 times 300 volts. 

Fig. 21 shows a comparison be-
tween a choke-input and capacitor-
input type of filter. Notice that with 
a capacitor input the output voltage 
at low loads is substantially higher 
than it is for a choke input. However, 
as the load is increased, the output 
voltage from a capacitor-input type 
of filter drops rapidly. The output 
voltage from the choke-input type 
filter also drops as the load is in-
creased, but it does not drop nearly 
as rapidly as it does with a capaci-
tor-input type of filter. 
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4 WO CAPACITOR INPUT TO FILTER — 
CHOKE INPUT TO FILTER 
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Fig. 21. How the output voltage of a fil-
ter network varies for different values of 
load currents and input voltages. The 
solid curves are for a capacitor-input 
filter; the dashed curves for a choke-input 

filte r. 

SUMMARY 

In this section we have covered 
some of the more important types 
of filter networks you are likely to 
encounter in your career as an elec-
tronics technician. You have seen 
that these networks vary from com-
paratively simple filters consisting 
only of a capacitor up to networks 
containing two chokes and two filter 
capacitors. 

Simpler types of filter networks 
can be used where the current drain 
is low and where the filtering does 
not have to be very good. The more 
elaborate filters are used in power 
supplies having a high current drain 
and in cases where good filtering is 
required to supply pure de at the 
power supply output. 
The circuits in this section of the 

lesson are shown with a half-wave 

rectifier. The same filter circuits 
are also used with full-wave recti-
fiers. 

Study the circuits shown in this 
section. You should be familiar with 
each of these circuits. You might 
try drawing these circuits several 
times to get familiar with the cir-
cuit arrangement. Copy them from 
the book the first few times you try 
drawing them and then try to repro-
duce the circuit from memory. This 
will help you remember what the cir-
cuits look like, and if you can re-
member what they look like, the 
chances are that you'll be able to 
remember how they work. 

SELF-TEST QUESTIONS 

(1) To what value may the input 
filter capacitor charge in a 
simple capacitor filter such as 
shown in Fig. 11? 

(j) In what type of application may 
a simple capacitor-type filter 
(such as shown in Fig. 11) be 
used? 
What advantage does an R-C 
pi-type filter (such as shown 
in Fig.13)have over the simple 
capacitor-type filter shown in 
Fig. 11? 

(1) What is the disadvantage of the 
R-C pi-type filter, and how 
can this disadvantage be over-
come? 
What is the purpose of the re-
sistor R1 in the power supply 
shown in Fig. 17? 
Why are choke-input filters 
used with mercury-vapor rec-
tifier tubes? 

(o) What advantage does a choke-
input filter have over a ca-
pacitor-input filter ? 
What is a swinging choke? 

(k) 

(m) 

(n) 

(P) 
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Typical Power Supplies 
The two main sections of the power 

supply are the rectifier and the filter 
section. Now that we have discussed 
both these sections, let's examine 
some typical power supplies and see 
what they look like. First we'll look 
at some power supplies using tube-
type rectifiers which might be found 
in equipment using vacuum tubes. 
Remember that in these circuits the 
rectifier operates in the same way 
as a selenium or silicon rectifier 
would operate. Insofar as the recti-
fication action is concerned, it 
makes little difference whether 
a tube, a selenium rectifier, or a 
silicon rectifier is used. In the cir-
cuits where tubes are used, we will 
in some cases show how the tube 
heaters are connected. After look-
ing at a few tube circuits we will 
look at some typical power supplies 
using silicon rectifiers and then at 
a more complex regulated supply. 

UNIVERSAL AC-DC 
POWER SUPPLIES 

The universal ac-dc power supply 
is so called because it can be op-
erated from either an ac or a de 
power line. When these power sup-
plies were first used in radio re-
ceivers, manufacturers played this 
feature up, but actually this type 
of power supply is used to keep costs 
at a minimum. 
The circuit of an ac-dc power sup-

ply for a 5-tube radio receiver is 
shown in Fig. 22. This supply not 
only supplies the dc voltages re-
quired by the plates and screens of 
the tubes in the receiver but also 
contains the heater supply for the 
heaters of the various tubes. First, 
let us look at the heater supply.No-

tice that the heaters of the various 
tubes are connected in series and 
that they are operated on ac. In this 
type of power supply youwill always 
find that the heater of the rectifier 
tube, in this case a 35W4 tube, is 
connected directly to one side of the 
power line. The heater of this par-
ticular tube is tapped, and a pilot 
light is connected in parallel with 
one part of the heater. The pilot 
light will light when the set is turned 
on. The tube is designed to be op-
erated with the pilot light connected 
in parallel with part of the heater, 
so if in servicing a receiver using 
a tube with a pilot light tap you should 
find that the pilot light is burned out, 
it is a good idea to replace it to keep 
the heater current in the rectifier 
tube within its rated value. 

Next to the 35W4 rectifier tube in 
the heater circuit (or heater string, 
as it is usually called) you will al-
ways find the high-voltage power 
output tube. By a high-voltage tube 
we mean a tube that requires a high 
heater voltage. In the diagram we 
have shown, the tube is a 50B5 tube. 
As the 50 suggests, a heater voltage 
of 50 volts is required to operate 
the tube. 

115-120 
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AC/DC 

35W4 
5H 

e+ 

r riff‘17--« 
30 50 
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5085 1213A6 128E6 12AT6 

SWITCH 

Fig. 22. A typical ac-dc power supply. 
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Next to the output tube you will 
usually find the i-f tube. In this dia-
gram, the i-f tube is a 12BA6 tube. 
It is a tube with a 12.6-volt heater. 

Next to the i-f tube you will find 
the converter tube. The 12BE6 tube 
is a converter tube designed so that 
the single tube performs two tasks: 
one part of the tube is the oscillator 
and the other part is the mixer. 
The last tube in the heater string 

is always the first audiotube.Inthis 
circuit it is a 12AT6 tube. This tube 
is placed at the end of the heater 
string nearest B- to keep hum at a 
minimum, because hum picked up in 
the first audio tube will be amplified 
by the entire audio system and could 
be objectionable. The 12AT6 tube is 
a dual-diode-triode tube: it has two 
diodes and a triode inside the same 
glass envelope. As the 12 preceding 
the type designation suggests, the 
tube requires a heater voltage of 
about 12 volts--to be exact, 12.6 
volts. 
Now if we examine the rectifier 

circuit you will see that the plate is 
connected to a center tap on the rec-
tifier heater. This means that the B 
supply current flowing through the 
plate of the tube must flow either 
through part of the rectifier heater 
or through the pilot light back to one 
side of the power line. The purpose 
of connecting the plate this way is to 
provide some protection inthe event 
of a short in the receiver.lf there is 
a short in the receiver,the rectifier 
tube will begin passing excessive 
current. If this current becomes too 
high, the pilot light and half the rec-
tifier heater will burn out, opening 
the circuit and protecting the re-
ceiver and the house wiring. 
The rest of the power supply is 

similar to the circuit you studied 
already. The filter network consists 

of a capacitor-input filter; the input 
filter capacitor is the 30-mfd ca-
pacitor, and the output filter capaci-
tor is the 50-mfd capacitor. Usually 
these two capacitors are in a single 
container that has only three leads 
brought out from it. Since the nega-
tive leads are both connected to B-, 
a common negative lead and two 
separate positive leads are usually 
used. The capacitor is usually a 
tubular type of capacitor with a paper 
cover impregnated with wax. The ca-
pacitor is mounted on the receiver 
chassis by means of a mounting 
strap, or in a receiver with a printed 
circuit board, the leads are soldered 
directly to the circuit board. Often 
this is the only kind of mechanical 
mounting used. 

Capacitors in this type of receiver 
are usually rated at 150 volts. The 
normal output voltage of this type of 
power supply under load is usually 
somewhere between 90 and 105 volts. 
Not all universal ac-dc power sup-

plies use a filter choke. In the cir-
cuit shown in Fig. 22, the plates and 
screens of all of the tubes are op-
erated from the B+ output of this 
power supply. However, sometimes 
you will find a filter resistor used 
in the power supply in place of the 
filter choke. When this is done, the 
plate of the output tube is usually 
connected directly to the cathode of 
the rectifier tube so that the current 
drawn by the output tube plate will 
not flow through the filter resistor. 
This tube usually draws more cur-
rent than all the other tubes in the 
receiver combined. 
The output tube is normally a beam 

tube or a pentode tube, and the plate 
current depends very little on plate 
voltage. Therefore if there is some 
hum voltage applied to the plate of 
the tube, it usually does not cause 
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any plate current variation and hence 
is not heard as hum in the output 
from the loudspeaker. The screen 
voltage for the output tube and the 
plate and screen voltages for the re-
maining tubes are obtained at the 
output of the power supply where the 
additional filtering obtained from the 
filter resistor and the output filter 
capacitor will reduce the ripple from 
the rectifier to a low value. 

In some of the later table-model 
radio receivers only four tubes are 
used; a selenium rectifier or a sili-
con rectifier is used in place of a 
rectifier tube because either of these 
has a considerably longer life. In re-
ceivers of this type, tubes with 
higher heater voltage requirements 
are often used, so that the sum of the 
heater voltages required by the four 
tubes adds up to about 120 volts. If 
the heater voltage required by the 
tubes is less than the line voltage, a 
voltage-dropping resistor can be 
placed in series with the heaters to 
use up the leftover voltage. This will 
cause the total voltage drop across 
the series-dropping resistor and the 
tubes to be equal to the line voltage, 
thus allowing each of the tubes to 
have its required heater voltage. 

Of course, in any heater string 
where tube heaters are connected in 
series, all the tubes must have the 
same heater current rating. Tubes 
designed for this type of service 
have what is called a controlled 
warm-up. This means that the tube 
heaters are made so that they all 
reach operating temperature at the 
same time. This prevents one tube 
from warming up too quickly and 
from having too high a voltage across 
its heater. 
The voltage across the tube heater 

will depend upon its resistance, 
which changes with temperature. As 

long as all the tubes warm up at the 
same rate, their resistances change 
at the same rate. In this way, a high 
voltage across any of the tubes is 
avoided. 

Before leaving our study of this 
type of power supply, it is worth-
while to consider what will happen 
if a tube such as the 12BA6 tube in 
Fig. 22 develops a cathode-to-heater 
shortage. The cathode will usually 
be connected either to B- directly 
or to B- through a low-value resis-
tor; this will effectively short out 
the heaters of the 12BE6 and 12AT6 
tubes and, as a result, these tubes 
will not light. 

If you're called upon to service 
a receiver of this type and you find 
that one or more of the tubes is not 
heating, lookf or a cathode-to-heater 
short in either the tube which doesn 't 
light that is highest up on the string, 
or the tube preceding it. If none of 
the tubes lights this is an indication, 
since the tubes are connected in 
series, that the series string is open 
-- chances are that the heater of one 
of the tubes has burned out. 

A TYPICAL FULL-WAVE 
POWER SUPPLY 

Fig. 23 illustrates a typical power 
supply using a power transformer 
and full-wave rectifier. This type is 
found in many radio and TV re-
ceivers and transmitting equipment, 
as well as in the equipment used in 
industrial electronics. 

Notice that the power transformer 
has a primary winding to which the 
115-volt ac power line is connected; 
a high-voltage secondary with its 
center tap grounded, and the two end 
leads connected to the plates of the 
rectifier tube; and the two filament 
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5H 

Fig. 23. A typical power supply using a 
transformer and full-wave rectifier. 

windings. One filament winding is 
used to supply the heater voltage 
required by the rectifier tube, and 
one filament winding is used to sup-
ply the heater voltage for all the 
other tubes in the set. 

In this power supply we have shown 
a 5U4G rectifier tube, which re-
quires a heater voltage of 5 volts and 
a heater current of 3 amps. Thus 
the rectifier filament winding on the 
transformer must be capable of sup-
plying 5 volts at a current of 3 am-
peres. 
The winding marked filament 

number two Ls used to supply the 
heater voltage required by all the 
other tubes in the set. You will no-
tice that this winding is called the 
filament winding, not the heater 
winding. This is a carry-over from 
the old days of radio when most of 
the tubes were filament-type tubes 
and few had a separate cathode and 
heater. 

In an electronic device using this 
type of power supply, the heaters of 
the tubes (with the exception of the 
rectifier tube) are connected in 
parallel. Since the tubes are con-
nected in parallel, you will find that 
all of the tubes are designed to op-
erate from the same heater voltage. 
In most cases equipment using this 
type of power supply has tubes with 

heater voltage ratings of 6.3 volts. 
The filament winding must be capa-
ble of supplying the heater current 
required by all of the tubes. The 
tubes may require different heater 
currents since they are connected 
in parallel. You can determine the 
total current the winding must sup-
ply by looking up the heater current 
required by the individual tubes in a 
tube manual and adding the se figures 
together. 
Again, the filter network used in 

this power supply is a capacitor-in-
pit type. Notice that the capacitors 
have a lower capacity than those used 
in the circuit shown in Fig. 22. It is 
not as necessary to use large capaci-
tors in a full-wave rectifier type of 
power supply as it is in a half-wave 
rectifier to obtain the same amount 
of filtering. Of course, in some 
power supplies in which it is essen-
tial to keep the hum voltage very low, 
you will find larger filter capacitors. 
You may also find a two-sectionfil-
ter using an additional choke and a 
third filter capacitor. 

In a power supply such as the one 
shown in Fig. 23, the twocapacitors 
will probably be mounted in a single 
container. If a cardboard tubular 
type is used, one common negative 
lead and two separate positive leads 
will be brought out of the container. 
The same color leads will probably 
be used for the two positive sections 
since they both have the same ca-
pacity. In some pieces of equipment 
a metal can-type capacitor might 

be used -- with this type the can is 
usually the negative terminal. 
Mounting the capacitor on the metal 
chassis automatically makes the 
connection between the negative ter-
minal and the chassis. The positive 
leads are brought out of two sepa-
rate terminals. 
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DUAL-VOLTAGE 
POWER SUPPLIES 

A diagram of a typical dual-volt-
age power supply is shown in Fig. 
24. This diagram is actually quite 
similar to the diagram of circuits 
used in a modern color-TV receiver. 
Notice that a voltage that is nega-
tive with respect to ground is de-
veloped by the diode DI and its as-
sociated circuitry. Diodes D2 and 
D3 are used in a half-wave voltage 
doubler circuit. 

In this circuit when terminal A is 
negative with respect to terminal B, 
current flows from A through R1 and 
Dl to charge capacitor Cl.A simple 
pi-type R-C filter is used in this 
section of the power supply because 
the current requirements are low 
and there will be very little voltage 
drop across R2. At the same time 
with the two capacitors, smallvalue 
capacitors can be used and adequate 
filtering obtained. 
When terminal A is negative, cur-

120V. 
AC 

•  

Di 

rent also flows through the ther-
mistor R3 through R4 and into the 
negative plate of capacitor C3. Elec-
trons flow out of the positive plate 
through the diode D2 back to termi-
nal B of the power line. When ter-
minal A of the power line is positive 
and terminal B is negative the volt-
age will be placed in series with the 
voltage built up across C3, so that 
capacitor C4 is charged to a value 
approaching twice the peak line volt-
age through diode D3. This provides 
an output voltage which is positive 
with respect to ground and approxi-
mately equal to twice the ac line 
voltage. 
The thermistor R3 is put in the 

circuit to prevent high current 
surges through the silicon diodes D2 
and D3 when the equipment is first 
turned on. R4 is used in the circuit 
to provide further protection. If the 
equipment is turned on and operating 
for some time, the resistance of the 
thermistor will drop to a low value. 
If the equipment is turned off for a 
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Fig. 25. A typical transmitter power suppl). 

few seconds and then turned back 
on, the charging current through the 
diodes could be quite high and dam-
age them. R4 is put in the circuit; 
its value does not change and it 
limits the current through the diodes 
to prevent their damage under this 
circumstance. 
The power supply shown in Fig. 

24 is typical of the power supply you 
are likely to run into in both mono-
chrome and color television re-
ceivers. A voltage-divider network 
may be used across the output of 
either supply to provide different 
value voltages. This power supply is 
comparatively inexpensive; it elimi-
nates the need of a power trans-
former and with modern silicon 
diodes is comparatively trouble-
free. 

HIGH-VOLTAGE 
POWER SUPPLIES 

Another power supply is shown in 
Fig. 25. This is the type of power 
supply you will find in transmitting 

equipment or in other equipment 
where high operating voltages are 
required. Notice that in this power 
supply, full-wave rectification is 
used. Also notice that it has two 
separate rectifier tubes. Separate 
rectifier tubes rather than a single 
tube with two plates are used in high-
voltage supplies because the volt-
ages are so high that they would 
simply arc across inside the tube. 
The type 816 tubes shown in this 
supply are mercury-vapor tubes de-
signed for use in power supplies 
where the operating voltages are not 
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too high and where the current re-
quirements are not too great. They 
are often used in power supplies 
where the ac input voltage to the 
rectifier is between 1000 and 2000 
volts, and the current drain does not 
exceed 250 ma. As far as the trans-
mitting-type power supplies are 
concerned, an output voltage of 1000 
volts across each half of the sec-
ondary of the high-voltage trans-
former is not considered high. 
The high-voltage transformer 

found in this type of power supply is 
frequently called a plate trans-
former because it is used to supply 
the high voltage required to operate 
the plates of the various tubes in the 
transmitter. The rectifier tubes are 
operated from a separate filament 
transformer. In a power supply using 
type 816 tubes, the filament voltage 
required by these tubes is 2.5 volts 
and the current required is 2 amps. 
Therefore, this filament trans-
former must be capable of supplying 
a total of 4 amps at a voltage of 2.5 
volts. The filament transformer 
must have good insulation between 
the secondary winding, the trans-
former core, and the primary wind-
ing; otherwise the high voltage will 
arc through the insulation either to 
the primary winding or tothe trans-
former core. 

At the input of the power supply 
filter network is a swinging choke. 
This is common practice in trans-
mitter power supplies because it 
improves the voltage regulation, and 
also because it affords additional 
protection for the mercury-vapor 
rectifier tubes. 
The second choke in the power 

supply is called a smoothing choke. 
This is the same type of choke shown 
in the power supplies in Figs.22 and 
23. It is called a smoothing choke in 

transmitting equipment because its 
primary purpose is to smooth out the 
ripple and also to distinguish it from 
the swinging choke used at the input 
of the filter network. A smoothing 
choke is designed to keep its induc-
tance as nearly constant as possible, 
whereas a swinging choke is de-
signed so that its inductance will 
vary as the current through it varies. 

Notice that the filter capacitors 
used in this power supply are 4-mfd 
capacitors. Each of these capacitors 
is usually mounted in its own sepa-
rate container. Occasionally you w ill 
find two small high-voltage capaci-
tors in the same container, but this 
is not common practice. Also notice 
that the capacitors have a much 
smaller capacity than those in the 
two power supplies we discussed 
previously. These capacitors are 
oil-filled capacitors and it is quite 
costly to make this type of capacitor 
with a large capacity. On the other 
hand, capacitors used in circuits like 
those in Fig. 22, Fig. 23, and Fig. 
24 are electrolytic capacitors and 
very large capacities can be obtained 
at a very moderate cost. 

Effective filtering is obtained with 
the smaller-size capacitors in this 
supply, because two filter chokes are 
used. The inductance and hence the 
inductive reactance of these chokes 
are usually somewhat higher than 
that of filter chokes used in lower 
voltage equipment. The choice of 
using either large chokes or large 
filter capacitors is simply one of 
cost. At low voltages it is more eco-
nomical to use large capacitors and 
low-inductance chokes, but at high 
voltages it is more economical to 
use high-inductance chokes and low 
capacities. The net result is the 
same as far as the filtering action 
is concerned. Another component 
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that you will find in transmitting-
type power supplies is a bleeder. A 
bleeder is a resistor connected 
across the power supply output. The 
bleeder serves two purposes: it im-
proves the voltage regulation and is 
also used for safety. 
A bleeder resistor connected 

across the power supply keeps the 
minimum current at a reasonable 
value. If the current drawn by the 
load connected to this power supply 
were to drop to zero, the two filter 
capacitors would be charged up to a 
value equal to the peak voltage 
across half of the secondary of the 
plate transformer. If the trans-
former had an /Ins voltage of 1000 
volts across each half of the sec-
ondary, this would mean that the ca-
pacitors would charge up to a volt-
age of about 1400 volts. This may 
be high enough to destroy the capaci-
tors. Also, the chokes have a definite 
maximum voltage that can be applied 
to them. If the voltage goes toohigh, 
the insulation between the choke 
winding and the core may break 
down. This will destroy the chokes. 
If either of the chokes or capacitors 
shorts, the rectifier tubes will pass 
such a high current that they maybe 
ruined. There is also the danger of 
burning out the plate transformer. 
Furthermore, if the voltage reaches 
too high a value, the rectifier tubes 
may arc over internally. A bleeder 
connected across the power supply 
output can eliminate this danger. 
With the bleeder across the output, 
if the equipment current drops to or 
almost to zero, the bleeder current 
will continue to flow. If the output 
voltage starts to rise, the bleeder 
current will increase because the 
current flowing through any resistor 
increases if the voltage across it in-
creases. The bleeder current will 

keep the voltage from climbingtoan 
unsafe value. 

Another important reason for 
using the bleeder is that an oil-filled 
capacitor such as those found in this 
type of power supply can hold a 
charge for a long time. If the two 
4-mfd capacitors used in the supply 
were charged up to a voltage of 1000 
volts or more and a technician serv-
icing the equipment accidentally 
touched one of these capacitors, he 
could receive a very dangerous 
shock. Under certain conditions it 
could be fatal. This danger can be 
greatly reduced by connecting a 
bleeder across the power supply so 
that when the equipment is turned 
off the capacitors are discharged 
through the bleeder. 
You may have occasion towork on 

high-voltage power supplies at some 
future date. Remember that a 
bleeder is connected across the 
power supply for safety as well as to 
improve the voltage regulation. 
Therefore if the bleeder in a power 
supply burns out, it should be re-
placed. However, never rely on a 
bleeder to discharge high-voltage 
filter capacitors. If you have to work 
on a high-voltage power supply, your 
first step should be to remove all 
voltages from the supply.Todothis, 
turn the power supply off; if there 
are fuses in it, remove the fuses so 
that no one can accidentally turn it 
on; disconnect it completely from 
the source if you can. Often it is not 
possible or convenient to completely 
disconnect the equipment from the 
voltage source but if it is shut off 
and any fuse in the circuit is re-
moved, it should be safe. Next, be-
fore you start to work on the supply, 
discharge all filter capacitors in the 
power supply. The capacitors should 
be discharged with a heavy metal rod 
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that has a good insulated handle so 
that you will not come in contact with 
the metal rod. Use the metal rod to 
short together the terminals of the 
capacitor to discharge it. Touch the 
grounded terminal of the capacitor 
first and slide the rod over to touch 
the other terminal. Do this several 
times to be sure the charge is com-
pletely removed. After the capaci-
tors have been discharged, the power 
supply should be safe to work on. 
Keep this point in mind :high volt-

age capacitors, or for that matter 

any large capacitors, should be dis-
charged before you start to work on 
a piece of equipment. Many techni-
cians fail to do this. There are some 
technicians who can tell about the 
terrific shock they received when 
they failed to discharge a filter ca-
pacitor. There are others that did 
not survive the experience to tell 
about it. 

A TRANSISTOR-REGULATED 
POWER SUPPLY 

A regulated power supply employ-
ing transistor voltage regulators is 
shown in Fig. 26. This power supply 

120V. 

12V. 
DC 

is used in a TV receiver that is de-
signed for operation from the power 
line and also from a 12-volt dc 
source. When the power plug is 
plugged into a 12 0-volt line and the 
switch is turned on, the receiver 
will operate from the power line. 
When the power plug is disconnected 
and switch Si is closed, the receiver 
can be operated from a 12-volt bat-
tery. 
The operation of the power supply 

from the power line is comparatively 
simple. Two diodes, DI and D2, are 
used in a full-wave rectifier circuit. 
When the transformer Ti, which is 
a step-down transformer, has a po-
larity such that the end of the sec-
ondary connected to DI is negative, 
current will flow through the diode 
D1 to ground and into the negative 
plate of C3. Electrons flow out of 
the positive plate of C3 tothe center 
tap of the power transformer which 
is positive with respect to the end 
connected to Dl. During the next 
half-cycle, when the end of the sec-
ondary connected to D2 is negative, 
current will flow through D2 to 
ground, into the negative plate of C3, 

Fig. 26. A transistor-regulated power supply. 

OUTPUT 
VOLTAGE 
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out of the positive plate of C3 and 
back to the center tap of the sec-
ondary winding on the power trans-
former. 
The remainder of the components 

used for the power supply are used 
for the purpose of regulating the 
voltage. In other words, the power 
supply voltage is maintained con-
stant at approximately 12 volts re-
gardless of the load drawn from the 
supply. The transistor Q2 is a PNP 
transistor that is used as a series 
voltage regulator. Notice that the 
emitter of this- transistor connects 
directly to the positive side of C3. 
You can consider this transistor as 
working more or less as a variable 
resistor: if the output voltage tends 
to rise, the resistance increases and 
if the voltage tends to fall, the re-
sistance decreases. 
The effective resistance of Q2 is 

varied by varying the forward bias 
across the emitter-base junction. 
Notice the zener diode D3. This diode 
is connected in series with R2. The 
zener has a constant voltage of 6.3 
volts across it. Therefore, the volt-
age drop across R2 will be equal to 
the output voltage minus 6.3 volts. 
This is the emitter voltage applied 
to Ql. The base voltage is deter-
mined by the voltage division oc-
curring between R4, R3 and R6. R4 
is adjustable so that the output volt-
age can be adjusted to 12 volts. Under 
these circumstances a certain cur-
rent will flow through Q1 and through 
R5 and this will set the forward bias 
on Q2. If the output voltage tends to 
rise, the base voltage on Q1 will 
rise but by an amount less than the 
emitter voltage. The divider network 
consisting of R4, R3 and R6 will 
prevent the base from risingthe full 
amount of the output voltage rise. On 
the other hand , the voltage across the 

zener D3 remains constant so that 
the voltage across R2 will reflect 
the entire output voltage rise. This 
will reduce the forward bias on Q1 
which, in turn, will reduce the 
emitter-collector current. The re-
duction in the emitter-collector cur-
rent will reduce the voltage drop 
across R5 which, in turn, will re-
duce the forward bias on Q2; this 
has the effect of increasing its re-
sistance. The increased resistance 
tends to keep the output voltage from 
increasing. 

If the output voltage decreases , the 
opposite happens. The base voltage 
on Q1 falls, as does the emitter volt-
age. However, the emitter voltage 
falls more than the base voltage, so 
the forward bias is increased. This 
increases the emitter-to-collector 
current through Q1 which increases 
the forward bias on Q2. This has the 
effect of reducing the resistance on 
Q2 and tends to keep the output volt-
age from falling. 

This type of power supply is one 
of the more complex power supplies 
that you are likely to encounter in 
electronic equipment. The voltage 
regulation is required in order to 
keep the voltage reasonably constant 
on the various transistors used on 
the TV receiver. In most cases, 
such precise voltage regulation is 
not required in entertainment-type 
equipment. 

VOLTAGE DIVIDERS 

We mentioned previously that 
more than one operating voltage is 
sometimes needed in the various 
stages of a piece of electronic equip-
ment. Rather than use a separate 
supply for each voltage needed, the 
usual procedure is to use a single 
supply designed to give the highest 
voltage needed, and then obtain the 
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lower voltages required by means of 
a voltage divider connected across 
the power supply output. A typical 
voltage divider is shown in Fig. 27. 

In this voltage divider, R1 and R2 
are voltage-dropping resistors; they 
drop the voltage from 300 volts to the 
required voltages of 200 and 100 
volts. R3 is a bleeder used to sta-
bilize the voltages at points Band C. 
With this type of network, terminal 
D is the ground or common terminal. 
Between D and C there is a voltage of 
100 volts; terminal C is positive with 
respect to terminal D. Between D 
and B there is a voltage of 200volts 
and terminal B is positive with re-
spect to te rmina 1 D. Finally, between 
terminals D and A there is the full 
power supply output voltage of 300 
volts, and of course terminal A is 
positive with respect to terminal D. 

POWER 
SUPPLY 
OUTPUT 

A 300 VOLTS 

200 VOLTS 

100 VOLTS 

COMMON 
OR 

GROUND 

Fig. 27. A voltage-divider network. 

The current flowing through R3 is 
called the bleeder current. It re-
mains fairly constant and is deter-
mined primarily by the sizes of R1, 
R2 and R3. Usually, the size of R3 
is chosen so that the bleeder current 
will be at least as great as the cur-
rent drawn by the stages connected 
to terminals C and B. Choosing a 
value of R3 that will result ina rea-
sonable bleeder current helps main-

tain good voltage regulation at ter-
minals C and B. 
The current flowing through R2 

will be made up of the bleeder cur-
rent plus the current drawn by the 
stages connected to terminal C. If 
this current varies, the voltage drop 
across R2 and hence the voltage at 
terminal C will vary. However, the 
bleeder current will remain essen-
tially constant so that if a sizable 
percentage of the current flowing 
through R2 is bleeder current, vari-
ations in the current drawn by the 
stages connected to terminal C do 
not cause too much variation in the 
voltage drop across R2. 
The current flowing through R1 is 

made up of the bleeder current plus 
the current drawn by the stages con-
nected to terminals C and B. Again 
if the bleeder current through R1 
represents a sizable part of the total 
current flow through R1, variations 
in the current drawn by the stages 
connected to terminals C and B do 
not cause too great a variation in 
the voltage drop across R1 so the 
voltage at terminal B will remain 
reasonably constant. 

Bleeders are not used in modern 
midget radio receivers, but you will 
find them in many of the older sets. 
They are frequently used in TV re-
ceivers, in the low-voltage power 
supplies in transmitting equipment, 
and in industrial electronic equip-
ment. 
Sometimes one section of a tapped 

resistor will burn out. Often you can 
repair the equipment simply by con-
necting a resistor having the correct 
resistance and a suitable wattage 
rating across the defective section. 
Of course, if separate resistors are 
used in the voltage divider you can 
simply replace any defective one. If 
you do shunt a burned out section of 
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a tapped resistor in a radio receiver 
and find the equipment is noisyafter 

you have made this repair, the de-
fective section may be making con-
tact intermittently and creating the 

noise. (1 course in this case you 
must replace the entire unit either 
with separate resistors connected 
in series or with a tapped resistor 
like the original one. 

VIBRATOR-TYPE 
SUPPLIES 

The radios installed in automo-
biles for years used a power supply 
known as a vibrator type of power 
supply. A schematic diagram of this 
type of power supply is shown in Fig. 
28. The heart of this type of power 
supply is the vibrator, which is used 
to change the dc from the automo-
bile storage battery to a pulsating 
current in the primary winding of the 
power transformer. 

The vibrator consists of an elec-
tromagnet L, and a reed (R-K) placed 
between two sets of contacts. In the 
circuit shown in Fig. 28, when the 

switch is turned to the ON position, 
current will flow from the negative 

terminal of the battery through the 
switch and through the reed towards 

terminal M. Here it will flow from 
the reed to contact M, to coil L, 

through coil L back to the positive 
side of the battery. The current flow-
ing through the coil creates a mag-
netic field. This magnetic field at-

tracts the end of the reed K, pulling 
the reed over toward L and contact 
N. When the reed makes contact with 
terminal N, current flows through 
the upper half of the transformer 
primary winding. It flows from the 
top of the winding to the center tap, 
building up a magnetic field. 

At the same instant that the reed 
is making its contact with terminal 
N, it will break its contact with ter-
minal M so that the electromagnet 
will no longer be energized and the 
field about it will collapse. The reed 
is made of a spring type material so 
that it springs back until it makes 
contact with both terminal M and 
terminal O. At the instant contact is 
made with terminal 0, current flows 
through the lower half of the primary 
winding of the transformer, flowing 
from the bottom of the winding to-

wards the center tap. The current 
is flowing through the primary wind-
ing in the opposite direction to the 
direction in which it was flowing 
through the upper half of the trans-

N R 

I 1g. 28. st ibrator circuit. 
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former winding. Thus we have a field 
built up in one direction and then in 
the opposite direction. At the same 
time the fact that the reed makes 
contact with terminal M will once 
again complete the circuit through 
the electromagnet so the reed will 
swing over to the magnet again, 
making contact with terminal N. As 
you can see this action causes the 
reed to vibrate back and forth be-
tween terminals N and O. Thus we 
have a field built up in the primary 
first in one direction and then in the 
opposite direction. Building up this 
field, collapsing it, and then building 
up a reverse field and collapsing it, 
means that we have a continually 
changing magnetic field cutting the 
secondary of the transformer. By 
putting a large enough number of 
turns on the secondary, we can ob-
tain whatever voltage we may re-
quire for the operation of the re-
ceiver. 
A complete vibrator-type power 

supply is shown in Fig. 29. Notice 
that the secondary of the vibrator 
transformer is center tapped and 
that a full-wave rectifier is used. 
The capacitor C2 is called a buffer 
capacitor. This is a high voltage 
paper capacitor that is used to keep 
sharp noise pulses out of the power 
supply. The size is usually quite 
critical and if it is necessary to 
replace the buffer capacitor in a 
receiver using this type of power 
supply, you should use a capacitor 
having the same capacity as the 
original. 

In a vibrator-type power supply 
there is considerable sparking as 
the reed vibrates back and forth. 
This sets up a radio-frequency type 
of interference which could get 
through the rectifier and cause con-
siderable interference in the re-

ceiver. In the power supply shown 
in Fig. 29, the choke L and the ca-
pacitor C are called hash suppres-
sors. This rf interference or noise 
is called hash; the choke andthe ca-
pacitor are put in the power supply 
in order to keep as much as possible 
of this hash or noise out of the power 
supply output. Capacitor C acts like 
a short circuit to these radio fre-
quency pulses, and choke L acts like 
a very high impedance to them. Thus 
L and C form a voltage-divider net-
work, with most of the voltage ap-
pearing across the high impedance 
L and little or no voltage across the 
low impedance C. 

Vibrator-type power supplies 
were used in almost all automobile 
receivers in automobiles using 6-
volt ignition systems. However, in 
newer cars, a 12-volt ignition sys-
tem is used. The first receivers 
made for these cars also used vibra-
tor type supplies, but tube manufac-
turers designed special tubes that 
will operate with plate and screen 
voltages as low as 12 volts. These 
12-volt tubes were used in automo-
bile receivers for a few years, but 
they too were replaced by transis-
tors. Since transistors operate from 
low voltages, the vibrator type of 
power supply is no longer needed. 
These supplies were not only costly, 
but in addition they were one of the 
most troublesome sections of the 
automobile receiver. 

SUMMARY 

The power supplies we have shown 
in this section of this lesson are 
typical of the various types of power 
supplies you are likely to encounter 
as an electronics technician. You 
will find many variations of these 
circuits, but these are the basic cir-
cuits. Spend some time studying 
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these circuits so you will know what 

they look like. 
In servicing these power supplies, 

keep in mind that the values of the 
various components used are gener-
ally not extremely critical. Manu-
facturers usually use as smalla fil-
ter capacitor as they can in a circuit. 
It is more economical to use a small 
capacitor than to use a large one. 
Therefore, if you have an ac-dc re-
ceiver that uses a 20-40 mfd, 150-
volt capacitor and you find it neces-
sary to replace the filter capacitor, 
there is no reason why you could not 
use a 30-50 mfd, 150-volt capacitor 
in its place. Some variation of part 
values can be made without affecting 
the performance of the equipment. 

It is also possible to use capaci-
tors having a higher voltage rating 
than those used originally. This will 
simply provide an additional margin 
of safety. You may find that you can-
not do this in large transmitter 
power supplies because there isn't 
room to mount a capacitor with a 
higher voltage rating, but usually in 
radio, TV, and most small pieces of 
industrial electronic equipment 
there is enough room to put in a ca-
pacitor of slightly larger physical 
size than the original. 

(q) 

SELF-TEST 
QUESTIONS 

Draw a schematic diagram of a 

typical ac-dc power supply 
found in a five-tube radio. 

(r) In the circuit shown in Fig. 22, 
why is the 12AT6 tube placed 
at the B- end of the string? 
If in an ac-dc receiver in which 
the heaters of the tubes are 
connected in series and none of 
the tubes lights what would you 
suspect the cause of the trouble 
to be? 
Why are the filter capacitors 
used in the power supply shown 
in Fig. 23 smaller in capacity 
than the filter capacitors used 
in the power supply shown in 
Fig. 22? 

(u) What is the purpose of R3 in 
Fig. 24? 
What is the purpose of R4 in 
Fig. 24? 
What type of voltage-doubler 
circuit is used in the power sup-
ply shown in Fig. 24? 
What purpose does the transis-
tor Q2 serve in the power sup-
ply shown in Fig. 26? 

(y) What is the purpose of the diode 
D3 in Fig. 26? 

(s) 

(t) 

(v) 

(w) 

(x) 

. 
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ANSWERS TO 
SELF-TEST QUESTIONS 

(a) There will be 60 current pulses 
per second through the load. 

(b) The disadvantage of the half-
wave rectifier circuit is that 
current flows through the rec-
tifier during one half-cycle and 
not during the other half-cycle. 
As a result, the output is some-
what difficult to filter and 
smooth out to pure dc. 

(c) The diode D1 in the circuit 
shown in Fig. 6 is used to charge 
the capacitor C 1 during one half 
of each cycle. Capacitor C 1 is 
charged so that during the next 
half-cycle the voltage across it 
will be in series with the line 
voltage. This will place a volt-
age equal to twice the line volt-
age across the load and diode 
D2. Since diode D2 has a very 
low resistance when it is con-
ducting, the voltage across the 
load is twice what it would be 
without the combination of Cl 
and D1 in the circuit:hence,the 
circuit is called a voltage-
doubler circuit. 

(d) The circuit is called a full-wave 
rectifier circuit because a cur-
rent pulse flows through the 
load during each half-cycle. In 
other words, if the rectifier 
circuit is operating from a 60-
cycle power line there will be 
120 current pulses through the 
load (one for each half-cycle). 

(e) The disadvantage of this circuit 
is that the high voltage winding 
on the power transformer must 
be center-tapped. This means 
that the high-voltage winding on 
the transformer must have 
twice the number of turns re-
quired to get the desired output 

(f) 

(g) 

(h) 

(I) 

voltage across the load. This 
circuit requires a rather ex-
pensive power transformer. 
The advantage of the bridge 
rectifier circuit is that there 
is a saving in the power trans-
former cost over that of a 
transformer that has a tapped 
high-voltage secondary wind-
ing; also, the circuit is capable 
of good voltage regulation. 
The voltage-doubler circuit 
shown in Fig. 9 is a full-wave 
voltage doubler. That is, there 
will be 120 current pulses per 
second in the output of the volt-
age doubling capacitor network 
consisting of Cl and C2. The 
circuit shown in Fig. 6 is a half-
wave voltage-doubler circuit 
and there will be only 60 cur-
rent pulses through the load in 
this circuit. It will be somewhat 
easier to filter and smooth the 
output voltage in the circuit 
shown in Fig. 9 than it will be 
in the circuit shown in Fig. 6. 
A full-wave doubler circuit re-
quires a less expensive power 
transformer for a given load 
voltage than the bridge rectifier 
circuit requires . A lso, the volt-
age-doubler circuit requires 
only two rectifiers whereas the 
bridge-rectifier circuit re-
quires four rectifiers. The dis-
advantage of the full-wave volt-
age-doubler circuit is that it 
does not have as good voltage 
regulation as the bridge-recti-
fier circuit. 
The capacitor in a simple filter 
circuit such as shown in Fig.11 
may charge up to a value equal 
to the peak value of the ac input 
voltage. In the case of a power 
supply operating from a 120-
volt line this is equal to ap-
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(J) 

(k) 

proximately 1.4 times 120 
volts. 
A simple capacitor-type filter 
may be used in applications 
where the current drain is low. 
With a low current drain the 
capacitor discharges very little 
between cycles se that the volt-
age across the capacitor, and 
hence the voltage across the 
load, remains essentially con-
stant. 
The R-C pi-type filter is capa-
ble of better hum elimination 
than a simple capacitor-type 
filter. This type of filter is 
particularly desirable where 
the current drain is high enough 
to discharge the capacitor ap-
preciably between charging cy-
cles in a simple capacitor-type 
filter. 

(1) The disadvantage of the R-C 
pi-type filter is that there is 
considerable voltage drop 
across the filter resistor. This 
problem can be overcome by 
using a filter choke such as in 
the L-C type filter shown in 
Fig. 15. A filter choke will offer 
a high opposition to any ac and 
thus effectively reduce the ac, 
while at the same time offering 
a low resistance to the passage 
of de through it. 

(m) R1 in the power supply shown in 
Fig. 17 is used to limit the cur-
rent through the silicon recti-
fier when the power supply is 
first turned on. Without this re-
sistance in the circuit, the 
charging current through the 
diode to charge Cl may be so 
high that the rectifier may be 
destroyed. 

(n) To limit the peak current 
through the tubes. A mercury 
vapor rectifier tube is easily 

damaged by a high peak current. 
The peak current through the 
rectifier tube is much lower 
with a choke-input filter than it 
is with a capacitor-input filter. 

(o) A choke-input filter will pro-
vide better regulation than a 
capacitor-input filter. This 
means that the voltage across 
the load will vary less with 
widely varying currents when 
the filter is a choke-input filter 
than it will when the filter is a 
capacitor-input filter. 
A swinging choke is a choke 
whose inductance changes as 
the current changes. As the 
current builds up the choke 
tends to saturate so that its in-
ductance goes down. This tends 
to reduce the reactance of the 
choke and hence helps provide 
better voltage regulation. 

(q) See Fig. 22. If you cannot draw 
this diagram from memory, 
copy it from the book. Simply 
drawing the diagram will help 
you to become familiar with the 
circuit and remember it in the 
future. 

(r) The 12AT6 tube is the first 
audio stage. It is placed at the 
B- end of the heater string in 
order to keep hum pick-up in 
the tube as low as possible. Any 
hum picked up by this tube will 
be amplified by the entire audio 
system. 

(s) The chances are that the heater 
of one of the tubes is open. 

(t) The power supply shown in Fig. 
23 uses a full-wave rectifier. 
Therefore there will be 120 
pulses per second tocharge the 
filter capacitors. The power 
supply shown in Fig. 22 is a 
half-wave power supply and 
there will be only 60 pulses per 

(P) 
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second to charge the filter ca-
pacitor; therefore, larger ca-
pacitors are needed to elimi-
nate hum. 

(u) R3 in Fig. 24 is a thermistor. 
A thermistor has a high cold 
resistance, but the resistance 
decreases as the thermistor 
heats up. The thermistor is 
used in this power supply to 
protect the diode rectifiers 
from high current surges when 
the power supply is first turned 
on. 

(v) R4 is a fixed resistor that is 
used to protect the diodes in the 
event the equipment is turned 
off and then turned back on al-
most immediately. Under these 
conditions the resistance of the 
thermistor will be too low to 
provide the required protection 

for the rectifiers and hence R4, 
along with the hot resistance of 
the thermistor, limits the cur-
rent through the diode recti-
fiers to a safe value. 
A half-wave voltage doubler. 
Q2 is in series with the B sup-
ply voltage. It operates essen-
tially as a variable resistor and 
is used to regulate the power 
supply output voltage and keep 
it at essentially a constant 
value. 
The diode D3 is the zener diode. 
It provides a reference voltage 
so that the voltage variations 
on the emitter of QI will be 
greater than the voltage varia-
tions on the base. Thus , changes 
in output voltage affect the for-
ward bias of the transistor and 
hence the conduction through it. 
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Lesson Questions 
Be sure to number your Answer Sheet B201. 

Place your Student Number on every Answer Sheet. 

Most students want to know their grade as soon as possible, so they 
mail their set of answers immediately. Others, knowing they will finish 
the next lesson within a few days, send in two sets of answers at a time. 
Either practice is acceptable to us. However,don't hold your answers too 
long; you may lose them. Don't hold answers to send in more than two sets 
at a time, or you may run out of lessons before new ones can reach you. 

1. What advantage does a silicon rectifier have over a vacuum-tube rec-
tifier? 

2. Draw the schematic symbol for a silicon rectifier,and indicate by an 

arrow the direction in which the current will flow through it. 

3. How many pulses per second will you get at the output of a full-wave 
rectifier that is operated from a 60-cycle power line? 

4. What is the purpose of Cl and D1 in the circuit shown in Fig. 6? 

5. (a) In the circuit shown in Fig. 6, how many current pulses will there 
be through the load (60-cycle power line)? 

(b) In the circuit shown in Fig. 9,how many current pulses will there 
be through the load (60-cycle power line)? 

6. In the circuits shown in Fig.11,what part supplies current to the load 
when the rectifier is not conducting? 

7. Explain the following things in connection with the L-C circuit shown 
in Fig. 15: 

(a) The action of the choke when ac flows through it. 
(b) The action of the choke when dc flows through it. 
(c) The action of the capacitor when ac flows through it. 
(d) The action of the capacitor when dc flows through it. 

8. What type of filter network has better voltage regulation -- the ca-
pacitor input or the choke input? 

9. If you are servicing a five-tube table model radio that uses a universal 
ac-dc power supply and you see that two of the tubes are not lighting, 
where would you look for trouble? 

10. How does an increase in output voltage affect Ql and Q2 in the regu-
lated power supply shown in Fig. 26? 



HOW TO START STUDYING 
For some people, starting to study is just as hard 

as getting up in the morning. An alarm clock will 
work in both cases, so try setting the alarm for a 
definite study-starting time each day. Start studying 
promptly and definitely, without sharpening pencils, 
trimming fingernails or wasting time in other ways. 

Beginning is for many people the hardest part of 
any job they tackle. So formidable does each task 
appear before starting that they waste the day in 
dilly-dallying, in day-dreaming, and in wishing they 
didn't have to do it. The next day and the next after 
that are the same story. Indecision brings its own 
delays, making it harder and harder to buckle down 
to work. 

Are you in earnest? Then seize this very minute; 
begin what you can do or dream you can. Boldness 
in starting a new lesson is a great moral aid to 
mastery of that lesson; only begin, and your mind 
grows alert, eager to keep on working. Begin, and 
surprisingly soon you will be finished. 
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\ D POWER SUPPLIES FOR 
ELECTRONIC EQUIPMENT 

One of the most important sec-
tions in electronic equipment is the 
power supply. It is the section that 
furnishes the operating voltages and 
currents required by the various 
stages. If the power supply is not 
operating properly, the equipment 
can't do the job it 's supposed to do. 

In your career as an electronics 
technician, you will encounter many 
different types of power supplies.In 
equipment using tubes you will find 
power supplies that must supply the 
heater voltage for the various tubes 
and, in addition, a dc supply voltage 
that is often considerably higher than 
the power line voltage. 

On the other hand, the power sup-
ply in transistorized equipment will 
be quite different from that used in 
tube-operated equipment. Most 
power supplies in transistorized 
equipment will have to reduce the 
voltage to some value less than the 
line voltage. 
However, the current require-

ments of the power supply ina tran-

sistorized piece of equipment may 

be considerably higher than those 
of a power supply in a similar tube-
operated device. All power supplies 
have basically the same function, 
regardless of the parts and circuitry 
used to make them; the power supply 
must supply the operating voltages 
and currents required by the vari-
ous stages in the equipment. 
You have already studied the basic 

components used in power supplies. 
In this lesson you will learn more 
about these components and how they 
are used together in this particular 
application. You will be introduced 
to some new circuits and will learn 
enough about power supplies to en-
able you to understand the purpose 
for which each part in a power sup-
ply is used. Once you know why the 
various parts are used and under-
stand what each one is supposed to 
do, you should be able to service 
any power supply defect you en-
counter. 
We will first take up the different 

rectifier circuits used in modern 
power supplies. The power supplied 
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by power companies for home and 
industrial use is ac power, whereas 
the tubes and transistors used in 
electronic equipment require de op-
erating voltages. Therefore, in a 
power supply designed to operate 
from a power line, we must have 
some means of changing the ac to 
dc. The device used to do this is 
called a rectifier. 

Once the ac is changed to de by a 
rectifier, we have what is called a 
pulsating de at the output of the recti-
fier. This is actually de with ac 
superimposed on it. A power supply 
must therefore have some means of 
filtering or smoothing the pulsating 
dc to get pure de. This is done by 
means of a filter network, which 
separates the ac and de components 
of the pulsating dc at the rectifier 
output so that only the dc appears at 
the output of the filter network. 
Many power supplies also have 

some type of voltage-divider net-
work. Such a network is designed to 
provide several different operating 
voltages from one power supply.All 
the tubes or transistors ma piece of 

electronic equipment may not re-
quire the same operating voltage. It 
is more economical to use a single 
power supply and a voltage divider 
than to use a separate power supply 
for each voltage needed. 
The power supplies in modern 

electronic equipment use solid state 
rectifiers in most low-voltage appli-
cations. Vacuum tubes are seldom 
used today as rectifiers in such de-
vices as radio or television re-
ceivers or in other modern equip-
ment. However, there are still mil-
lions of radios and television re-
ceivers in use today that do use 
vacuum-tube rectifiers. Therefore, 
you will probably have to work on 
this type of power supply as a serv-
ice technician even though it is ob-
solete as far as its use in new equip-
ment is concerned and you still 
should know how this type of recti-
fier works. For this reason, we will 
cover not only the new rectifier cir-
cuits using solid state rectifiers , but 
also a number of the older fre-
quently-used rectifier circuits using 
vacuum tubes. 
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Rectifier Circuits 
Any device that will pass current 

in one direction but not in the other 
direction can be used as a rectifier. 
You have already seen one example 
of this type of device: the vacuum 
tube. In a vacuum tube, as long as 
the voltage applied to the plate is 
positive with respect to the voltage 
applied to the cathode, the current 
will flow from the cathode to the 
plate of the tube. However, if the 
voltage applied to the plate is nega-
tive with respect to the voltage ap-
plied to the cathode, there will be 
no current flow through the tube be-
cause current cannot normally flow 
through the tube from the plate to the 
cathode. Thus, a two-element or 
diode tube was used for many years 
as the rectifier in the power supply 
of radio and television receivers. 
The diode tube is entirely satis-

factory as a rectifier, but it does 
have one big disadvantage. In order 
to handle the currents required in 
large radio receivers or in tele-
vision receivers a rectifier tube with 
a rather heavy cathode or filament 
is required. Considerable power 
must be applied to the heater toheat 
the large cathode or filament , there-
by bringing it to the temperature re-
quired for it to emit an abundant sup-
ply of electrons. Not only does this 
increase the power consumed by the 
equipment; also, a substantial 
amount of heat is given off by the 
diode and this, in turn, heats up 
other parts in the equipment. This 
often contributes to a shortened life 
of the other parts. 
As we mentioned, diode vacuum 

tubes were used for many years as 
the rectifiers in radio and television 
receivers. However, a number of 

years ago the selenium rectifier be-
gan to replace the vacuum tube as 
the rectifier in entertainment-type 
equipment. 
A typical selenium rectifier is 

shown in Fig. 1. A selenium recti-
fier is made up of a series of se-
lenium discs with a coating of se-
lenium oxide on the surface of one. 
side of each disc.Electrons can flow 
from the selenium to the selenium 
oxide quite readily, but they cannot 
readily flow in the other direction, 
from the selenium oxide to the se-
lenium. Thus, a selenium rectifier 
permits current to flow through it in 
one direction, but offers a high re-
sistance to current flow through it 
in the opposite direction. 

This type of rectifier is often 
called a dry-disc rectifier: "dry "to 
distinguish it from earlier rectifiers 
that used a wet chemical solution, 
"disc" because it is made up of discs. 
The square plates that are visible 
in Fig. 1 are cooling fins. The discs 
used are usually round and are 

Fig. 1. A typical selenium rectifier de-
signed for use in electronic equipment. 
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placed between the cooling fins, 
which are necessary because the 
rectifier does have some resistance 
and the current flowing through this 
resistance produces heat which must 
be dissipated. 
The advantage of the selenium 

rectifier over the diode tube is that 
the selenium rectifier does not have 
a cathode that must be heated, and 
hence the power required to heat the 
cathode is saved. In addition, the 
total heat dissipated into the equip-
ment from the selenium rectifier is 
somewhat lower than from a tube 
capable of handling the same cur-
rent. 

Both the vacuum tube rectifier and 
the selenium rectifier have been re-
placed in modern radio and televi-
sion receivers by the silicon recti-
fier. The silicon rectifier, like the 
selenium rectifier, does not require 
any heater power; in addition, a 
silicon rectifier is much smaller 
than a selenium rectifier. It has a 
much lower forward resistance; that 
is, it offers far less opposition to 
current flow through it in the forward 
direction than does a selenium recti-

Fig. 2. Two typical silicon rectifiers with 
a dime between them to show their rela-

tive size. 

fier, and at the same time it has a 
higher reverse resistance (in other 
words it will permit a smaller cur-
rent to flow through it in the reverse 
direction than a selenium rectifier). 
Two typical silicon rectifiers are 

shown in Fig. 2. The rectifier at the 
top is called a top-hat rectifier be-
cause of its shape. A rectifier of 
this type and size is capable of hand-
ling currents several times those 
required in a color TV receiver. 
We have shown a photograph of the 
two rectifiers with a dime in between 
them so you can get an idea of the 
relative size of the two units. The 
lower rectifier is capable of hand-
ling currents of two or three am-
peres. 

In addition to their small size and 
high current-handling capabilities, 
silicon rectifiers have another big 
advantage over selenium and vacuum 
tube rectifiers due to modern 
manufacturing techniques: they are 
relatively inexpensive to manufac-
ture. Furthermore, unless they are 
overloaded, their life is almost in-
definite. 
Now, let's see how the various 

types of rectifiers are used in pcder 
supply circuits. 

HALF-WAVE RECTIFIERS 

You already know that the power 
supplied by most power companies 
is ac power and that the voltage sup-
plied has a waveform that is called 
a sine wave. A typical single cycle 
is shown in Fig. 3A. A rectifier cir-
cuit using a diode tube is shown in 
Fig. 3B. Let 's assume that the wave-
form shown at A represents the volt-
age at terminal A of Fig. 3 with re-
spect to the voltage at terminal B. 
This means that for the first half-
cycle (that is, the voltage waveform 
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Fig. 3. How current flows in a half-wave 
rectifier circuit for one ac cycle. We have 
omitted the rectifier heater to simplify the 

diagram. 

from point 1 to point 3), the plate of 
the tube will be positive. When the 
plate of the tube is positive, it will 
attract electrons from the cathode; 
therefore, current can flow through 
the tube. 
Thus during the first half-cycle, 

as the plate voltage starts at point 
1 and builds up to point 2, the cur-
rent through the tube will increase 
from point 1 to point 2 as shown in 
Fig. 3C. As the voltage decreases 
during the first half-cycle from point 
2 to point 3, the current through the 
tube will decrease as shown from 
point 2 to point 3 in Fig. 3C. When 
the voltage in Fig. 3A reaches point 
3 there will be zero potential be-
tween points A and B in the rectifier 
circuit and current will stop flowing. 
During the next half-cycle termi-

nal A will be negative with respect 
to terminal B. This means that the 
plate of the tube will be negative; 
hence no current can flow through 
the tube. Therefore, the current will 
be zero (as shown in the waveform 
in Fig. 3C) as the voltage swings 
from point 3 to point 5. 

The rectifier circuit shown in Fig. 
3 conducts when the plate of the tube 
is positive. Since this occurs during 
one half the time of each cycle then 
the rectifier conducts during one 
half of the cycle but not during the 

Fig. 4. A half-wave selenium rectifier 
circuit. 

other half. As a result, the rectifier 
is called a half-wave rectifier. If 
we operate this type of rectifier from 
a 60-cycle power line, we will get 
60 current pulses through the recti-
fier during one half-cycle and 60 in-
tervals during which there is no 
current flow through the rectifier. 
Another half-wave rectifier is 

shown in Fig. 4. Here we have shown 
a solid-state rectifier in place of the 
tube. This could be either a selenium 
rectifier or a silicon rectifier --the 
same symbol is used for both types. 

Notice the schematic symbol used 
for the rectifier. A ls o notice that the 
arrows indicate that the direction of 
current flow through the circuit is 
opposite to the direction in which the 
arrow points in the schematic 
symbol. The reason for this is that 
in the early days of electricity, 
scientists thought that current 
flowed from positive to negative. 
Therefore, this symbol was designed 
to show the direction in which cur-
rent flowed. But it was discovered 
later that current flow was actually 
electron flow and that it flowed from 
negative to positive, a direction op-
posite from that in which the early 
scientists thought it flowed . A lthough 
we know current flow is from nega-
tive to positive , we still use the same 
symbol; it has never been changed 
so that the arrow is actually pointing 
in the direction opposite to the di-
rection of electron flow. 
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In a power supply of this type 
using a selenium rectifier, with ter-
minal A positive with respect to 
terminal B, the selenium rectifier 
will offer only a low resistance to 
the flow of current through it ; there-
fore, current flows in the circuit 
from B through the load and through 
the rectifier and back toterminalA. 
During the next half-cycle , when ter-
minal A is negative with respect to 
terminal B, the selenium rectifier 
will offer a very high opposition to 
the flow at current through it so that 
there will be little or no current flow 
through the load (as shown in Fig. 
4C). 
We mentioned that the schematic 

symbol for the rectifier in Fig. 4 
also represents a silicon rectifier. 
If a silicon rectifier is used, the 
rectifier will simply consist of a PN 
junction. The P-type material will 
be on the side represented by the 
arrow and the N-type material by 
the flat line. With a PN junction 
rectifier in the circuit when termi-
nal A is positive and terminal B is 
negative, we will have a positive 
voltage applied to the P side of the 
junction and a negative voltage ap-
plied to the N side of the junction. 
The negative voltage will repel elec-
trons from the N side of the junction 
across the junction into the P-type 
material. Electrons will be attracted 
through the P-type material by the 
positive potential applied to it. In 
other words, there will be a forward 
bias placed across the junction and 
current can readily flow through the 
rectifier because the carriers can 
cross the junction. 
During the next half-cycle when 

the polarity reverses, terminal A 
will be negative and terminal B posi-
tive. Thus there will be a negative 
voltage, applied to the P side of the 

junction, which will repel electrons 
and prevent them from crossing the 
junction. At the same time there will 
be a positive voltage, applied on the 
N side of the junction, which will 
prevent any holes from the P side 
crossing the junction. In other 
words, there will be a reverse bias 
placed across the junction; hence 
the carriers cannot cross the junc-
tion and there will be no current flow 
through the circuit. 

Of the three types of half-wave 
rectifiers, the silicon-type rectifier 
is the most widely used in modern 
equipment because of its small size, 
low cost and very low forward volt-
age drop. 
Sometimes, in order to operate a 

piece of electronic equipment, a 
higher voltage is required than can 
be obtained directly from the power 
line. Under these circumstances a 
step-up transformer may be used 
to step up the voltage as shown in 
Fig. 5. The secondary-to-primary 
turns-ratio is simply adjusted to 
provide the required voltage step-
up. A half-wave rectifier is then 
used as shown to rectify the ac and 
change it to pulsating dc. The oper-
ation of the half-wave rectifier is 
exactly the same in the circuit as 

A 

Fig. 5. A half-wave rectifier circuit using 
a power transformer to produce an output 
voltage greater than the power line volt-

age. 
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it was in the preceding circuits; how-
ever, the rectifier will have to have 
a higher voltage rating to make up 
for the fact that it is being used in 
a higher voltage circuit. 
The disadvantage of the circuit 

shown in Fig. 5 is that power trans-
formers are comparatively expen-
sive. By means of the circuit shown 
in Fig. 6 a voltage approximately 
twice the voltage obtainable from 

the half-wave rectifier circuits 
shown in Figs. 3 and 4 can be ob-
tained. This circuit can be operated 
directly from the power line and is 
known as a voltage-doubler circuit. 
The operation of this circuit is 

quite simple. During one half-cycle 
terminal A will be negative with re-
spect to terminal B. During this 
half-cycle electrons flow from A 
Into the side of the capacitor Cl 
marked with the minus sign. The 
electrons flowing into this side of 
the capacitor force electrons out of 
the other side leaving a positive 
charge on this side of Cl. The elec-
trons leaving the positive side of Cl 
flow through the rectifier Dl, back 
to side B of the power line which is 
positive and which will attract elec-
trons. Thus, during this half-cycle, 
when terminal A is negative with 
respect to terminal B, capacitor Cl 
is charged with the polarity shown. 
The peak charge on Cl will be equal 
to the peak value of the ac input volt-
age. 
During the next half-cycle, when 

terminal A is positive with respect 
to terminal B, we have a situation 
where the voltage between terminals 
A and B is effectively placed in 
series with the voltage charging ca-
pacitor Cl. These series-connected 
voltages will cause a current toflow 
through the load and through D2. 
During this half-cycle terminal A is 

Cj D2 

Fig. 6. A lialf-oave voltage-doubler cir-
cuit. 

positive with respect to terminal B. 
This means that terminal B is nega-
tive. Electrons flow from terminal 
B through the load and through D2. 
They are attracted by a positive volt-
age which is equal to the voltage 
across Cl plus the line voltage. Thus 
the peak voltage that can be de-
veloped across the load will be equal 
to twice the peak line voltage. 
You might wonder whythe current 

flows through only one rectifier dur-
ing each half-cycle. During the first 
half-cycle, when terminal A is nega-
tive with respect to terminal B, the 
electrons flowing through Dl and 
charging Cl cannot flow through D2 
because the diode is connected in 
such a way as to prevent current 
flow through them in that direction. 
Similarly, during the next half-
cycle, when terminal B is negative 
and terminal A is positive, current 
cannot flow through Dl because it 
would have to flow through it in the 
reverse direction. Current can flow 
through the diodes only inthedirec-
tion shown and it will flow through 
Dl during one half-cycle and through 
D2 during the other half-cycle. 

This type of power supply is known 
as a half-wave doubler circuit. It is 
called a voltage-doubler circuit be-
cause the voltage across the load is 
effectively double the line voltage. 
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It is called a half-wave circuit be-
cause there is a current pulse to the 
load during only one half of each 
cycle. The half-wave voltage-dou-
bler circuit is widely used in modern 
radio and television receivers. It's 
a very important circuit and you 
should be sure you understand how 
it works before leaving it. 
When a half-wave rectifier is used 

in the power supply, the current will 
flow through the rectifier in a series 
of pulses. With a 60-cycle power 
supply line, there will be 60 pulses 
per second: one pulse during each 
positive-half cycle and nothing dur-
ing each negative-half cycle. The 
net result is that you will have cur-
rent flowing through the rectifier for 
no more than half the time.This re-
sults in a pulsating dc output from 
the rectifier that is rather difficult 
to smooth out to the pure dc required 
in most equipment to operate the 
tubes and/or transistors. A some-
what better arrangement is the full-
wave rectifier that passes current 
during both halves of the ac voltage 
cycles. 

FULL-WAVE RECTIFIERS 

A typical full-wave rectifier cir-

cuit is shown in Fig. 7. Notice that 
the tube used is a twin diode tube. 

Fig. 7. A full-wave rectifier circuit using 
a single rectifier tube with two plates. 

The tube has two plates and a single 
filament which is used with both 
plates. In operation, this tube acts 
as two separate diode tubes. 

The power transformer used in 
the rectifier circuit has three wind-
ings. The primary winding is the 
winding that connects to the power 
line. A low-voltage winding is used 
to provide the current required to 
heat the filament of the rectifier 
tube. It serves no other purpose as 
far as the operation of the rectifier 
circuit is concerned. This winding 
is often referred to as the filament 
winding. 
The high-voltage winding on the 

transformer is the winding that will 
supply the pulsating current to the 
load resistor. Notice that this wind-
ing has a center tap. In operation, 
one half of the windingfirst supplies 
the current and then, during the next 
half-cycle, the other half of the wind-
ing supplies current to the load. 
We can see how this rectifier cir-

cuit works if we consider one half-
cycle during which terminal 1 of the 

high-voltage secondary is positive. 
This means that terminal 2 will be 
negative with respect to terminal 1 
and terminal 3 will be even more 
negative. Electrons will leave the 
center tap, terminal 2, and flow 
through ground to the load resistor. 
They will flow through the load re-
sistor to the filament of the recti-
fier tube and then be attracted to 
the plate connected toterminal lbe-
cause this plate has a positive volt-
age applied to it. No electrons will 
flow to the other plate because this 
plate is negative with respect to 
both terminals 1 and 2. 

During the next half-cycle, the 
polarity of the secondary voltage 
will reverse. At this time terminal 
3 will be positive, terminal 2 nega-
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tive with respect to it, and terminal 
1 even more negative. During this 
half-cycle electrons will leave ter-
minal 2 and flow through ground to 
the load, through the load and to the 
filament of the rectifier tube, and 
then to the plate connected to ter-
minal 3 because this plate now has 
the positive voltage applied to it. No 
electrons will flow to terminal lbe-
cause terminal 1 is negative with 
respect to both terminals 2 and 3. 

Notice that with the full-wave rec-
tifier circuit we get a current pulse 
through the load resistor during each 
half-cycle. This means that for a 
60-cycle power line we will get 120 
pulses of current through the load. 
Since there is current flowing 
through the load during each half-
cycle, this type of rectifier produces 
an output that is much easier to fil-
ter to a smooth de than the output 
from a half-wave rectifier. 

Either selenium rectifiers or sili-
con rectifiers can be substituted in 
this type of circuit in place of the 
rectifier tube. This type of circuit 
was widely used in older television 
receivers along with vacuum tubes. 
Modern TV receivers use silicon 
rectifiers and frequently use bridge-
rectifier circuits or voltage-doubler 
circuits in place of this circuit. 

BRIDGE-RECTIFIER 
CIRCUITS 

One of the disadvantages of the 
full-wave rectifier circuit shown in 
Fig. 7 is that it requires a trans-
former with a center-tapped sec-
ondary. The total voltage across the 
entire secondary winding is actually 
twice the voltage between the center 
tap and either end of the secondary 
winding. This type of transformer is 
more expensive to manufacture than 
a transformer without a center tap 

Fig. 8. .‘ bridge-rectifier circuit. 

because twice as manyturns are re-
quired on the secondary to get the 
required voltage. 
A circuit that gets around the re-

quirement of a center-tapped sec-
ondary is shown in Fig. 8. This is 
called a bridge-rectifier circuit; it 
is also often called a full-wave 
bridge-rectifier circuit because 
current flows to the load during each 
half-cycle. 
A quick look at the circuit im-

mediately shows us that four rec-
tifiers are required in a circuit of 
this type. At one time this was a 
disadvantage because of the cost of 
rectifiers, but silicon rectifiers are 
comparatively inexpensive today and 
it is usually more economicalto use 
the extra two silicon rectifiers and 
avoid the center tap on the secondary 
winding of the power transformer. 
The power transformer shown in 
Fig. 8 would be far more economi-
cal to manufacture than the one 
shown in Fig. 7. 
The operation of the bridge rec-

tifier is comparatively simple. When 
terminal A is positive and terminal 
B is negative, current will f low from 
terminal B through the rectifier 
marked 2 on the diagram and then 
through the load to the junction of 
rectifiers 3 and 4. It will then flow 
through rectifier 4 back to terminal 
A on the transformer. During the 
next half-cycle, when terminal A is 
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negative and terminal B is positive, 
current will flow fromterminal A on 
the transformer through the recti-
fier marked 1 on the diagram and 
then through the load back to the 
junction of rectifiers 3 and 4. This 
time the current will flow through 
rectifier 3 back to terminal B of the 
power transformer. 

Notice that during each half-cycle 
current flows through two of the rec-
tifiers. During one half-cycle it will 
flow through rectifiers 2 and 4 and 
during the other half-cycle it will 
flow through rectifiers 1 and 3.Also 
notice that current flows during both 
half-cycles; therefore, this bridge 
rectifier is a full-wave rectifier. 

Bridge rectifiers have been used 
in television receivers where com-
paratively high operating voltages 
and high currents are required.The 
bridge circuit eliminates the need 
for the center tap on the power trans-
former secondary winding and thus 
reduces the cost of the transformer. 
The voltage regulation (the ratio of 
the full-load voltage to the no-load 
voltage) obtainable with this type of 
power supply is as good as the regu-
lation that can be obtained from the 
full-wave rectifier circuit shown in 
Fig. 7. 

FULL-WAVE 
VOLTAGE DOUBLERS 

A full-wave voltage-doubler cir-
cuit is shown in Fig. 9. One advan-
tage of this type of circuit is that 
we get the same load voltage as you 
have in a circuit like the bridge rec-
tifier shown in Fig. 8, although only 
half as many turns are required on 
the secondary of the power trans-
former. This will result ilia savings 
in the cost of the power transformer. 
Another advantage of this type of cir-
cuit is that only two rectifiers are 

required instead of the four required 
in the bridge-rectifier circuit. 
The operation of the full-wave 

voltage-doubler circuit is quite sim-
ple. During one half-cycle terminal 
A of the power transformer second-
ary will be negative and terminal B 
will be positive. During this half-
cycle current flows from terminal 
A through diode D2 to the capacitor 
C2 charging the capacitor as shown. 
Electrons flow into the negative side 
of the capacitor and out the positive 
side back to terminal B of the power 
transformer. During the next half-
cycle, terminal B of the power trans-
former secondary will be negative 
and terminal A will be positive. Dur-
ing this half-cycle electrons leave 
terminal B of the power transformer 
and flow into capacitor C 1. They flow 
into the side of the capacitor marked 
with the minus sign and force elec-
trons out of the plus side.Electrons 
leaving the plus side flow through 
diode DI back to terminal A of the 
power transformer, which is posi-
tive. 
The capacitors C 1 and C2 are con-

nected in series and they supply the 
voltage to the load. The capacitors 
are charged by the current flowing 

A D I 

LOAD 

Fig. 9. .‘ full-wave voltage doubler. 
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through the diodes, and since there 
is a charging pulse each half-cycle 
we will get 12 0 charging pulses from 
a 60-cycle power line. Since there 
is a charging pulse during each half-
cycle, the circuit is a full-wave rec-
tifier. The actual voltage that will 
be available across Cl and C2 in 
series will depend upon the power 
transformer secondary resistance, 
the resistance of the diodes when 
they are conducting, the size of the 
two capacitors, and the size of the 
load. As the resistance of the load 
increases, the current that will flow 
through the load decreases, and the 
charge on each capacitor becomes 
closer to the peak value of the ac 
voltage between terminals A and B. 

Notice that in the diagram we have 
shown the direction of current flow 
through the load. The load current is 
supplied entirely by the charged ca-
pacitors Cl and C2. As the capaci-
tors supply current to the load, elec-
trons leave the negative plate of C2 
and flow through the load in the di-
rection shown. These electrons flow 
into the positive side of Cl forcing 
electrons out of the negative side 
into the positive side of C2. Thus 
the current flow through the load 
tends to reduce the charge across the 
capacitors. Of course, during each 
half-cycle one of the diodes conducts 
to build the charge across one of the 
capacitors up towards the peak value 
of the line voltage. 

While this type of rectifier circuit 
offers some advantages over the cir-
cuits shown in Figs. 7 and 8, it does 
not have as good voltage regulation 
as they have. However, by using 
capacitors of large capacity for Cl 
and C2, and with modern silicon 
rectifiers that have a very low re-
sistance when they are conducting, 
reasonably good voltage regulation 

can be obtained from this type of 
power supply. You will find the power 
supply widely used both in mono-
chrome and color television receiv-
ers. Be sure you understand how it 
operates because you will run into 
it frequently. 

In comparing this power supply 
with the half-wave doubler circuit 
shown in Fig. 6, we immediately see 
that the full-wave doubler circuit is 
best suited to equipment where a 
power transformer is used. The 
half-wave voltage-doubler circuit is 
widely used in equipment where no 
power transformer is used. 

SUMMARY 

The rectifier circuits that we have 
discussed in this section of the les-
son are extremely important. As you 
know, the power supplied by the 
power companies is alternating cur-
rent and the tubes and transistors 
in electronic equipment require di-
rect current for their operation. 
Therefore, equipment designed to 
operate from the power line must 
use some type of rectifier to convert 
the alternating current to direct cur-
rent. One of the circuits shown in 
this section of the lesson is likely 
to be found in any type of electronic 
equipment you will service. 
The half-wave rectifier circuit 

shown in Fig. 5 is perhaps the most 
widely used. All table model radio 
receivers use this type of rectifier 
circuit without a power transformer 
so that the receiver can operate di-
rectly from the power line . The half-
wave voltage-doubler circuit shown 
In Fig. 6 is widely used intelevision 
receivers where operating voltages 
higher than those that can be ob-
tained directly from the power line 
are needed. In some of the older 
radio receivers and many older tele-
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vision receivers a full-wave recti-
fier circuit such as shown in Fig. 7 
will be found. This type of circuit 
was used almost exclusively in tele-
vision receivers before the develop-
ment of low-cost selenium and sili-
con rectifiers. 
The bridge-rectifier circuit 

shown in Fig. 8 is used in many tele-
vision receivers, particularly large 
television receivers where fairly 
high voltages and high currents are 
required. This type of circuit is also 
used in some transistorized equip-
ment where lower than line voltages 
are required. In this instance, in-
stead of being a step-up trans-
former, the transformer will be a 
step-down transformer that steps 
the line voltage down to a low value. 
The bridge-rectifier circuit is then 
used so that good voltage regulation 
can be obtained and so that at the 
same time a comparatively large 
current can be taken from the power 
supply. 
The full-wave voltage-doubler 

circuit has been used in many tele-
vision receivers -- in those which 
use power transformers where volt-
ages higher than the line voltage are 
required -- yet at the same time, 
the transformer serves primarily 
as an isolation transformer. In other 
words, the secondary voltage is ap-
proximately equal to the primary 
voltage. The higher voltage required 
is obtained by the voltage-doubling 
action. The output from the full-wave 
doubler circuit is somewhat easier 
to filter or smooth out than the out-
put from the half-wave doubler cir-
cuit, because with the former we 
have 120 pulses per second through 
the load and with the latter we have 
only 60 pulses per second. 

Before leaving this section re-

garding rectifier circuits, why not 
try to draw the circuits yourself ? It 
would be worthwhile, and you don't 
have to draw them from memory --
copying them first from the book will 
help you to remember what they look 
like. Eventually, you'll be able to 
draw them from memory and recog-
nize various circuits on the sche-
matic diagram of any radio or TV 
receiver or piece of electronic 
equipment you may encounter. 

After reviewing this section, do 
the following self-test questions. 

SELF-TEST QUESTIONS 

(a) In a half-wave rectifier circuit 
such as the circuit in Fig. 5, 
how many current pulses per 
second will there be through 
the load when the power line 
frequency is 60 pulses per sec-
ond? 
What is the disadvantage of a 
half-wave rectifier circuit? 
What is the purpose of the diode 
marked D1 in the half-wave 
voltage-doubler circuit shown 
in Fig. 6? 

(d) Why is the circuit shown in Fig. 
7 called a full-wave rectifier 
circuit? 

(e) What is the disadvantage of the 
full-wave rectifier circuit 
shown in Fig. 7? 
What are the advantages of the 
bridge-rectifier circuit shown 
in Fig. 8? 
What advantage does the volt-
age-doubler circuit shown in 
Fig. 9 have over the voltage-
doubler circuit shown in Fig. 
6? 

(h) What are the advantages and 
disadvantages of the full-wave 
voltage doubler over the 
bridge-rectifier circuit? 

(e) 

(f) 

(g) 
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Filter Circuits 
The output from the rectifiers we 

discussed in the preceding section 
is not pure dc. Instead, it is pulsat-
ing dc: "direct" because it flows in 
only one direction, "pulsating" be-
cause it is varying in amplitude 
rather than flowing steadily. A 
pulsating dc voltage is a voltage that 
does not change polarity, but does 
change in amplitude. The voltage at 
the output of a half-wave rectifier 
will be zero during one half of each 
cycle and swing in a positive direc-
tion during the other half of each 
cycle. 

Looking at the half-wave circuits 
shown in Fig. 3 and 4, you can con-
sider the rectifier more or less as 
a switch. During one half-cycle the 
switch is closed so that the load is 
connected directly across the power 
line, and during the other half-cycle 
the switch is open so that no voltage 
is applied to the load. The voltage 
across the load in a half-wave rec-
tifier circuit looks like Fig. 10A. 
The first half-cycle represents the 
cycle when the switch is closed and 
the load is connected directly across 
the power line, and the second half-
cycle represents the cycle when the 
switch is open and there is no volt-
age applied across the load. We have 
shown what the voltage across the 
load will look like for four cycles in 
Fig. 10A. 

In a full-wave rectifier circuit 
such as shown in Fig. 7, you have 
two switches. During one half-cycle 
one switch closes and connects the 
load across one half of the power 
transformer secondary; then ,during 
the next half-cycle, the other switch 
closes and connects the load across 
the other half of the transformer 
secondary. 

In the bridge rectifier shown in 
Fig. 8 two rectifiers act as switches 
and close to connect the load across 
the transformer secondary during 
one half-cycle; then during the next 
half-cycle the other two switches 
close, giving the effect of turning 
the load around so that the current 
flows through it in the same direc-
tion and the voltage applied across 
the load has the same polarity. The 
output from a full-wave rectifier 
circuit will produce a voltage across 
the load that looks like Fig. 10B. 
As you can see from the wave-

forms shown in Fig. 10, the output 
taken directly from the rectifier is 
not a pure dc. There is a voltage, 
but the voltage drops to zero, builds 
up to the maximum value, and drops 
to zero again. In the half-wave cir-
cuit it remains at zero for a half-
cycle and then builds up again in a 
positive direction. In the full-wave 
rectifier circuit- the voltage builds 
up across the load during each half-
cycle. In either case, this pulsating 
voltage will cause a pulsating cur-
rent through the load which is en-
tirely unsuitable for use in elec-
tronic equipment. Fortunately, there 
are convenient methods that can be 
used to filter or smooth this voltage 
to a pure dc voltage. 

Fig. 10. Output voltage from half-wave 
and full-wave rectifier. 
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The pulsating de voltage at the 
output of the rectifier is actually a 
dc voltage with an ac voltage, called 
a ripple voltage or a hum voltage, 
superimposed on it. The circuits 
used to get rid of this ripple or hum 
voltage are called filter circuits. 
There are a number of different 
types of filter circuits found in elec-
tronic equipment; in this section we 
will cover some of the circuits more 
commonly used. 

THE SIMPLE 
CAPACITOR CIRCUIT 

One of the simplest filters is the 
single capacitor filter shown in Fig. 
11. In Fig. 11A we have shown a 
rectifier circuit using a tube and in 
Fig. 11B a rectifier circuit using a 
silicon rectifier. Notice that the cir-
cuits are practically identical --we 
simply changed the rectifying de-
vices in the two circuits. 
The simple capacitor-type filter 

A 

L 
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Fig. il.  11. A simple capacitor-type filter. 

is sometimes used in circuits where 
the current drained or taken from 
the power supply is low. If the rec-
tifier must supply high current to 
the circuit, this type of filter is gen-
erally unsatisfactory because there 
will be too much ripple or hum pres-
ent across the load. In other words, 
the simple filter is simplynot capa-
ble of eliminating all the ac or ripple 
voltage present at the output of the 
rectifier. 

Both circuits shown in Fig. 11 
work in the same way. Current flows 
through the rectifier during one half-
cycle, as in the half-wave rectifier 
circuits we studied previously. When 
terminal A is positive, electrons 
will flow from terminal B through 
the load and through the rectifier 
back to terminal A . At the same time, 
electrons will flow into the negative 
side of the capacitor and out the 
positive side and through the tube 
or silicon rectifier back toterminal 
A. The capacitor eventually will be 
charged to a value almost equal to 
the peak line voltage. This will hap-
pen when the ac line voltage reaches 
its peak value with terminal A at its 
peak positive voltage with respect to 
terminal B. 

Now, if the load on the rectifier 
circuit is light (that is, if the load 
resistor is a high resistance that 
draws very little current), as the 
ac input voltage between terminal 
A and B drops, capacitor C will be-
gin to supply the current required 
by the load. Electrons will start to 
leave the negative side of the capaci-
tor and flow through the load resis-
tor back to the positive side of the 
capacitor. They will continue doing 
this as the ac voltage drops to zero 
and remains at zero during the next 
half-cycle and starts to build up 
again in the positive direction. The 
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capacitor will continue to supply 
current to the load as long as the 
voltage across the capacitor is 
greater than the ac input voltage. 
Eventually, the input voltage will 
reach a value greater than the ca-
pacitor voltage; then we '11 get a cur-
rent flow into the capacitor and 
through the rectifier to recharge the 
capacitor. 

In Fig. 12 we have shown the ac 
input voltage. Notice that during the 
first half-cycle between points land 
2 in Fig. 12A the ac voltage is in-
creasing in a positive direction. 
Let's assume that terminal A in Fig. 
11 is becoming positive with respect 
to terminal B. This explanation ap-
plies to both of the two circuits 
shown. During this first half-cycle 
the capacitor is charging and follows 
a curve as shown from point 1 to 
point 2 in Fig. 12B. Now, as the ac 
cycle drops from point 2 to point 3 
on curve A in Fig. 12, the voltage 
drops faster than the capacitor dis-
charges. During the interval from 
point 2 to point 5 and almost to point 
6, as shown in Fig. 12A, the capaci-
tor discharges very little. The dis-
charge is shown on the curve from 
point 2 over to the number 5 on curve 
B. At this point the ac input voltage 
exceeds the capacitor volta.ge,sothe 
capacitor is recharged again. 

In circuits where the drain or 
load current is low, the capacitor 
will discharge very little between 
current pulses that recharge it so 
that the voltage acrossthe capacitor 
and hence the voltage across the load 
remain almost constant. Of course, 
as the requirements of the load in-
crease, the capacitor willdischarge 
more so that there will be more of a 
voltage drop across the capacitor 
and across the load than in circuits 
where current drain is low. 

0 2 6 10 
5 9 

1 
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Fig. 12. Voltage ‘vaveshapes for a simple 
capacitor filter. (A) Input voltage; (B) 

output voltage. 

There are several important 
points you should notice in the cir-
cuits shown in Fig. 11. Notice that 
the current does not flow during an 
entire half-cycle, but flows only 
when the line voltage exceeds the 
voltage across the capacitor. This 
may be for a very short interval if 
a load is a high resistance and draws 
very little current, or it may be for 
a sizable portion of a half-cycle if 
the current is a low resistance and 
draws a high current from the power 
supply. However, since the current 
flows through the rectifier in pulses, 
then the current pulse through the 
rectifier must be many times the 
average dc current flowing through 
the load. This is because the pulse 
or current that flows through the 
rectifier during the interval in which 
the rectifier is conducting must sup-
ply enough current to the capacitor 
to charge the capacitor and makeup 
for the current it is going to supply 
for the remainder of the cycle. 
When the rectifier is not conduc-

ting it is because the voltage across 
it is what we call a reverse voltage. 
In other words, it has a polarity op-
posite from that which the rectifier 
needs to conduct. In the case of the 
vacuum tube circuit this means that 
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the plate of the tube is negative with 
respect to the cathode; in the case 
of the silicon rectifier, that there 
is a reverse bias across the junc-
tion. 

One of the important character-
istics of a rectifier is the maximum 
peak reverse voltage that can be 
placed across the rectifier before it 
breaks down. In the circuit shown in 
Fig. 11 the capacitor will be charged 
as shown and the charge can equal 
the peak line voltage. During the 
next half-cycle, when the polarity 
of the input voltage reverses, ter-
minal A will be negative and termi-
nal B will be positive. When this 
voltage reaches its peak, the peak 
reverse voltage across the rectifier 
will be equal to twice the peak line 
voltage. The rectifier must be able 
to withstand this voltage without 
breaking down. This important char-
acteristic, by which rectifiers are 
rated, is usually referred to as 
"PRV" (peak reverse voltage), al-
though it may also be called "PIV" 
(peak inverse voltage). The two are 
simply the maximum reverse or in-
verse voltages that can be applied 
across the rectifier without its 
breaking down. In circuits such as 
those shown in Fig. 11, the PIV 
should be considerably higher than 
twice the peak line voltage in order 
to allow a reasonable safety factor. 

As we mentioned previously, the 
simple capacitor-type filter shown 
in Fig. 11 is usable only where a 
small current is required by the 
load. If the current required is 
small, the output capacitor can be 
made large enough so that it dis-
charges very little between pulses. 
If the current required by the load 
is high, on the other hand, then the 
capacitor will discharge appreciably 
between charging pulses, resulting 
in a varying voltage applied to the 
load. This is essentially the same 
as applying dc mixed with ac to the 
load. Additional filtering is required 
in applications of this type in order 
to eliminate ac so that we will have 
pure de across the load. 

AN R-C FILTER 

An improved filter, which is often 
called a pi filter because it looks 
like the Greek letter pi (Tr), is shown 
in Fig. 13. You will notice that this 
filter consists of two capacitors ,Cl 
and C2, and a filter resistor, Rl. 
The operation of the half-wave 

rectifier and capacitor Cl, which is 
called the input filter capacitor, is 
the same as in the simple capacitor 
filter shown in Fig.11.The rectifier 
tube passes current pulses to charge 
capacitor Cl with the polarity indi-
cated on the diagram. However, if the 

Fig. 1:3. An R-C pi-type filter. 
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load resistance RL is low enough to 
draw appreciable current from the 
supply, then the voltage across Cl 
will discharge appreciably during 
the portion of the cycle when the 
rectifier tube is not conducting. 
Thus, we have dc with an ac super-
imposed on it across Cl. 
Now, to see the action of R1 and 

C2, let us first consider how the ca-
pacitor C2 reacts to ac and to dc. 
Remember that a capacitor is a de-
vice that will not pass dc -- it can 
be charged so that a de voltage will 
exist across it, but applying de to 
the plates of the capacitor will not 
cause a current to flow through it. 
Although electrons cannot cross 
through the dielectric of a capaci-
tor, however, applying ac to the di-
electric of a capacitor yields the 
effect of a current flowing through 
it. This is due to the fact that elec-
trons will flow first into one plate 
and then into the other as the po-
larity of the ac voltage reverses. 
You will remember from your 

study of capacitors that a capacitor 
offers what is called capacitive re-
actance (or opposition) to the flow 
of ac through it. The exact react-
ance that any capacitor will offer 
to the flow of ac through it is given 
by the formula: 

1  
Xc = 

6.28 xf 

You can see from this formula 
that the larger the value of the ca-
pacitor, the lower the capacitive re-
actance will be to an ac voltage of 
a particular frequency. In Fig. 14A 
we have shown how the filter con-
sisting of R1 and C2 reacts to de; 
in Fig. 14B, we have shown how it 
reacts to ac. 
As you know, a "perfect" capaci-

tor will not pass de -- although no 
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Fig. 14. Equivalent circuits showing the 
reaction of an R-C filter to de at A, and 

to ac at II. 

capacitor is really perfect because 
there will always be a small dc cur-
rent (called a leakage current). In 
other words, the capacitor offers a 
very high resistance to dc, so we 
have shown it as resistor Re 2. MOSt 
of the de voltage applied to the input 
of this filter network will appear 
across the capacitor, and there will 
be very little de dropped across the 
resistor Rl. The exact drop across 
this resistor will depend upon the 
size of the resistor and the current 
drawn by the load. 
Now look at Fig. 14B which shows 

the reaction of the circuit to an ac 

voltage. The capacitor has a very 
low reactance to ac, so most of the 
ac voltage will be dropped across 
R1, because the resistance of R1 is 
much higher than the reactance (X) 
of C2. R1 and C2 act as a voltage 
divider network with most of the ac 
being dropped across R1 because 
its resistance is much higher than 
the reactance of C2. 
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There is another way of looking 
at this type of power supply which 
may help you see exactly what is 
happening in the circuit. Refer back 
to Fig. 13; the explanation applies 
to the circuit using the vacuum tube 
rectifier shown at A and to the one 
using the silicon rectifier shown at 
B. 
When terminal A is positive with 

respect to terminal B, the diode will 
conduct and current can flow through 
the diode and through the load.Dur-
ing this part of the cycle electrons 
will flow into the plates of Cl and 
C2 marked with a minus sign. At 
the same time electrons will flow 
out of the other plate of both ca-
pacitors. Electrons leaving the posi-
tive side of Cl will flow directly 
through the diode being attracted by 
the positive voltage at terminal A. 
Because the resistance of the recti-
fier is low, Cl can charge up to a 
value almost equal to the peak ac 
voltage. However, the electrons 
leaving the positive side of C2 must 
flow through the filter resistor Rl. 
Thus, capacitor C2 cannot charge to 
as high a voltage as capacitor Cl. 
When the ac input voltage drops 

so that the diode no longer conducts, 
capacitors C2 and Cl begin supply-
ing the power required by the load. 
However, capacitor Cl is charged 
to a higher voltage than capacitor 
C2. Hence, capacitor Cl begins sup-
plying power to the load and also 

tries to charge capacitor C2. Since 
electrons flowing from the negative 
side of Cl to the positive side must 
flow through filter resistor R1, the 
attempt of these electrons to charge 
C2 and flow through the load resis-
tor will be somewhat restricted by 
Rl. The net effect is that the resis-
tor R1 prevents C2 from charging 
to as high a peak voltage as it would 

if R1 were not on the circuit. Be-
cause Cl charges to a higher volt-
age than C2, and while discharging 
tends to charge C2, the voltage 
across C2 is more nearly constant 
than the voltage across Cl. 

AN L-C FILTER 

The disadvantage of the resistor-
capacitor type of filter shown in Fig. 
13 soon becomes apparent if you con-
sider the size of the resistor and 
capacitor needed to obtain effective 
filtering and also the effect that the 
high value of resistance in the cir-
cuit has on the dc voltage present. 

Consider Fig. 13 again for a min-
ute. Suppose that the ac component 
of the pulsating dc across Cl is 10 
volts and that the maximum ac com-
ponent that can be applied to the load 
is only 1 volt. This means that the 
filter network consisting of R1 and 
C2 must produce a 9-to-i voltage 
division. In other words, of the 10 
volts ac appearing across Cl we 
must drop 9 volts across R1 and 1 
volt across C2. This means that the 
resistance of R1 must be about 9 or 
10 times the reactance of C2. 
A 25-rxifd capacitor (which is 

fairly large, particularly if it must 
be built to withstand high voltages), 
has a reactance of about 100 ohms 
at a frequency of 60 cycles. If we 
used such a capacitor for C2, then 
the resistance of R1 would have to 
be 10 times its reactance, or about 
1000 ohms. If the current drawn by 
the load is 100 milliamperes, then 
the voltage drop across R1 due tothe 
load current flowing through it will 
be 1000 ohms times .lamp (100 ma), 
or 100 volts. This means that we will 
be losing 100 volts of our dc voltage 
across Rl. Furthermore, the power 
being wasted by this resistor will be 
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Li 

Fig. 15..%n L-C filter. 

equal to the voltage across it times 
the current flowing through it, which 
is 100 X .1, or 10 watts.You can see 
that we have an appreciable voltage 
drop and a sizable amount of power 
wasted by this resistor. 

In some cases the current drawn 
through the filter resistor is not so 
high that the voltage drop across the 
resistor cannot be tolerated. Thus 
you will see this type of filter used 
in equipment when the current taken 
from the power supply is moderate. 
In equipment when the current drawn 
is high, a different type of filter is 
used. Such a filter is shown in Fig. 
15. Notice that this circuit is iden-
tical to Fig. 13, except that we have 
substituted an iron-core choke for 
Rl. The action of this filter network 
is quite similar to that of the filter 
network shown in Fig.13.Again,ca-
pacitor Cl is charged by the recti-
fier and because there is no resist-
ance in the circuit other than the 
rectifier resistance, it charges to a 
fairly high value. Just as before, 
however, the voltage across it will 
be pulsating (the equivalent of de 
with ac superimposed on it). 
Now consider the reaction of the 

choke to ac and de.Youwill remem-
ber that a choke has inductance,and 
an inductance offers reactance to 
the flow of ac through it.At the same 

Lj 

time the only opposition that the 
choke will offer to the flow of de 
through it is due to the resistance of 
the wire used to wind the coil. By 
using a large size wire, this resist-
ance can be kept quite low. The choke 
may have a dc resistance of 100 ohms 
or less and at the same time have a 
reactance of several thousand ohms 
to the 60-cycle ac applied to it. 
The reaction of the L-C filter to 

dc is shown in Fig. 16A, and the re-
action to ac is shown in Fig. 16B. 
In 16A we see that as far as the de 
is concerned, the choke acts as a 
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Fig. 16. Equivalent circuit showing the 
reaction of an L-C filter to de at A, and 

to ac at B. 
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low resistance while the capacitor 
acts as a very high resistance. Thus , 
we have practically all of our dc volt-
age appearing across the capacitor 
and very little of it being lost across 
the choke. However, as shown in 
16B, the choke acts as a high resist-
ance to the ac while the capacitor 
acts as a low resistance. Thus, most 
of the ac voltage will appear across 
the choke and very little of it will 
appear across the capacitor. 
There is another way of looking 

at the action of the L-C filter. We 
can consider the charging of the ca-
pacitors and the opposition offered 
by the choke more or less in the 
same way as we considered the 
action of the R-C filter in Fig. 13. 
During the first half-cycle, when 
terminal A of either rectifier cir-
cuit is positive and terminal B is 
negative, the rectifier will conduct. 
Electrons will flow from terminal 
B into the sides of Cland C2 marked 
with a minus sign. These electrons 
will force electrons out of the posi-
tive side of Cl and they will flow 
through the rectifier with little or 
no opposition. However, the elec-
trons leaving the positive side of 
C2 will encounter opposition in the 
choke. This is because atthe instant 
when the electrons first try to get 
through the choke there is no mag-
netic field built up in the choke.You 
will remember that a choke is a de-
vice that opposes any change in cur-
rent flowing through it. Therefore, 
the choke tries to keepthe electrons 
leaving the positive side of C2 from 
flowing through it. Eventually this 
opposition offered by the choke is 
overcome, a magnetic field is built 
up in the choke, and some of the 
electrons can flow through the choke 
and capacitor C2 will be charged. 
However, the voltage to which C2 is 

charged will not be as high as the 
voltage to which Cl is charged be-
cause of the opposition of the choke. 
When the ac input voltage drops 

below the voltage to which Cl is 
charged, the rectifier will no longer 
conduct and no current can flow 
through it. Now Cl and C2 and choke 
Li must supply the current needed 
by the load. C2 does this by attempt-
ing to discharge. Cl also tries to 
discharge to charge C2 and to supply 
part of the current required by the 
load. At the same time there is a 
magnetic field built up in the choke 
Li which does not collapse instantly 
but instead tries to keep current 
flowing in the direction it was flow-
ing when the rectifier was conduct-
ing. It too helps to maintain the cur-
rent flow through the load RL. Thus 
In this type of filter we have energy 
stored in three places: the capaci-
tors Cl and C2 (as we did inthe cir-
cuit in Fig. 13), and in the magnetic 
field of choke Ll. 

In the circuits shown in Fig. 15, 
the rectifier tube in Fig. 15A offers 
a certain amount of resistance to the 
flow of current through it. In addi-
tion, the rectifier tube has a cathode 
which must be heated by a heater. 
It takes some time for the cathode 
to come up to operating temperature ; 
when a tube first starts conducting, 
the cathode is below normal opera-
ting temperature, and the tube offers 
a higher resistance to the flow of 
current through it than it does when 
the tube reaches its full operating 
temperature. Thus when the power 
supply is first turned on and the tube 
reaches a temperature at which the 
cathode begins toemit electrons ,the 
tube offers considerable resistance 
to the flow of current through it. This 
limits the charging current through 
the tube that charges the input filter 
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capacitor Cl. In a matter of a few 
seconds capacitor Cl is chargedand 
from then on the current that must 
flow through the tube is within the 
tube 's capabilities. 

In the circuit shown in Fig. 15B, 
however, the silicon rectifier does 
not have a cathode which must be 
heated -- as soon as the power is 
turned on the rectifier begins to con-
duct to charge the input capacitor 
Cl. If you turn the equipment on at 
the peak of the ac cycle there will 
be a very high voltage immediately 
impressed across Cl and a very 
high current will flow through the 
rectifier. As a matter of fact, the 
current might be so high that it could 
burn out the rectifier. Even if the 
power is turned on when the ac volt-
age is at zero, a high current will 
flow through the diode to charge Cl 
as the voltage rises to a peak value 
with terminal A positive with respect 
to terminal B. If Cl is large enough, 
this could burn out the rectifier. 

This problem of excessively high 
charging current can be overcome 
with the circuit shown in Fig. 17. 
Here a resistor is connected in 
series with the silicon rectifier to 
limit the current flow. In some 
equipment, this resistor is a fairly 
low resistance, fixed-value resis-
tor. In other applications, the re-
sistor may be a thermistor. You will 
remember that a thermistor is a re-
sistor with a negative temperature 
coefficient. This means that the re-
sistance of the thermistor decreases 
as its temperature increases. 
With a thermistor for the resis-

tor R1 shown in the circuit in Fig. 
17, the thermistor will offer a fairly 
high resistance to current flow when 
the equipment is first turned on. This 
will limit the charging current that 
flows through the diode to charge Cl 

to a reasonable value. As the current 
flowing to the thermistor heats the 
thermistor and its resistance goes 
down, the charge across capacitor 
Cl will build up slowly so that the 
diode current never reaches an ex-
cessively high value. By the time 
the capacitor is fully charged, the 
thermistor temperature will have 
increased to a point where the re-
sistance of the thermistor has 
dropped to a low value so that the 
thermistor has very little effect on 
the overall operation of the circuit. 

L 
R 

Fig. 17. Power supply with series-limiting 
resistor. 

If you have to service a power 
supply of this type (where a resistor 
or a thermistor is used in the cir-
cuit in series with a silicon recti-
fier) and you find that the resistor 
or thermistor is opened, do not 
simply short the resistor or ther-
mistor out of the circuit. If you do 
the chances are that the diode will 
burn out either the first time that 
you turn the equipment on or shortly 
thereafter. 

The rectifier tubes used in low 
power equipment such as radio and 
television receivers are high vacu-
um rectifier tubes. However, in 
transmitters and in industrial appli-
cations where high voltages are in-
volved you will often run into mer-
cury-vapor rectifier tubes. Tubes 
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of this type cannot be subjected to 
high peak currents through them 
without damaging the tube. A mer-
cury-vapor rectifier tube in the cir-
cuit such as shown in Fig. 15A lasts 
only a short time. We can keep the 
peak current through the tube down 
to a safe value by using a somewhat 
different filter circuit known as a 
choke-input filter. 

CHORE-INPUT FILTERS 

The filter circuits shown in Figs. 
15 and 17 are called capacitor-input 
filters because the rectifier is con-
nected directly to the input filter ca-
pacitor. A choke-input filter such as 
those frequently used with a mer-
cury-vapor rectifier tube is shown 
in Fig. 18. Here, the rectifier tube 
is connected to a filter choke rather 
than a capacitor. Power supplies of 
this type will be found in radio and 
television transmitters and in indus-
trial applications where compara-
tively high voltages are encountered. 

It is easy to see how this type of 
filter works when we remember that 
the pulsating dc at the output of the 
rectifier tube is actually de with ac 
superimposed on it. The choke offers 
little or no opposition to the flow of 
dc through it. On the other hand,the 
choke «fers a high reactance to the 
flow of ac through it and at the same 
time the capacitor offers a low re-
actance to the ac across it. Thus the 
choke and the capacitor forma volt-

o  

C1 >RL 

o -

Fig. 18. A choke-input filter. 

age divider network for the ac, so 
that most of the ac is dropped across 
the filter choke and very little of it 
appears across the load. 
A more elaborate filter network is 

the two-section filter shown in Fig. 
19. Again, it is a choke-input filter 
because the first element in the fil-
ter network is a choke. This type of 
filter network is frequently used in 
power supplies of radio and TV 
transmitters and of industrial elec-
tronic equipment where mercury-
vapor rectifier tubes are used. 
The choke-input filter has several 

advantages over the capacitor-input 
filter, even though the voltage ob-
tained at the output of a choke-input 
filter is not quite as high as it is at 
the output of equivalent capacitor-
input filters. In other words, if you 
feed the same pulsating de into a 
choke-input filter you will not obtain 
as high an output voltage for a given 
load as you can with a capacitor-
input filter. However, this type of 
filter has better voltage regulation 
than a capacitor-input filter. The 
voltage regulation of a power supply 
is the ratio of the full-load voltage 
to the no-load voltage. With a choke-
input filter there is not as great a 
variation between the no-load and the 
full-load voltages as there is in the 
capacitor-input filter. 
Another big advantage of the 

choke-input filter is that the peak 
current passed by the rectifier tube 
is held to a reasonable value. In a 
choke-input filter, the choke offers 
considerable reactance to any 
change in current flow through it. 
Thus, when the rectifier tube tries 
to conduct current heavily to charge 
Cl in Fig. 19, the input-filter choke 
Li offers considerable reactance or 
opposition to the change in current 
flow through it. It tends to smooth 
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Fig. 19. A two-section choke-input filter. 

out the pulses of current through the 

rectifier tube. The current pulse 
flowing through the rectifier tube 
flows for a slightly longer time than 
it would flow with an equivalent ca-
pacitor-input type of filter, and the 
peak amplitude of the current flow-
ing through the rectifier tube is not 
as high as it would be with the ca-
pacitor input filter. This is a big 
advantage in a power supply using 
mercury-vapor rectifier tubes, be-
cause they can easily be destroyed 
by excessively high current pulses 
through them. 

The filter network shown in Fig. 
19 is quite effective in eliminating 
hum. Consider what would happen 
if the output of the rectifier had an 
ac voltage of 100 volts superimposed 
on the dc. If the two sections of the 
filter network are designed so that 
each choke has a reactance about 10 
times as high as the reactance of the 
capacitors, each section will have 
approximately a 10-to-1 ripple volt-

age division; thus if there are 100 
volts ac at the output of the rectifier, 
Li and Cl will divide this voltage so 
that there will be only 10 volts ap-
pearing across Cl. Now L2 and C2 
act as a voltage divider networkand 
divide this 10 volts further, so that 
the voltage across C2 would be only 
1 volt. Thus, the two-section filter 
has reduced the ac hum or ripple 
voltage at the rectifier output from 
100 volts to 1 volt. 

The input filter choke, which is Li 
in Fig. 19, is often a swingingchoke. 
A swinging choke is designed so that 
it saturates rather easily and thus 
its inductance will vary appreciably 
as the current through the choke 
changes. When the current through 
the choke becomes high, the induc-
tance and hence the inductive re-
actance of the choke decrease, but 
when the current through the choke 
is low, the inductance and hence the 
inductive reactance increase. Thus 
we have in effect a variable react-
ance between the rectifier tube and 
the input-filter capacitor; this vari-
able reactance helps to improve 
voltage regulation at the power sup-
ply output. This type of choke is 
particularly useful in circuits where 
the load current goes through wide 
variations. If the load current goes 
down, the reactance of the choke in-
creases. The increased reactance 
limits the charging action of the rec-
tifier tube and keeps the output volt-
age from rising appreciably. On the 
other hand, if the load current in-
creases, the reactance of the choke 
decreases, allowing the rectifier to 
charge Cl to a higher value so the 
capacitor can supply the increased 
current demand. 

FACTORS AFFECTING 
THE OUTPUT VOLTAGE 

In any filter network containing a 
filter choke or a filter resistor, the 
dc current flowing through the load 
must also flow through the filter 
choke or filter resistor. Thus,there 
will be a voltage drop across this 
choke or resistor; the exact value 
of the voltage drop will depend upon 
the dc resistance and the current 
flowing. We already pointed out that 
if a 1000-ohm filter resistor is used 
in the circuit and the current that is 
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flowing is 100 milliamperes, the 
voltage drop across the filter resis-
tor will be 100 volts. On the other 
hand, if a filter choke having a de 
l'sistance of 100 ohms is used, a 
current of 100 milliamperes will 
produce a voltage drop of only 10 
volts across it. 

If the current drawn by the load 
changes, the output voltage at the 
output of the filter network will 
change. You can see why this is so--
the current must flow through the 
filter resistor or filter choke. If the 
current flowing through the choke or 
resistor changes, the voltage drop 
across it will change, and hence the 
voltage at the output of the power 
supply will have some tendency to 
change. 
The output voltage is also affected 

by the size of the filter capacitors 
used. If the filter capacitors used are 
small, then the rectifier is unable 
to keep them completely charged; if 
the filter capacitors are large, once 
the rectifier gets them charged, they 
will stay charged to a voltage near 
the peak ac voltage being applied to 
the rectifier tube. 
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Fig. 20. how the size of the input ca-
pacitor of a filter affects the output volt-
age for different values of load current. 

Of course, it is difficult to say 
whether a filter capacitor is large 
or small. Whether or not it is large 
for the particular circuit depends 
upon how much current is being 
drawn from the circuit. If the cur-
rent drain is low, then a capacitor 
of 10 or 20-mfd will usually be suffi-
cient to keep the power supply output 
voltage at or near the peak value of 
the ac voltage applied to the rectifier 
tube. However, if the current drain 
from the power supply is large, then 
the voltage across the power supply 
output will be considerably less than 
the peak ac value if the capacitors 
used are 10-mfd or 20-mfd capaci-
tors. 
To give you some idea of how the 

size of the input filter capacitor af-
fects the output voltage, we have 
shown a graph in Fig. 20. The graph 
is for a full-wave rectifier. It shows 
how the output voltage varies with 
different load currents for both 4-
mfd and 8-mfd capacitors. We have 
shown this for three separate input 
voltages. Notice that in each case 
when the current drain is low, the 
output voltage is substantially above 
the rms input voltage applied to the 
rectifier. Remember, of course , that 
the peak va lue of a 300-volt rms volt-
age is actually 1.4 times 300 volts. 

Fig. 21 shows a comparison be-
tween a choke-input and capacitor-
input type of filter. Notice that with 
a capacitor input the output voltage 
at low loads is substantially higher 
than it is for a choke input. However, 
as the load is increased, the output 
voltage from a capacitor-input type 
of filter drops rapidly. The output 
voltage from the choke-input type 
filter also drops as the load is in-
creased, but it does not drop nearly 
as rapidly as it does with a capaci-
tor-input type of filter. 
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Fig. 21. How the output voltage of a fil-
ter network varies for different values of 
load currents and input voltages. The 
solid curves are for a capacitor-input 
filter; the dashed curves for a choke-input 

lute r. 

SUMMARY 

In this section we have covered 
some of the more important types 
of filter networks you are likely to 
encounter in your career as an elec-
tronics technician. You have seen 
that these networks vary from com-
paratively simple filters consisting 
only of a capacitor up to networks 
containing two chokes and two filter 
capacitors. 

Simpler types of filter networks 
can be used where the current drain 
is low and where the filtering does 
not have to be very good. The more 
elaborate filters are used in power 
supplies having a high current drain 
and in cases where good filtering is 
required to supply pure de at the 
power supply output. 
The circuits in this section of the 

lesson are shown with a half-wave 

(m) 

(k) 

rectifier. The same filter circuits 
are also used with full-wave recti-
fiers. 

Study the circuits shown in this 
section. You should be familiar with 
each of these circuits. You might 
try drawing these circuits several 
times to get familiar with the cir-
cuit arrangement. Copy them from 
the book the first few times you try 
drawing them and then try to repro-
duce the circuit from memory. This 
will help you remember what the cir-
cuits look like, and if you can re-
member what they look like, the 
chances are that you'll be able to 
remember how they work. 

SELF-TEST QUESTIONS 

(i) To what value may the input 
filter capacitor charge in a 
simple capacitor filter such as 
shown in Fig. 11? 

) In what type of application may 
a simple capacitor-type filter 
(such as shown in Fig. 11) be 
used? 
What advantage does an R-C 
pi-type filter (such as shown 
in Fig.13)have over the simple 
capacitor-type filter shown in 
Fig. 11? 

(1) What is the disadvantage of the 
R-C pi-type filter, and how 
can this disadvantage be over-
come? 
What is the purpose of the re-
sistor R1 in the power supply 
shown in Fig. 17? 

(n) Why are choke-input filters 
used with mercury-vapor rec-
tifier tubes? 

(o) What advantage does a choke-
input filter have over a ca-
pacitor-input filter ? 

(p) What is a swinging choke? 
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Typical Power Supplies 
The two main sections of the power 

supply are the rectifier and the filter 
section. Now that we have discussed 
both these sections, let's examine 
some typical power supplies and see 
what they look like. First we 'il look 
at some power supplies using tube-
type rectifiers which might be found 
in equipment using vacuum tubes. 
Remember that in these circuits the 
rectifier operates in the same way 
as a selenium or silicon rectifier 
would operate. Insofar as the recti-
fication action is concerned, it 
makes little difference whether 
a tube, a selenium rectifier, or a 
silicon rectifier is used. In the cir-
cuits where tubes are used, we will 
in some cases show how the tube 
heaters are connected. After look-
ing at a few tube circuits we will 
look at some typical power supplies 
using silicon rectifiers and then at 
a more complex regulated supply. 

UNIVERSAL AC-DC 
POWER SUPPLIES 

The universal ac-dc power supply 
is so called because it can be op-
erated from either an ac or a de 
power line. When these power sup-
plies were first used in radio re-
ceivers, manufacturers played this 
feature up, but actually this type 
of power supply is used to keep costs 
at a minimum. 
The circuit of an ac-dc power sup-

ply for a 5-tube radio receiver is 
shown in Fig. 22. This supply not 
only supplies the de voltages re-
quired by the plates and screens of 
the tubes in the receiver but also 
contains the heater supply for the 
heaters of the various tubes. First, 
let us look at the heater supply. No-

tice that the heaters of the various 
tubes are connected in series and 
that they are operated on ac. In this 
type of power supply youwill always 
find that the heater of the rectifier 
tube, in this case a 35W4 tube, is 
connected directly to one side of the 
power line. The heater of this par-
ticular tube is tapped, and a pilot 
light is connected in parallel with 
one part of the heater. The pilot 
light will light when the set is turned 
on. The tube is designed to be op-
erated with the pilot light connected 
in parallel with part of the heater, 
so if in servicing a receiver using 
a tube with a pilot light tap you should 
find that the pilot light is burned out, 
it is a good idea to replace itto keep 
the heater current in the rectifier 
tube within its rated value. 

Next to the 35W4 rectifier tube in 
the heater circuit (or heater string, 
as it is usually called) you will al-
ways find the high-voltage power 
output tube. By a high-voltage tube 
we mean a tube that requires a high 
heater voltage. In the diagram we 
have shown, the tube is a 50B5 tube. 
As the 50 suggests, a heater voltage 
of 50 volts is required to operate 
the tube. 

5H 
35W4 B+ 

115-120 
VOLTS 
AC/DC 

30 
MFD 

, 
50 

_ MFD 

. 
_ 

B-

5085 I2BA6 I2BE6 I2AT6 

SWITCH 

Fig. 22. A typical ac-dc power supply. 
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Next to the output tube you will 
usually find the i-f tube. In this dia-
gram, the i-f tube is a 12BA6 tube. 
It is a tube with a 12.6-volt heater. 

Next to the i-f tube you will find 
the converter tube. The 12BE6 tube 
is a converter tube designed so that 
the single tube performs two tasks: 
one part of the tube is the oscillator 
and the other part is the mixer. 
The last tube in the heater string 

is always the first audiotube.Inthis 
circuit it is a 12AT6 tube. This tube 
is placed at the end of the heater 
string nearest B- to keep hum at a 
minimum, because hum picked up in 
the first audio tube willbe amplified 
by the entire audio system and could 
be objectionable. The 12AT6 tube is 
a dual-diode-triode tube: it has two 
diodes and a triode inside the same 
glass envelope. As the 12 preceding 
the type designation suggests, the 
tube requires a heater voltage of 
about 12 volts--to be exact, 12.6 
volts. 
Now if we examine the rectifier 

circuit you will see that the plate is 
connected to a center tap on the rec-
tifier heater. This means that the B 
supply current flowing through the 
plate of the tube must flow either 
through part of the rectifier heater 
or through the pilot light backto one 
side of the power line. The purpose 
of connecting the plate this way is to 
provide some protection lathe event 
of a short in the receiver.lf there is 
a short in the receiver,the rectifier 
tube will begin passing excessive 
current. If this current becomes too 
high, the pilot light and half the rec-
tifier heater will burn out, opening 
the circuit and protecting the re-
ceiver and the house wiring. 
The rest of the power supply is 

similar to the circuit you studied 
already. The filter network consists 

of a capacitor-input filter; the input 
filter capacitor is the 30-mfd ca-
pacitor, and the output filter capaci-
tor is the 50-mfd capacitor. Usually 
these two capacitors are in a single 
container that has only three leads 
brought out from it. Since the nega-
tive leads are both connected to B-, 
a common negative lead and two 
separate positive leads are usually 
used. The capacitor is usually a 
tubular type of capacitor with a paper 
cover impregnated with wax. The ca-
pacitor is mounted on the receiver 
chassis by means of a mounting 
strap, or in a receiver with a printed 
circuit board, the leads are soldered 
directly to the circuit board. Often 
this is the only kind of mechanical 
mounting used. 

Capacitors in this type of receiver 
are usually rated at 150 volts. The 
normal output voltage of this type of 
power supply under load is usually 
somewhere between 90 and 105 volts. 
Not all universal ac-dc power sup-

plies use a filter choke. In the cir-
cuit shown in Fig. 22, the plates and 
screens of all of the tubes are op-
erated from the B+ output of this 
power supply. However, sometimes 
you will find a filter resistor used 
in the power supply in place of the 
filter choke. When this is done, the 
plate of the output tube is usually 
connected directly to the cathode of 
the rectifier tube so that the current 
drawn by the output tube plate will 
not flow through the filter resistor. 
This tube usually draws more cur-
rent than all the other tubes in the 
receiver combined. 
The output tube is normally a beam 

tube or a pentode tube, and the plate 
current depends very little on plate 
voltage. Therefore if there is some 
hum voltage applied to the plate of 
the tube, it usually does not cause 
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any plate current variation and hence 
is not heard as hum in the output 
from the loudspeaker. The screen 
voltage for the output tube and the 
plate and screen voltages for the re-
maining tubes are obtained at the 
output of the power supply where the 
additional filtering obtained from the 
filter resistor and the output filter 
capacitor will reduce the ripple from 
the rectifier to a low value. 

In some of the later table-model 
radio receivers only four tubes are 
used; a selenium rectifier or a sili-
con rectifier is used in place of a 
rectifier tube because either of these 
has a considerably longer life. In re-
ceivers of this type, tubes with 
higher heater voltage requirements 
are often used, so that the sum of the 
heater voltages required by the four 
tubes adds up to about 120 volts. If 
the heater voltage required by the 
tubes is less than the line voltage, a 
voltage-dropping resistor can be 
placed in series with the heaters to 
use up the leftover voltage. This will 
cause the total voltage drop across 
the series-dropping resistor and the 
tubes to be equal to the line voltage, 
thus allowing each of the tubes to 
have its required heater voltage. 

Cf course, in any heater string 
where tube heaters are connected in 
series, all the tubes must have the 
same heater current rating. Tubes 
designed for this type of service 
have what is called a controlled 
warm-up. This means that the tube 
heaters are made so that they all 
reach operating temperature at the 
same time. This prevents one tube 
from warming up too quickly and 
from having too high a voltage across 
its heater. 
The voltage across the tube heater 

will depend upon its resistance, 
which changes with temperature.As 

long as all the tubes warm up at the 

same rate, their resistances change 
at the same rate. In this way, a high 
voltage across any of the tubes is 
avoided. 

Before leaving our study of this 
type of power supply, it is worth-
while to consider what will happen 
if a tube such as the 12BA6 tube in 
Fig. 22 develops a cathode-to-heater 
shortage. The cathode will usually 
be connected either to B- directly 
or to B- through a low-value resis-
tor; this will effectively short out 
the heaters of the 12BE6 and 12AT6 
tubes and, as a result, these tubes 
will not light. 

If you're called upon to service 
a receiver of this type and you find 
that one or more of the tubes is not 
heating, lookfor a cathode-to-heater 
short in either the tube which doesn't 
light that is highest up on the string, 
or the tube preceding it. If none of 
the tubes lights this is an indication, 
since the tubes are connected in 
series, that the series string is open 
-- chances are that the heater of one 
of the tubes has burned out. 

A TYPICAL FULL-WAVE 
POWER SUPPLY 

Fig. 23 illustrates a typical power 
supply using a power transformer 
and full-wave rectifier. This type is 
found in many radio and TV re-
ceivers and transmitting equipment, 
as well as in the equipment used in 
industrial electronics. 

Notice that the power transformer 
has a primary winding to which the 
115-volt ac power line is connected; 
a high-voltage secondary with its 
center tap grounded, and the two end 
leads connected to the plates of the 
rectifier tube; and the two filament 
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Fig. 23. A typical power supply using a 
transformer and full-wave rectifier. 

windings. One filament winding is 
used to supply the heater voltage 
required by the rectifier tube, and 
one filament winding is used to sup-
ply the heater voltage for all the 
other tubes in the set. 

In this power supply we have shown 
a 5U4G rectifier tube, which re-
quires a heater voltage of 5 volts and 
a heater current of 3 amps. Thus 
the rectifier filament winding on the 
transformer must be capable of sup-
plying 5 volts at a current of 3 am-
peres. 
The winding marked filament 

number two is used to supply the 
heater voltage required by all the 
other tubes in the set. You will no-
tice that this winding is called the 
filament winding, not the heater 
winding. This is a carry-over from 
the old days of radio when most of 
the tubes were filament-type tubes 
and few had a separate cathode and 
heater. 

In an electronic device using this 
type of power supply, the heaters of 
the tubes (with the exception of the 
rectifier tube) are connected in 
parallel. Since the tubes are con-
nected in parallel, you will find that 
all of the tubes are designed to op-
erate from the same heater voltage. 
In most cases equipment using this 
type of power supply has tubes with 

heater voltage ratings of 6.3 volts. 
The filament winding must be capa-
ble of supplying the heater current 
required by all of the tubes. The 
tubes may require different heater 
currents since they are connected 
in parallel. You can determine the 
total current the winding must sup-
ply by looking up the heater current 
required by the individual tubes in a 
tube manual and addin g the se figures 
together. 
Again, the filter network used in 

this power supply is a capacitor-in-
put type. Notice that the capacitors 
have a lower capacity than those used 
in the circuit shown in Fig. 22. It is 
not as necessary to use large capaci-
tors in a full-wave rectifier type of 
power supply as it is in a half-wave 
rectifier to obtain the same amount 
of filtering. Cf course, in some 
power supplies in which it is essen-
tial to keep the hum voltage very low, 
you will find larger filter capacitors. 
You may also find a two-section fil-
ter using an additional choke and a 
third filter capacitor. 

In a power supply such as the one 
shown in Fig. 23, the twocapacitors 
will probably be mounted in a single 
container. If a cardboard tubular 
type is used, one common negative 
lead and two separate positive leads 
will be brought out of the container. 
The same color leads will probably 
be used for the two positive sections 
since they both have the same ca-
pacity. In some pieces of equipment 
a metal can-type capacitor might 

be used -- with this type the can is 
usually the negative terminal. 
Mounting the capacitor on the metal 
chassis automatically makes the 
connection between the negat ive ter-
minal and the chassis. The positive 
leads are brought out of two sepa-
rate terminals. 
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DUAL-VOLTAGE 
POWER SUPPLIES 

A diagram of a typical dual-volt-
age power supply is shown in Fig. 
24. This diagram is actually quite 
similar to the diagram of circuits 
used in a modern color-TV receiver. 
Notice that a voltage that is nega-
tive with respect to ground is de-
veloped by the diode D1 and its as-
sociated circuitry. Diodes D2 and 
D3 are used in a half-wave voltage 
doubler circuit. 

In this circuit when terminal A is 
negative with respect to terminal B, 
current flows from A through Rland 
Dl to charge capacitor Cl.A simple 
pi-type R-C filter is used in this 
section of the power supply because 
the current requirements are low 
and there will be very little voltage 
drop across R2. At the same time 
with the two capacitors, small value 
capacitors can be used and adequate 
filtering obtained. 
When terminal A is negative , cur-
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rent also flows through the ther-
mistor R3 through R4 and into the 
negative plate of capacitor C3. Elec-
trons flow out of the positive plate 
through the diode D2 back to termi-
nal B of the power line. When ter-
minal A of the power line is positive 
and terminal B is negative the volt-
age will be placed in series with the 
voltage built up across C3, so that 
capacitor C4 is charged to a value 
approaching twice the peak line volt-
age through diode D3. This provides 
an output voltage which is positive 
with respect to ground and approxi-
mately equal to twice the ac line 
voltage. 
The thermistor R3 is put in the 

circuit to prevent high current 
surges through the silicon diodes D2 
and D3 when the equipment is first 
turned on. R4 is used in the circuit 
to provide further protection. If the 
equipment is turned on and operating 
for some time, the resistance of the 
thermistor will drop to a low value. 
If the equipment is turned off for a 
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Fig. 24. A typical dual-voltage power supply. 
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Fig. 25. A typical transmitter power supply. 

few seconds and then turned back 
on, the charging current through the 
diodes could be quite high and dam-
age them. R4 is put in the circuit; 
its value does not change and it 
limits the current through the diodes 
to prevent their damage under this 

circumstance. 
The power supply shown in Fig. 

24 is typical of the power supply you 
are likely to run into in both mono-
chrome and color television re-
ceivers. A voltage-divider network 
may be used across the output of 
either supply to provide different 
value voltages. This power supply is 
comparatively inexpensive; it elimi-
nates the need of a power trans-
former and with modern silicon 
diodes is comparatively trouble-

free. 

MD 
MO 

HIGH-VOLTAGE 
POWER SUPPLIES 

Another power supply is shown in 
Fig. 25. This is the type of power 
supply you will find in transmitting 
equipment or in other equipment 
where high operating voltages are 
required. Notice that in this power 
supply, full-wave rectification is 
used. Also notice that it has two 
separate rectifier tubes. Separate 
rectifier tubes rather than a single 
tube with two plates are used in high-
voltage supplies because the volt-
ages are so high that they would 
simply arc across inside the tube. 
The type 816 tubes shown in this 
supply are mercury-vapor tubes de-

signed for use in power supplies 
where the operating voltages are not 
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too high and where the current re-
quirements are not too great. They 
are often used in power supplies 
where the ac input voltage to the 
rectifier is between 1000 and 2000 
volts, and the current drain does not 
exceed 250 ma. As far as the trans-
mitting-type power supplies are 
concerned, an output voltage of 1000 
volts across each half of the sec-
ondary of the high-voltage trans-
former is not considered high. 

The high-voltage transformer 
found in this type of power supply is 
frequently called a plate trans-
former because it is used to supply 
the high voltage required to operate 
the plates of the various tubes inthe 
transmitter. The rectifier tubes are 
operated from a separate filament 
transformer. In a power supply using 
type 816 tubes, the filament voltage 
required by these tubes is 2.5 volts 
and the current required is 2 amps. 
Therefore, this filament trans-
former must be capable of supplying 
a total of 4 amps at a voltage of 2.5 
volts. The filament transformer 
must have good insulation between 
the secondary winding, the trans-
former core, and the primary wind-
ing; otherwise the high voltage will 
arc through the insulation either to 
the primary winding or tothe trans-
former core. 

At the input of the power supply 
filter network is a swinging choke. 

This is common practice in trans-
mitter power supplies because it 
improves the voltage regulation, and 
also because it affords additional 
protection for the mercury-vapor 
rectifier tubes. 

The second choke in the power 
supply is called a smoothing choke. 
This is the same type of choke shown 
in the power supplies in Figs.22 and 
23. It is called a smoothing choke in 

transmitting equipment because its 
primary purpose is to smooth out the 
ripple and also to distinguish it from 
the swinging choke used at the input 
of the filter network. A smoothing 
choke is designed to keep its induc-
tance as nearly constant as possible, 
whereas a swinging choke is de-
signed so that its inductance will 
vary as the current through it varies. 

Notice that the filter capacitors 
used in this power supply are 4-infd 
capacitors. Each of these capacitors 
is usually mounted in its own sepa-
rate container. Occasionally you will 
find two small high-voltage capaci-
tors in the same container, but this 
is not common practice. Also notice 
that the capacitors have a much 
smaller capacity than those in the 
two power supplies we discussed 
previously. These capacitors are 
oil-filled capacitors and it is quite 
costly to make this type of capacitor 
with a large capacity. Cn the other 
hand, capacitors used in circuits like 
those in Fig. 22, Fig. 23, and Fig. 
24 are electrolytic capacitors and 
very large capacities can be obtained 
at a very moderate cost. 

Effective filtering is obtained with 
the smaller-size capacitors in this 
supply, because two filter chokes are 
used. The inductance and hence the 
inductive reactance of these chokes 
are usually somewhat higher than 
that of filter chokes used in lower 
voltage equipment. The choice of 
using either large chokes or large 

filter capacitors is simply one of 
cost. At low voltages it is more eco-
nomical to use large capacitors and 
low-inductance chokes, but at high 
voltages it is more economical to 
use high-inductance chokes and low 
capacities. The net result is the 
same as far as the filtering action 
is concerned. Another component 
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that you will find in transmitting-
type power supplies is a bleeder. A 
bleeder is a resistor connected 
across the power supply output. The 
bleeder serves two purposes: it im-
proves the voltage regulation and is 
also used for safety. 
A bleeder resistor connected 

across the power supply keeps the 
minimum current at a reasonable 
value. If the current drawn by the 
load connected to this power supply 
were to drop to zero, the two filter 
capacitors would be charged up to a 
value equal to the peak voltage 
across half of the secondary of the 
plate transformer. If the trans-
former had an rms voltage of 1000 
volts across each half of the sec-
ondary, this would mean that the ca-
pacitors would charge up to a volt-
age of about 1400 volts. This may 
be high enough todestroythe capaci-
tors. Also, the chokes have a definite 
maximum voltage that can be applied 
to them. If the voltage goes too high, 
the insulation between the choke 
winding and the core may break 
down. This will destroy the chokes. 
If either of the chokes or capacitors 
shorts, the rectifier tubes will pass 
such a high current that they maybe 
ruined. There is also the danger of 
burning out the plate transformer. 
Furthermore, if the voltage reaches 
too high a value, the rectifier tubes 
may arc over internally. A bleeder 
connected across the power supply 
output can eliminate this danger. 
With the bleeder across the output, 
if the equipment current drops to or 
almost to zero, the bleeder current 
will continue to flow. If the output 
voltage starts to rise, the bleeder 
current will increase because the 
current flowing through any resistor 
increases if the voltage across it in-
creases. The bleeder current will 

keep the voltage from climbingtoan 
unsafe value. 

Another important reason for 
using the bleeder is that an oil-filled 
capacitor such as those found in this 
type of power supply can hold a 
charge for a long time. If the two 
4-mid capacitors used in the supply 

were charged up to a voltage of 1000 
volts or more and a technician serv-
icing the equipment accidentally 
touched one of these capacitors, he 
could receive a very dangerous 
shock. Under certain conditions it 
could be fatal. This danger can be 
greatly reduced by connecting a 
bleeder across the power supply so 
that when the equipment is turned 
off the capacitors are discharged 
through the bleeder. 
You may have occasion to work on 

high-voltage power supplies at some 
future date. Remember that a 
bleeder is connected across the 
power supply for safety as well as to 
improve the voltage regulation. 
Therefore if the bleeder in a power 
supply burns out, it should be re-
placed. However, never rely on a 
bleeder to discharge high-voltage 
filter capacitors. If youhavetowork 
on a high-voltage power supply, your 
first step should be to remove all 
voltages from the supply.Todothis, 
turn the power supply off; if there 
are fuses in it, remove the fuses so 
that no one can accidentally turn it 
on; disconnect it completely from 
the source if you can. Often it is not 
possible or convenient to completely 
disconnect the equipment from the 
voltage source but if it is shut off 
and any fuse in the circuit is re-
moved, it should be safe. Next, be-
fore you start to work on the supply, 
discharge all filter capacitors in the 
power supply. The capacitors should 
be discharged with a heavy metal rod 
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that has a good insulated handle so 
that you will not come in contact with 

the metal rod. Use the metal rod to 
short together the terminals of the 
capacitor to discharge it. Touch the 
grounded terminal of the capacitor 
first and slide the rod over to touch 
the other terminal. Do this several 
times to be sure the charge is com-
pletely removed. After the capaci-
tors have been discharged, the power 
supply should be safe to work on. 
Keep this point in mind:high volt-

age capacitors, or for that matter 

any large capacitors, should be dis-
charged before you start to work on 
a piece of equipment. Many techni-
cians fail to do this. There are some 
technicians who can tell about the 
terrific shock they received when 
they failed to discharge a filter ca-
pacitor. There are others that did 
not survive the experience to tell 
about it. 

A TRANSISTOR-REGULATED 
POWER SUPPLY 

A regulated power supply employ-
ing transistor voltage regulators is 
shown in Fig. 26. This power supply 

120 V. 

Is used in a TV receiver that is de-

signed for operation from the power 
line and also from a 12-volt dc 
source. When the power plug is 
plugged into a 120-volt line and the 

switch is turned on, the receiver 
will operate from the power line. 
When the power plug is disconnected 
and switch Si is closed,the receiver 
can be operated from a 12-volt bat-
tery. 
The operation of the power supply 

from the power line is comparatively 
simple. Two diodes, DI and D2, are 
used in a full-wave rectifier circuit. 
When the transformer Ti, which is 
a step-down transformer, has a po-

larity such that the end of the sec-
ondary connected to DI is negative, 
current will flow through the diode 
DI to ground and into the negative 
plate of C3. Electrons flow out of 
the positive plate of C3 to the center 
tap of the power transformer which 
is positive with respect to the end 
connected to Dl. During the next 
half-cycle, when the end of the sec-
ondary connected to D2 is negative, 
current will flow through D2 to 
ground, into the negative plate of C3, 

Fig. 26. A transistor-regulated power supply. 
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out of the positive plate of C3 and 
back to the center tap of the sec-
ondary winding on the power trans-
former. 
The remainder of the components 

used for the power supply are used 
for the purpose of regulating the 
voltage. In other words, the power 
supply voltage is maintained con-
stant at approximately 12 volts re-
gardless of the load drawn from the 
supply. The transistor Q2 is a PNP 
transistor that is used as a series 
voltage regulator. Notice that the 
emitter of this- transistor connects 
directly to the positive side of C3. 
You can consider this transistor as 
working more or less as a variable 
resistor: if the output voltage tends 
to rise, the resistance increases and 
if the voltage tends to fall, the re-
sistance decreases. 
The effective resistance of Q2 is 

varied by varying the forward bias 
across the emitter-base junction. 
Notice the zener diode D3. This diode 
is connected in series with R2. The 
zener has a constant voltage of 6.3 
volts across it. Therefore, the volt-
age drop across R2 will be equal to 
the output voltage minus 6.3 volts. 
This is the emitter voltage applied 
to Ql. The base voltage is deter-
mined by the voltage division oc-
curring between R4, R3 and R6. R4 
is adjustable so that the output volt-
age can be adjusted to 12 volts. Under 
these circumstances a certain cur-
rent will flow through Q1 and through 
R5 and this will set the forward bias 
on Q2. If the output voltage tends to 
rise, the base voltage on Q1 will 
rise but by an amount less than the 
emitter voltage. The divider network 
consisting of R4, R3 and R6 will 
prevent the base from risingthe full 
amount of the output voltage rise. On 
the other hand , the voltage across the 

zener D3 remains constant so that 
the voltage across R2 will reflect 
the entire output voltage rise. This 
will reduce the forward bias on Q1 
which, in turn, will reduce the 
emitter-collector current. The re-
duction in the emitter-collector cur-
rent will reduce the voltage drop 
across R5 which, in turn, will re-
duce the forward bias on Q2; this 
has the effect of increasing its re-
sistance. The increased resistance 
tends to keep the output voltage from 
increasing. 

If the output voltage decreases , the 
opposite happens. The base voltage 
on Q1 falls, as does the emitter volt-
age. However, the emitter voltage 
falls more than the base voltage, so 
the forward bias is increased. This 
increases the emitter-to-collector 
current through Q1 which increases 
the forward bias on Q2. This has the 
effect of reducing the resistance on 
Q2 and tends to keep the output volt-
age from falling. 

This type of power supply is one 
of the more complex power supplies 
that you are likely to encounter in 
electronic equipment. The voltage 
regulation is required in order to 
keep the voltage reasonably constant 
on the various transistors used on 
the TV receiver. In most cases, 
such precise voltage regulation is 
not required in entertainment-type 
equipment. 

VOLTAGE DIVIDERS 

We mentioned previously that 
more than one operating voltage is 

sometimes needed in the various 
stages of a piece of electronic equip-
ment. Rather than use a separate 
supply for each voltage needed, the 
usual procedure is to use a single 
supply designed to give the highest 
voltage needed, and then obtain the 
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lower voltages required by means of 
a voltage divider connected across 
the power supply output. A typical 
voltage divider is shown in Fig. 27. 

In this voltage divider, R1 and R2 
are voltage-dropping resistors; they 
drop the voltage from 300 volts to the 
required voltages of 200 and 100 
volts. R3 is a bleeder used to sta-
bilize the voltages at points Band C. 
With this type of network, terminal 
D is the ground or common terminal. 
Between D and C there is a voltage of 
100 volts; terminal C is positive with 
respect to terminal D. Between D 
and B there is a voltage of 200volts 
and terminal B is positive with re-
spect to terminal D. Finally , between 
terminals D and A there is the full 
power supply output voltage of 300 
volts, and of course terminal A is 
positive with respect to terminal D. 

POWER 
SUPPLY 
OUTPUT 

A 300 VOLTS 

200 VOLTS 

100 VOLTS 

COMMON 
OR 

GROUND 

Fig. 27. A voltage-divider network. 

The current flowing through R3 is 
called the bleeder current. It re-
mains fairly constant and is deter-
mined primarily by the sizes of R1, 
R2 and R3. Usually, the size of R3 
is chosen so that the bleeder current 
will be at least as great as the cur-
rent drawn by the stages connected 
to terminals C and B. Choosing a 
value of R3 that will result ina rea-
sonable bleeder current helps main-

tain good voltage regulation at ter-
minals C and B. 
The current flowing through R2 

will be made up of the bleeder cur-
rent plus the current drawn by the 
stages connected to terminal C. If 
this current varies, the voltage drop 
across R2 and hence the voltage at 
terminal C will vary. However, the 
bleeder current will remain essen-
tially constant so that if a sizable 
percentage of the current flowing 
through R2 is bleeder current, vari-
ations in the current drawn by the 
stages connected to terminal C do 
not cause too much variation in the 

voltage drop across R2. 
The current flowing through R1 is 

made up of the bleeder current plus 
the current drawn by the stages con-
nected to terminals C and B. Again 
if the bleeder current through R1 
represents a sizable part of the total 
current flow through R1, variations 
in the current drawn by the stages 
connected to terminals C and B do 
not cause too great a variation in 

the voltage drop across R1 so the 
voltage at terminal B will remain 
reasonably constant. 

Bleeders are not used in modern 
midget radio receivers, but youwill 
find them in many of the older sets. 
They are frequently used in TV re-
ceivers, in the low-voltage power 
supplies in transmitting equipment, 
and in industrial electronic equip-
ment. 

Sometimes one section of a tapped 
resistor will burn out. Often you can 
repair the equipment simply by con-
necting a resistor havingthe correct 
resistance and a suitable wattage 
rating across the defective section. 
Of course, if separate resistors are 
used in the voltage divider you can 
simply replace any defective one. If 
you do shunt a burned out section of 
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a tapped resistor in a radio receiver 
and find the equipment is noisy after 
you have made this repair, the de-
fective section may be making con-
tact intermittently and creating the 
noise. Of course in this case you 
must replace the entire unit either 
with separate resistors connected 
in series or with a tapped resistor 
like the original one. 

VIBRATOR-TYPE 
SUPPLIES 

The radios installed in automo-
biles for years used a power supply 
known as a vibrator type of power 
supply. A schematic diagram of this 
type of power supply is shown in Fig. 
28. The heart of this type of power 
supply is the vibrator, which is used 
to change the de from the automo-
bile storage battery to a pulsating 
current in the primary winding of the 
power transformer. 

The vibrator consists of an elec-
tromagnet L, and a reed (R-K) placed 
between two sets of contacts. In the 
circuit shown in Fig. 28, when the 
switch is turned to the ON position, 
current will flow from the negative 
terminal of the battery through the 
switch and through the reed towards 

terminal M. Here it will flow from 
the reed to contact M, to coil L, 
through coil L back to the positive 
side of the battery. The current flow-
ing through the coil creates a mag-
netic field. This magnetic field at-
tracts the end of the reed K, pulling 
the reed over toward L and contact 
N. When the reed makes contact with 
terminal N, current flows through 
the upper half of the transformer 
primary winding. It flows from the 
top of the winding to the center tap, 
building up a magnetic field. 

At the same instant that the reed 
is making its contact with terminal 
N, it will break its contact withter-
minal M so that the electromagnet 
will no longer be energized and the 
field about it will collapse. The reed 
is made of a spring type material so 
that it springs back until it makes 
contact with both terminal M and 
terminal O. At the instant contact is 
made with terminal 0, current flows 
through the lower half of the primary 
winding of the transformer, flowing 
from the bottom of the winding to-
wards the center tap. The current 
is flowing through the primary wind-
ing in the opposite direction to the 
direction in which it was flowing 
through the upper half of the trans-

N R 

PA 

Fig. 28. A vibrator circuit. 
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former winding. Thus we have a field 
built up in one direction and then in 
the opposite direction. At the same 
time the fact that the reed makes 
contact with terminal M will once 
again complete the circuit through 
the electromagnet so the reed will 
swing over to the magnet again, 
making contact with terminal N. As 
you can see this action causes the 
reed to vibrate back and forth be-
tween terminals N and O. Thus we 
have a field built up in the primary 
first in one direction and then in the 
opposite direction. Building up this 
field, collapsing it. and then building 
up a reverse field and collapsing it, 
means that we have a continually 
changing magnetic field cutting the 
secondary of the transformer. By 
putting a large enough number of 
turns on the secondary, we can ob-
tain whatever voltage we may re-
quire for the operation of the re-
ceiver. 
A complete vibrator-type power 

supply is shown in Fig. 29. Notice 
that the secondary of the vibrator 
transformer is center tapped and 
that a full-wave rectifier is used. 
The capacitor C2 is ca/led a buffer 
capacitor. This is a high voltage 
paper capacitor that is used to keep 
sharp noise pulses out of the power 
supply. The size is usually quite 
critical and if it is necessary to 
replace the buffer capacitor in a 
receiver using this type of power 
supply, you should use a capacitor 
having the same capacity as the 
original. 

In a vibrator-type power supply 
there is considerable sparking as 
the reed vibrates back and forth. 
This sets up a radio-frequency type 
of interference which could get 
through the rectifier and cause con-
siderable interference in the re-

ceiver. In the power supply shown 
in Fig. 29, the choke L and the ca-
pacitor C are called hash suppres-
sors. This rf interference or noise 
is called hash; the choke and the ca-
pacitor are put in the power supply 
in order to keep as much as possible 
of this hash or noise out of the power 
supply output. Capacitor C acts like 
a short circuit to these radio fre-
quency pulses, and choke L acts like 
a very high impedance to them. Thus 
L and C form a voltage-divider net-
work, with most of the voltage ap-
pearing across the high impedance 
L and little or no voltage across the 
low impedance C. 

Vibrator-type power supplies 
were used in almost all automobile 
receivers in automobiles using 6-
volt ignition systems. However, in 
newer cars, a 12-volt ignition sys-
tem is used. The first receivers 
made for these cars also used vibra-
tor type supplies, but tube manufac-
turers designed special tubes that 
will operate with plate and screen 
voltages as low as 12 volts. These 
12-volt tubes were used in automo-
bile receivers for a few years, but 
they too were replaced by transis-
tors. Since transistors operate from 
low voltages, the vibrator type of 
power supply is no longer needed. 
These supplies were not only costly, 
but in addition they were one of the 
most troublesome sections of the 
automobile receiver. 

SUMMARY 

The power supplies we have shown 
in this section of this lesson are 
typical of the various types of power 
supplies you are likely to encounter 
as an electronics technician. You 
will find many variations of these 
circuits, but these are the basic cir-
cuits. Spend some time studying 
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these circuits so you will know what 
they look like. 

In servicing these power supplies, 
keep in mind that the values of the 
various components used are gener-
ally not extremely critical. Manu-
facturers usually use as smalla fil-
ter capacitor as they can in a circuit. 
It is more economical touse a small 
capacitor than to use a large one. 
Therefore, if you have an ac-dc re-
ceiver that uses a 20-40 mfd, 150-
volt capacitor and you find it neces-
sary to replace the filter capacitor, 
there is no reason why you could not 
use a 30-50 mfd, 150-volt capacitor 
in its place. Some variation of part 
values can be made without affecting 
the performance of the equipment. 

It is also possible to use capaci-
tors having a higher voltage rating 
than those used originally. This will 
simply provide an additional margin 
of safety. You may find that you can-
not do this in large transmitter 
power supplies because there isn't 
room to mount a capacitor with a 
higher voltage rating, but usually in 
radio, TV, and most small pieces of 
industrial electronic equipment 
there is enough room to put in a ca-
pacitor of slightly larger physical 
size than the original. 

(q) 

SELF-TEST 
QUESTIONS 

Draw a schematic diagram of a 
typical ac-dc power supply 
found in a five-tube radio. 

(r) In the circuit shown in Fig. 22, 
why is the 12AT6 tube placed 
at the B- end of the string? 

(a) If in an ac-dc receiver inwhich 
the heaters of the tubes are 
connected in series and none of 
the tubes lights what would you 
suspect the cause of the trouble 
to be? 
Why are the filter capacitors 
used in the power supply shown 
in Fig. 23 smaller in capacity 
than the filter capacitors used 
in the power supply shown in 
Fig. 22? 

(u) What is the purpose of R3 in 
Fig. 24? 
What is the purpose of R4 in 
Fig. 24? 
What type of voltage-doubler 
circuit is used in the power sup-
ply shown in Fig. 24? 
What purpose does the transis-
tor Q2 serve in the power sup-
ply shown in Fig. 26? 
What is the purpose of the diode 
D3 in Fig. 26? 

(t) 

(v) 

(w) 

(x) 

(Y) 
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ANSWERS TO 
SELF-TEST QUESTIONS 

(a) There will be 60 current pulses 
per second through the load. 

(b) The disadvantage of the half-
wave rectifier circuit is that 
current flows through the rec-
tifier during one half-cycle and 
not during the other half-cycle. 
As a result, the output is some-
what difficult to filter and 
smooth out to pure dc. 

(c) The diode D1 in the circuit 
shown in Fig. 6 is used to charge 
the capacitor C 1 during one half 
of each cycle. Capacitor Cl is 
charged so that during the next 
half-cycle the voltage across it 
will be in series with the line 
voltage. This will place a volt-
age equal to twice the line volt-
age across the load and diode 
D2. Since diode D2 has a very 
low resistance when it is con-
ducting, the voltage across the 
load is twice what it would be 
without the combination of Cl 
and D1 in the circuit:hence ,the 
circuit is called a voltage-
doubler circuit. 

(d) The circuit is called a full-wave 
rectifier circuit because a cur-
rent pulse flows through the 
load during each half-cycle. In 
other words, if the rectifier 
circuit is operating from a 60-
cycle power line there will be 
120 current pulses through the 
load (one for each half-cycle). 

(e) The disadvantage of this circuit 
is that the high voltage winding 
on the power transformer must 
be center-tapped. This means 
that the high-voltage winding on 
the transformer must have 
twice the number of turns re-
quired to get the desired output 

(f) 

(g) 

(h) 

voltage across the load. This 
circuit requires a rather ex-
pensive power transformer. 
The advantage of the bridge 
rectifier circuit is that there 
is a saving in the power trans-
former cost over that of a 
transformer that has a tapped 
high-voltage secondary wind-
ing; also, the circuit is capable 
of good voltage regulation. 
The voltage-doubler circuit 
shown in Fig. 9 is a full-wave 
voltage doubler. That is, there 
will be 120 current pulses per 
second in the output of the volt-
age doubling capacitor network 
consisting of Cl and C2. The 
circuit shown in Fig. 6 is a half-
wave voltage-doubler circuit 
and there will be only 60 cur-
rent pulses through the load in 
this circuit. It will be somewhat 
easier to filter and smooth the 
output voltage in the circuit 
shown in Fig. 9 than it will be 
in the circuit shown in Fig. 6. 
A full-wave doubler circuit re-
quires a less expensive power 
transformer for a given load 
voltage than the bridge rectifier 
circuit requires. Also, the volt-
age-doubler circuit requires 
only two rectifiers whereas the 
bridge-rectifier circuit re-
quires four rectifiers.The dis-
advantage of the full-wave volt-
age-doubler circuit is that it 
does not have as good voltage 
regulation as the bridge-recti-
fier circuit. 

(I) The capacitor in a simple filter 
circuit such as shown in Fig. 11 
may charge up to a value equal 
to the peak value of the ac input 
voltage. In the case of a power 
supply operating from a 120-
volt line this is equal to ap-
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(k) 

proximately 1.4 times 120 
volts. 
A simple capacitor-type filter 
may be used in applications 
where the current drain is low. 
With a low current drain the 
capacitor discharges very little 
between cycles so that the volt-
age across the capacitor, and 
hence the voltage across the 
load, remains essentially con-
stant. 
The R-C pi-type filter is capa-
ble of better hum elimination 
than a simple capacitor-type 
filter. This type of filter is 
particularly desirable where 
the current drain is high enough 
to discharge the capacitor ap-
preciably between charging cy-
cles in a simple capacitor-type 
filter. 

(1) The disadvantage of the R-C 
pi-type filter is that there is 
considerable voltage drop 
across the filter resistor. This 
problem can be overcome by 
using a filter choke such as in 
the L-C type filter shown in 
Fig. 15. A filter choke will offer 
a high opposition to any ac and 
thus effectively reduce the ac, 
while at the same time offering 
a low resistance to the passage 
of de through it. 

(m) R1 in the power supply shown in 
Fig. 17 is used to limit the cur-
rent through the silicon recti-
fier when the power supply is 
first turned on. Without this re-
sistance in the circuit, the 
charging current through the 
diode to charge Cl may be so 
high that the rectifier may be 
destroyed. 

(n) To limit the peak current 
through the tubes. A mercury 
vapor rectifier tube is easily 

damaged by a high peak current. 
The peak current through the 
rectifier tube is much lower 
with a choke-input filter than it 
is with a capacitor-input filter. 

(o) A choke-input filter will pro-
vide better regulation than a 
capacitor-input filter. This 
means that the voltage across 
the load will vary less with 
widely varying currents when 
the filter is a choke-input filter 
than it will when the filter is a 
capacitor-input filter. 
A swinging choke is a choke 
whose inductance changes as 
the current changes. As the 
current builds up the choke 
tends to saturate so that its in-
ductance goes down. This tends 
to reduce the reactance of the 
choke and hence helps provide 
better voltage regulation. 
See Fig. 22. If you cannot draw 
this diagram from memory, 
copy it from the book. Simply 
drawing the diagram will help 
you to become familiar with the 
circuit and remember it in the 
future. 

(r) The 12AT6 tube is the first 
audio stage. It is placed at the 
B- end of the heater string in 
order to keep hum pick-up in 
the tube as low as possible.Any 
hum picked up by this tube will 
be amplified by the entire audio 
system. 

(s) The chances are that the heater 
of one of the tubes is open. 
The power supply shown in Fig. 
23 uses a full-wave rectifier. 
Therefore there will be 120 
pulses per second tocharge the 
filter capacitors. The power 
supply shown in Fig. 22 is a 
half-wave power supply and 
there will be only 60pulses per 

(P) 

(q) 

(t) 
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second to charge the filter ca-
pacitor; therefore, larger ca-
pacitors are needed to elimi-
nate hum. 

(u) R3 in Fig. 24 is a thermistor. 
A thermistor has a high cold (w) 
resistance, but the resistance (x) 
decreases as the thermistor 
heats up. The thermistor is 
used in this power supply to 
protect the diode rectifiers 
from high current surges when 
the power supply is first turned 
on. 

(v) R4 is a fixed resistor that is 
used to protect the diodes in the 
event the equipment is turned 
off and then turned back on al-
most immediately. Under these 
conditions the resistance of the 
thermistor will be too low to 
provide the required protection 

(Y) 

for the rectifiers and hence R4, 
along with the hot resistance of 
the thermistor, limits the cur-
rent through the diode recti-
fiers to a safe value. 
A half-wave voltage doubler. 
Q2 is in series with the B sup-
ply voltage. It operates essen-
tially as a variable resistor and 
is used to regulate the power 
supply output voltage and keep 
it at essentially a constant 
value. 
The diode D3 is the zener diode. 
It provides a reference voltage 
so that the voltage variations 
on the emitter of Q1 will be 
greater than the voltage varia-
tions on the base. Thus , changes 
in output voltage affect the for-
ward bias of the transistor and 
hence the conduction through it. 
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Lesson Questions 
Be sure to number your Answer Sheet B201. 

Place your Student Number on every Answer Sheet. 

Most students want to know their grade as soon as possible, so they 
mail their set of answers immediately. Others, knowing they will finish 
the next lesson within a few days, send in two sets of answers at a time. 
Either practice is acceptable to us. However,don't hold your answers too 
long; you may lose them.Don 't hold answers to send in more than two sets 
at a time, or you may run out of lessons before new ones can reach you. 

1. What advantage does a silicon rectifierhave overa vacuum-tube rec-
tifier? 

2. Draw the schematic symbol for a silicon rectifier,and indicate by an 
arrow the direction in which the current will flow through it. 

3. How many pulses per second will you get at the output of a full-wave 
rectifier that is operated from a 60-cycle power line? 

4. What is the purpose of Cl and D1 in the circuit shown in Fig. 6? 

5. (a) In the circuit shown in Fig. 6, how many current pulses will there 
be through the load (60-cycle power line)? 

(b) In the circuit shown in Fig. 9,how many current pulses will there 
be through the load (60-cycle power line)? 

6. In the circuits shown in Fig.11,what part supplies current to the load 
when the rectifier is not conducting? 

7. Explain the following things in connection with the L-C circuit shown 
in Fig. 15: 
(a) The action of the choke when ac flows through it. 
(b) The action of the choke when dc flows through it. 
(c) The action of the capacitor when ac flows through it. 
(d) The action of the capacitor when dc flows through it. 

8. What type of filter network has better voltage regulation -- the ca-
pacitor input or the choke input? 

9. If you are servicing a five-tube table model radio that uses a universal 
ac-dc power supply and you see that two of the tubes are not lighting, 
where would you look for trouble? 

10. How does an increase in output voltage affect Ql and Q2 in the regu-
lated power supply shown in Fig. 26? 



HOW TO START STUDYING 
For some people, starting to study is just as hard 

as getting up in the morning. An alarm clock will 
work in both cases, so try setting the alarm for a 
definite study-starting time each day. Start studying 
promptly and definitely, without sharpening pencils, 
trimming fingernails or wasting time in other ways. 

Beginning is for many people the hardest part of 
any job they tackle. So formidable does each task 
appear before starting that they waste the day in 
dilly-dallying, in day-dreaming, and in wishing they 
didn't have to do it. The next day and the next after 
that are the same story. Indecision brings its own 
delays, making it harder and harder to buckle down 
to work. 

Are you in earnest? Then seize this very minute; 
begin what you can do or dream you can. Boldness 
in starting a new lesson is a great moral aid to 
mastery of that lesson; only begin, and your mind 
grows alert, eager to keep on working. Begin, and 
surprisingly soon you will be finished. 
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LOW-FREQUENCY 
VOLTAGE AND POWER AMPLIFIERS 

In this lesson and the next two,we 
will take up the study of amplifiers. 
For convenience in studying them, 
we have divided them according to 
the frequencies they are designed to 
handle. 
You will study low-frequency volt-

age and power amplifiers in this les-
son. These are the kinds used to am-
plify the sound or audio signal in 
radio and television receivers, and 
they are also used in high-fidelity 
and stereo equipment, in conjunc-
tion with amplifying audio signals 
that are received by means of a radio 
system from a broadcast station and 
also with audio signals from a phono-
graph or tape recorder. 

In your next lesson you will study 
radio frequency amplifiers. These 
amplifiers are designed to amplify 
signals received directly from radio 
and television stations as well as 
signals within the receiving equip-
ment itself that fall within the radio 
frequency range. You will study 
wide-band amplifiers in the third 
lesson; these are amplifiers that are 
designed to amplify a wide range of 

frequencies. For example, a wide-
band amplifier might have to amplify 
signals that have few cycles per sec-
ond, signals as high as several 
megacycles per second, and all the 
frequencies in between these two 
limits. Wide-band amplifiers of this 
type are used to amplify the picture 
signals in televis ion receivers. They 
are also used in many other special 
applications. 
The ability of tubes and transis-

tors to amplify signals is essen-
tially what makes many of our mod-
ern electronic devices possible. 
Therefore, if you understand how 
these amplifiers work and how they 
are put together to perform specific 
functions, you will be able to analyze 
the operation of many different types 
of electronic equipment that you 
might encounter. Since amplifiers 
are so important it is worthwhile to 
spend as much time as necessary on 
this lesson and on the next two to be 
sure that you have a complete under-
standing of them. 
The low-frequency amplifiers that 

you will study in this lesson can be 
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divided into two types: voltage am-
plifiers and power amplifiers. As 
you already know, a voltage ampli-
fier is one that is designed to ampli-
fy a weak signal voltage and make 
it stronger. For example, the output 
voltage from a phonograph pickup in 
a record player might be only a few 
thousandths of a volt. This audio sig-
nal is too weak to do anything with 
directly so we feed it to a number 
of voltage amplifiers to build the 
amplitude of the voltage up to a 
usable value. We try to perform this 
amplification without changing the 
signal in any way. If we change the 
signal, we have introduced some-
thing called distortion because the 
amplified signal is no longer the 
amplified equivalent of the original 
signal. 
Power amplifiers are used to 

drive the speaker in radio and TV 
receivers. The speaker requires a 
certain amount of power in order to 
cause the cone in the speaker to vi-
brate back and forth and set the air 
in front and in back of the speaker 
into motion. The power required to 
perform this function is supplied by 
power amplifiers. The exact amount 
of power required for the speaker 
will depend upon the design of the 
speaker, its size, efficiency and a 
number of other factors. You will 
study amplifiers that have a com-
paratively low power output of per-
haps one or two watts and you will 
also study high-power amplifiers 
that are capable of putting out 50 or 
more watts of power. 
When we speak of low-frequency 

amplifiers, we are generally con-

cerned with amplifiers that are de-
signed to amplify signals from about 
50 to 100 cycles up to signals of 
about 10,000 or 20,000 cycles. There 
are no sharp dividing lines either at 
the low-frequency or high-frequency 
end of the range over which the am-
plifiers are supposed to work. Gen-
erally, a low-frequency amplifier is 
an amplifier that works in the audio 
range (in other words, within the 
limits of our hearing). Of course, 
these amplifiers will amplify sig-
nals beyond these frequency limits. 
The amplifier does not simply stop 
amplifying at a frequency above the 
highest frequency it is designed to 
amplify -- it just doesn't amplify 
higher frequency signals well. The 
same is true of low-frequency sig-
nals. If an amplifier is designed to 
amplify signals from about 100 
cycles up, it will also amplify a sig-
nal having a frequency of 80 cycles, 
but the chances are that the 80-cycle 
signal will not receive as much am-
plification as the 100-cycle signal 
would. 

In this lesson you will learn why 
the gain of an amplifier falls off as 
the frequency of the applied signal 
falls above or below the frequency 
limits of the amplifier. You will also 
see that the frequency limits of the 
amplifier are more or less arbi-
trarily fixed by design engineers. 

In our study of low-frequency am-
plifiers we will begin with voltage 
amplifiers. We will study the re-
sistance-capacitance coupled volt-
age amplifier first because it is the 
most widely used and hence the most 
important. 
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Resistance-Capacitance Coupled 
Voltage Amplifiers 

Resistance-capacitance coupling, 
usually called R-C coupling or sim-
ply resistance coupling, is so named 
because resistors and capacitors 
are used to couple the signal from 
one stage to another. 

This type of coupling is widely 
used between voltage amplifiers and 
between voltage amplifiers and class 
A power amplifiers in audio work. 
It is preferable to transformer cou-
pling in modern equipment because 
it is more economical and, in addi-
tion, usually gives better frequency 
response. This means it comes 
closer than transformer coupling 
does to amplifying equally all sig-
nals in the audio range. 

Transformer coupling has not 
been used for many years between 
voltage amplifiers using vacuum 
tubes. However, you may find trans-
former-coupled transistor ampli-

fiers, and there is some advantage 
to this type of coupling in transistor 
circuits. 

A TYPICAL TUBE CIRCUIT 

Fig. 1 shows two typical resist-
ance-capacitance coupled stages. V1 
is the first stage; the output signal 
from this stage is fed to the second 
stage (V2) by means of R-C cou-
pling. The R-C coupling components 
are R2 (which is the plate load re-
sistor of V1), C3 (which is the cou-
pling capacitor) and R3 (which is the 
grid resistance for the second stage, 
V2). 

Let's review again the operation 
of these amplifier stages and how 
the coupling network works. With no 
signal applied to V1, a current will 
flow from the cathode of the tube to 
the plate because the plate is con-

Fig. I. Typical vacuum tube R-C coupled stage. 
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nected to the positive side of the B 
supply through R2. The cathode is 
connected to the negative side 
through Ri. Electrons will leave the 
negative side of the B supply and 
flow through R1 to the cathode. In 
flowing through Ri they will set up 
a voltage drop across the resistor 
having the polarity shown. This volt-
age drop will make the cathode posi-
tive with respect to ground. The grid 
of Vi is returned directly to ground 
through the generator and since 
there is no current flowing in the 
grid circuit there will be no voltage 
drop across the generator. There-
fore the grid is at de ground poten-
tial. This will make the grid nega-
tive with respect to cathode. The 
actual grid-cathode voltage will de-
pend upon the size of R1 and the 
current flow through R1. The cur-
rent flow through the tube can be de-
termined from a tube manual and 
the required bias for the tube can 
be obtained simply by making R1 
large enough to produce the bias 
voltage needed. 

Electrons reaching the cathode 
will be emitted by the cathode and 
flow through the tube to the plate. 
Then the electrons will flow from 
the plate through R2 back to the B 
supply. In flowing through R2 the 
electrons will produce a voltage drop 
across this resistor. The value of 
R2 is usually quite high so there will 
be a substantial voltage drop across 
the resistor. Thus, although the plate 
will be positive with respect to 
ground, this positive voltage on the 
plate will be less than the positive 
voltage available at the positive ter-
minal of the B supply. 

The current flow through V2 fol-
lows a path equivalent to the current 
path in Vi. The plate of V2 is re-
turned to the positive side of the B 

supply through R5 so there will be 
a positive voltage on the plate of V2. 
This will cause electrons to flow 
through R4, producing a voltage drop 
across it (having the polarity shown) 
so that the cathode will be positive 
with respect to ground and the grid 
negative with respect to cathode. As 
before, there will be no current flow 
in the grid circuit and therefore no 
current flow through R3. This means 
there will be no dc voltage drop 
across this resistor; consequently, 
the grid will be at de ground poten-
tial. 
When a signal voltage is applied 

by the generator eg, the generator 
voltage will vary the voltage between 
the grid and cathode of Vi. The gen-
erator connects directly to the grid 
of Vi. The other side of the genera-
tor connects to the cathode through 
Ci. Ci is chosen so that its react-
ance will be very low at the frequency 
of the signal to be handled. Thus we 
have the input signal from the gen-
erator applied directly between the 
grid and cathode of Vi. 
When the polarity of the input sig-

nal is such that the grid end of the 
generator is positive and the other 
end is negative, the voltage applied 
between grid and cathode by the gen-
erator will subtract from the bias 
voltage across Ri. This will make 
the grid less negative with respect to 
the cathode and will cause the cur-
rent flowing through Vi to increase. 
This increase in current through 
V1 will result in an increase in the 
voltage drop across R2. Thus the 
voltage on the plate of the tube will 
become less positive with respect 
to ground; in other words, the plate 
voltage will swing in a negative di-
rection. 
When the signal applied by the gen-

erator reverses polarity, the grid 
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will be made more negative and this 
will add to the bias voltage applied 
between the grid and the cathode of 
the tube. This will decrease the cur-
rent flowing through the tube, which 
in turn will decrease the voltage drop 
across R2. Therefore , the plate volt-
age on Vi will swing in a positive 
direction. 
Compare what we have in the plate 

circuit to the voltage applied to the 
grid by the generator. When the gen-
erator swings the grid positive, the 
plate voltage swings negative; when 
the generator swings the grid nega-
tive, the plate voltage swings posi-
tive. This means that the amplified 
signal voltage developed in the plate 
circuit of Vi will be 1800 out-of-
phase with the input signal voltage 

eg. 
The value of the coupling capaci-

tor C3 is chosen so that it has a low 
reactance within the range of signal 
frequencies we intend to amplify. As 
a matter of fact, the reactance of the 
capacitor is usually so low that for 
all practical purposes it acts like 
a direct connection for the signal 

Q 

Fig. 2. Typical transistor R-C coupled stages. 

voltages. Therefore, the voltage de-
veloped in the plate circuit of V1 is 
applied directly to the grid of V2 
through the coupling capacitor C3. 
The capacitor C2 keeps the lower 
end of R2 at signal ground potential. 
Often you will not find this capacitor 
in an amplifier; the actual capacitor 
is usually the output filter capacitor 
in the power supply. In any case,the 
signal voltage developed between the 
plate of Vi and ground is coupled to 
the grid of V2 through the coupling 
capacitor C3 and to the cathode of 
V2 through the cathode bypass ca-
pacitor C4. Thus the amplified sig-
nal produced in the plate circuit of 
Vi is coupled directly between the 
grid and cathode of V2. 

A TYPICAL 
TRANSISTOR CIRCUIT 

Two R-C coupled transistor 
stages are shown in Fig. 2. Notice 
that both transistors are used in the 
common-emitter circuit and that 
both transistors are PNP transis-
tors. 

C3 Q2 
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The coupling components consist 
of R2 (which is the collector load 
for Qi), C3 (the coupling capacitor) 
and R3 (which is the base-bias re-
sistor for Q2). 

Notice the capacitor across the 
battery. This is a large capacitor 
that effectively bypasses the battery 
as far as the signal is concerned, so 
that both the negative and positive 
sides of the battery are at ground 
potential in regard to the signal as 
well. In equipment designed for 
power line operation, the battery will 
be replaced by the power supply and 
C2 will be the output filter capacitor. 
Now let's review the operation of 

these two stages and see how a cou-
pling network works. First, before 
any signal is applied, notice that the 
base of Qi and Q2 connect to the 
negative side of the battery. The 
emitters of the two transistors con-
nect to the positive side of the bat-
tery. This will place a forward bias 
across the emitter-base junction of 
the PNP transistor. However, the 
full battery voltage is not applied 
because there will be some small 
base current. A few of the holes 
crossing the emitter-base junction 
into the base will be filled by elec-
trons that flow from the negative ter-
minal of the battery through Ri into 
the base of Qi and from the negative 
terminal of the battery through R3 
into the base of Q2. Electrons flow-
ing through resistors Ri and R3 will 
produce voltage drops across them 
having the polarity shown. The val-
ues of Ri and R3 are chosen so that 
the electrons flowing through them 
produce a voltage drop almost equal 
to the battery voltage. This will leave 
a forward bias across the emitter-
base junction of only a few tenths of 
a volt. 
Looking at the first stage, the 

emitter is connected to the positive 
side of the battery. This will pull 
electrons from the emitter, creating 
holes. The holes will be attracted 
by the negative potential on the base 
across the emitter-base junction, 
flow through the base and then across 
the base-collector junction and flow 
through the collector, where they 
will be filled by electrons coming 
from the negative terminal of the 
battery through R2 to the collector. 
Thus we have a current flow through 
R2 which will be governed by the 
number of holes reaching the col-
lector of Qi. This current flow 
through R2 will result in a voltage 
drop across the resistor sothat the 
negative potential onthe collector of 
Qi will be somewhat less than the 
negative battery potential. 
Holes and electrons move in the 

circuit for Q2 in exactly the same 
way. Electrons pulled from the emit-
ter of Q2 create holes which flow 
through the transistor to the collec-
tor, where they are filled by elec-
trons flowing through R4. 
When a signal voltage is applied 

by the signal source eg the effective 
forward bias across the emitter-
base junction of Qi is changed. No-
tice that we have shown a resistor 
in series with the generator. In the 
circuit for the vacuum tubes the gen-
erator will have some internal re-
sistance, but since there is no cur-
rent flow in the input circuit the re-
sistance is of no consequence. How-
ever, in a transistor circuit there 
will be current flow in the input cir-
cuit and therefore the resistance 
affects the amount of signal actually 
reaching the transistor. 
The capacitor Ci is chosen to have 

a low reactance at signal frequency. 
Therefore the generator voltage is 
connected to the base of Qi through 
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Rg and C1. The other side of the gen-
erator connects directly to the emit-
ter. 
When the end of the generator that 

connects to the base through the re-
sistor and capacitor swings in a 
positive direction, the forward bias 
across the emitter-base junction of 
Qi will be reduced. This will cause 
the number of holes crossing the 
emitter-base junction and flowing 
to the collector to decrease. If fewer 
holes reach the collector then the 
number of electrons flowing through 
R2 to fill these holes will go down. 
This means that the voltage drop 
across R2 will decrease and the col-
lector voltage will swing in a nega-
tive direction (in other words, 
closer to the negative battery po-
tential). 
When the generator polarity re-

verses so that the voltage applied to 
the base by the generator is nega-
tive, it will add to the forward emit-
ter-base bias and cause the number 
of holes crossing the emitter-base 
junction to increase. This means 
that the number of holes reaching 
the collector will increase; there-
fore, the number of electrons flow-
ing through R2 to fill these holes 
must increase. The increase in cur-
rent flow through R2 will cause a 
greater voltage drop across this re-
sistor. Thus, the potential at the 
collector of Qi will be less negative 
-- it will swing in a positive direc-
tion. 

Notice the similarity between the 
transistor stage Qi and the vacuum 
tube stage V1. Ln both cases , the sig-
nal is inverted; the amplified output 
signal voltage is 180° out-of-phase 
with the input signal voltage. 

The amplified signal at the collec-
tor Qi is coupled to the base of Q2, 
through the coupling capacitor C3. 

This is similar to the arrangement 
used between the vacuum tubes in 
Fig. 1, but there is something quite 
different about the circuit. In the 
vacuum tube circuit shown in Fig. 
1, there is no current flow through 
the grid resistor R3 nor is there any 
current flowing between the cathode 
and grid of the tube. R3 is a large 
resistor -- its purpose is to take 
care of any electrons that acciden-
tally strike the grid of the tube and 
provide a path for these electrons 
back to ground. In most amplifier 
tubes this current flow through R3 
is so small it cannot be measured 
and we say for all practical pur-
poses there is no current flow. This 
means that C3 is coupling the signal 
into a very high impedance circuit. 

In the circuit shown in Fig. 2, there 
is a current flow through R3. How-
ever, the current flow through R3 
is small and the value of this re-
sistor is comparatively large.Also, 
there is current flowing across the 
emitter-base junction. This is the 
movement of holes across this junc-
tion and since they flow across the 
junction with relatively little imped-
ance with the forward bias on the 
transistor, we have, in effect, a low 
resistance circuit between the emit-
ter and base. This is the circuit into 
which the capacitor C3 must couple 
the signal. C3 must be chosen so it 
has a low reactance compared to the 
input resistance of Q2. Since the in-
put resistance of Q2 is quite low, the 
capacity of C3 must be quite large 
in order to provide the low react-
ance coupling needed. 

Often in transistor R-C coupled 
circuits, you will see electrolytic 
capacitors used as the coupling ca-
pacitor. In a circuit such as the one 
in Fig. 2 we have indicated the po-
larity with which an electrolytic ca-
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pacitor should be connected. 
The amplified signal from Qi is 

fed through C3 to the base of the 
transistor. This causes the forward 
bias on Q2 to vary, which in turn 
varies the number of holes flowing 
through the transistor and the elec-
tron current flow through R4. 
Q2 will invert the signal 180° just 

like Qi did. Therefore, the signal 
voltage across R4 will be in phase 
with the generator voltage. The sig-
nal voltage polarity will be inverted 
180° by the amplifier stage Qi and 
will be inverted another 180° by the 
second amplifier Q2 so that the out-
put of the two-stage R-C coupled 
amplifier will be in phase with the 
input signal voltage. Of course, the 
same is true of the two-stage vacu-
um tube amplifier circuit. 
When we discussed both the vacu-

um tube circuits shown in Fig. 1, 
and the transistor circuit shown in 
Fig. 2, we said that the coupling ca-
pacitor must have a low reactance. 
However, you know that the react-
ance of the capacitor varies with the 
frequency. Therefore, the reactance 
of these coupling capacitors must 
vary with the frequency; therefore, 
their effectiveness as coupling de-
vices must also vary as the fre-
quency varies. This fact has an effect 
on the limits of the frequencies which 
an amplifier of this type can amplify. 
There are other factors in the circuit 
which also limit the range of fre-
quencies these amplifiers can handle 
and since these factors appreciably 
affect the performance of the ampli-
fiers we will investigate them now. 

FREQUENCY RESPONSE 

When we talk about the frequency 
response of an amplifier we mean 
the ability of the amplifier to am-

plify signals of different frequen-
cies. For example, if we say that 
the frequency response of an ampli-
fier is flat from 100 cycles to 10,000 
cycles we mean that signals from 
100 cycles up to 10,000 cycles will 
receive the same amount of ampli-
fication. If we say that the frequency 
response of an amplifier falls off 
below 100 cycles and above 10,000 
cycles we mean that signals having 
a frequency less than 100 cycles and 
signals having a frequency above 
10,000 cycles do not receive as much 
amplification as signals between 100 
cycles and 10,000 cycles receive. 

Amplifiers can be designed to 
have a very wide frequency re-
sponse -- in other words, they can 
amplify a wide range of frequencies. 
Often, however, it is not advanta-
geous to have an amplifier that can 
amplify an extremely wide range of 
frequencies. For example, there is 
a limit to how low or to how high an 
audio frequency we can hear. There-
fore, there is very little point in de-
signing an amplifier that can amplify 
signals many times the frequency of 
the highest frequency we can hear. 
Certain economies can be realized 
by designing an amplifier that will 
amplify the desired or required fre-
quency range and very little more. 
In addition to these economies, the 
design of the amplifier is usually 
simplified if we do not try to extend 
the frequency range it can amplify 
too much. 
The factor that usually limits the 

frequency range of an amplifier most 
is the coupling network used between 
the various stages of the amplifier. 
In the circuits shown in Figs. 1 and 
2 there are a number of factors that 
will limit the high-frequency and the 
low-frequency responses of these 
amplifiers. Let's look at these fac-
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Fig. 3. Equivalent circuits of coupling 
network between VI and V2 in Fig. 1. 

tors and examine them in detail. We 
will consider the vacuum-tube cir-
cuit shown in Fig. 1 first. 

In Fig. 3A we have shown a com-
plete equivalent circuit of the cou-
pling circuit used between VI. and 
V2. Notice that the plate resistor 
R2 is shown in the circuit, as well 
as the coupling capacitor C3 and the 
grid resistor R3. In addftion to these 
components we have also shown a 
capacitor marked Co and a second 
capacitor marked CEN. Co repre-
sents the output capacity of V1. This 
will be made up of the capacity in 
the tube itself plus wiring capacity 
in the circuit. CIN is the input ca-
pacity of V2. This will be the grid-
to-cathode capacity plus any addi-

tional capacity added to the circuit 
by the wiring in the circuit. These 
capacitors are not shown on the dia-
gram in Fig. 1, but they are present 
in the circuit and will affect the op-
eration of the circuit. 

At low frequencies, the output ca-
pacity of V1 and the input capacity 
of V2 are too small to appreciably 
affect the operation of the coupling 
network. We have shown the equiva-
lent low-frequency circuit in Fig. 
3B. Notice that the only components 
shown in this circuit are the plate 
resistor R2, the coupling capacitor 
C3, and the grid resistor R3. 

At some low frequency, the re-
actance of C3 will be equal to the 
resistance of R3. As you will re-
member, the capacitive reactance 
of C3 increases as the frequency 
goes down. Even though the value of 
R3 may be made quite large, if the 
frequency of the signal applied to 

the circuit is low enough a point will 
eventually be reached where the re-
actance of C3 will be equal to the re-
sistance of R3. When this happens, 
C3 and R3 act as a voltage divider 
network so that only part of the volt-
age dropped across R2 actually ap-
pears across R3 and is fed to the 
grid and cathode of V2. 
By means of a vector diagram,we 

can see what happens to the voltage 
across R3 when the reactance of C3 
is equal to the resistance of R3.Re-
member that when a voltage is ap-
plied to a purely resistive circuit, 
a current will flow which will be in 
phase with the voltage. On the other 
hand, when a voltage is applied to a 
purely capacitive circuit, a current 
will flow that leads the voltage by 
90°. When a voltage is applied to a 
circuit which has an equal resist-
ance and an equal capacitive re-
actance, a current will flow in the 
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IRC 
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ER2 

Fig. 4. Vector diagram of input and output 
voltages at low frequencies. 

circuit that leads the voltage by 45°. 
From this information we can draw 
a vector diagram to show how the 
voltage across R2 is divided across 
C3 and R3. 

Fig. 4 is a vector representation 
of the voltage division. To draw this 
diagram the first thing we do is draw 
ER2, which represents the voltage 
across R2. Next, we draw the cur-
rent IRC, which represents the cur-
rent that will flow through the net-
work consisting of C3 and R3. We 
draw this current vector leading 
the voltage across R2 by 45°. Now, 
we know that the voltage across C3 
will lag the current flowing through 
it by 90°. Therefore we can draw 
the vector E3 lagging the vector 
IRc by 90°. We also know that the 
voltage across R3 will be in phase 
with the current flowing through it. 
This means that the voltage vector 
ER3 will fall on the vector Iftc. This 
will tell us the direction in which 
the vector representing the voltage 
across R3 should point. 
We know that the voltage across 

C3 plus the voltage across R3 must 
be equal to the voltage across 112. 
Therefore, by drawing perpendicu-
lars from the end of the vector 
representing the voltage across R2 

to the vectors representing the volt-
age across R3 and C3 we can deter-
mine the amplitude of the voltage 
across R3 and across C3. The per-
pendiculars are shown in Fig. 4. If 
we carefully measured the voltage 
vector ER3 we would find that it was 
equal to .707 x ER2. Similarly, the 
voltage across C3 will be equal to 
.707 times the voltage across R2. 
Thus, even though the capacitive re-
actance is equal to the resistance, 
the actual voltage that will appear 
across R3 and be fed to the second 
stage will be slightly over 7/10ths 
the input voltage, where at first we 
might think that the voltage would be 
only half the input voltage. 

The frequency at which the re-
actance of the coupling capacitor is 
equal to the resistance of the input 
resistor of the second stage is called 
the half-power point. The reason for 
this is that the current that will flow 
through the grid resistor will depend 
upon the voltage applied to it. 

If the voltage at some frequency 
where the capacitive reactance of the 
capacitor is so small it can be 
ignored is 1 volt, then withthe same 
amplitude signal across R2, at the 
frequency where the reactance of the 
capacitor is equal to the resistance 
of the grid resistor, the voltage 
across the resistor will be .707 
volts. 

In this case, the current that will 
flow through the grid resistor will be 
.707 times what it would be when the 
voltage across the resistor was 1 
volt. Therefore the power of the sig-
nal fed to the resistor will be equal 
to the voltage times the current 
which will be .707E x .7071 = .5P. 
Thus the power fed to the resistor 
will be one half the power at frequen-
cies where the coupling capacitor 
can be ignored. 
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The equivalent diagram of the cou-
pling circuit at mid-frequencies is 
shown in Fig. 3C. Here, the react-
ance of the coupling capacitor C3 
is so small compared to the re-
sistance of R3 that it can be ignored. 
Therefore for all practical purposes 
R2 and R3 are connected directly in 
parallel. R3 is usually many times 
the resistance of R2 so that it has 
very little effect as far as reducing 
the size of the plate load of V1 is 
concerned. In the mid-frequency 
range the output capacity of Vi and 
the input capacity of V2 are too small 

to affect the operation of the circuit 
so they can be ignored. In this mid-
frequency range, essentially all of 
the output signal developed by Vi is 
fed to V2 so that the coupling circuit 
operates with maximum efficiency. 

At high frequencies the reactance 
of C3 will be even smaller and can 
therefore be omitted from the cir-
cuit. However, the effects of the out-
put capacity of Vi and the input ca-
pacity of V2 must be considered. 
They are shown in Fig. 3D, the equiv-

alent circuit for high frequencies. 
Notice that once again R2 and R3 

are, in effect, in parallel; also Co 
and CIN are likewise in parallel. 

Therefore the circuit acts as if there 
is one capacitor connected across 
the parallel combination of R2 and 
R3. 
As the frequency of a signal in-

creases, you know that the capacitive 
reactance decreases. At low and 
middle frequencies the capacitive 
reactance of Co and CLN in parallel 

is so high that it has no effect on the 
performance of the circuit. How-

ever, as the frequency increases, 
the capacitive reactance of this 
parallel combination goes down. At 
some high frequency, the capacitive 
reactance will eventually be equal to 

the resistance of R2 and R3 in paral-
lel. At this point the effective plate 
load resistance on V1 will be re-
duced and the output voltage de-
veloped by V1 will also go down. 
When the capacitive reactance of 

the parallel capacity is equal to the 
resistance of R2 and R3 in parallel, 
then half of the signal current de-
veloped by Vi will flow through the 
resistance combination and the other 

half will flow through the capacitors. 
This means that the voltage de-
veloped in the output of Vi will be 

reduced. By means of the vector dia-
gram shown in Fig. 5, we can see 
exactly what happens. 

First, we draw the current vector 
I which represents the signal cur-
rent from Vi. Then we draw a volt-

age vector ER to represent the volt-
age developed across the parallel 
combination of R2 and R3. We draw 
this vector in phase with the current 
because we know that the voltage de-
veloped across these resistors will 
be in phase with the current. Now 
we draw a voltage vector that lags 
the current by 90°. This vector 
represents the voltage developed 

across the capacitors. Since half the 
current is flowing through the re-
sistance and half through the capaci-
tance, the two voltages must be 
equal; therefore, we draw the volt-
age vector EC equal to the voltage 
vector ER and lagging by 90°. Now 
we perform the vector addition of 
these two voltages as shown in Fig. 

Fig. 5. Vector diagram of input and output 
voltages at high frequencies. 
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5. This gives us the total output 
voltage from V1. Again, this voltage 
will be equal to .707 times the volt-
age developed in the mid-frequency 
range. This is the half-power point 
at the high-frequency end of the fre-

quency range. 
In addition to the amplitude of the 

signal voltage reaching V2 ,dropping 
off both at high frequencies and at 
low frequencies, you should also no-
tice that the phase of the voltage is 
changed. In the mid-frequency 
range, the voltage applied to V2 will 
be in phase with the output voltage 
from Vi. However, at the low-fre-
quency half-power point, the voltage 
fed to V2 will lead the output voltage 
from Vi by 45°. At the high-fre-
quency half-power point, the voltage 
applied to V2 will lag the output volt-
age from Vi by 45° . In sound or audio 
amplifiers this phase shift is not 
particularly important, but in video 
amplifiers and television receivers 
this phase shift is important and can 
produce a smear in the picture. You 
will learn more about this later, as 
well as how this problem is over-
come. 
We have a somewhat similar situ-

ation in the transistor amplifier cir-
cuit shown in Fig. 2. However, here 
the situation becomes even more 
complicated because the transistors 
are low-impedance devices whereas 
tubes are high-impedance devices. 

Fig. 6A illustrates the effective 
coupling circuit between Qi and Q2 
in Fig. 2. First, looking at Fig. 6A 
you see a resistor marked Ro. This 
resistance represents the output re-
sistance of Qi. In parallel with this 
we have shown R2, the collector-
load resistor. We have also shown 
Co which represents the output ca-
pacitance of Qi plus any distributed 
capacitance that may be in the cir-

cuit. The coupling capacitor C3 is 
shown as before; R3 represents the 
resistance connected in the input 
circuit of Q2. In parallel with R3 we 
have shown another resistor marked 
R. This resistance represents the 
input resistance or the base-emitter 
resistance of Q2. In parallel with 
this combination we haSe capacitor 
CiN which represents the input ca-
pacitance of Q2. At some frequen-
cies all of these parts affect the per-
formance of the circuit. 

Fig. 6B illustrates the equivalent 
low-frequency circuit of the coupling 
network. Here we have represented 
the output resistance of Qi and R2 
as a single parallel resistance. Since 
these two resistors are always in 
parallel we will use this representa-
tion in all of the equivalent circuits. 
Similarly, we have represented R3 

A 

• • • 

• 

R3 
> iR 
> IN 

R01 

• 1 • 

• • 

•  

R0, 

D R2 

• To 
R3/ 

R IN 

r IN 
• 

Fig. 6. Equivalent circuit of coupling net-
work between QI and Q2 in Fig. 2. 
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and the input resistance of Q2 as a 
single resistance. C3 is the coupling 
capacitor and at low frequencies it 
will have a reactance that must be 
considered. 

Since the input resistance of Q2 
is actually the parallel combination 
of R3 and the input resistance to the 
transistor, we see that this resist-
ance may be quite low. You already 
know that the input resistance of the 
transistor of a commonemitter cir-
cuit is not particularly high; there-
fore, this resistance inparallelwith 
R3 will result in a comparatively 
1crw total resistance. Thus if we 
are to keep the half-power point 
at a reasonable frequency, we must 
use a large capacity for C3. Ca-
pacitors many times those required 
for vacuum tube circuits are found 
in coupling networks between tran-
sistor stages. At some frequency the 
reactance of C3 will be equal to the 
parallel resistance in the input cir-
cuit of Q2 and then we will have the 
same voltage division we had in the 
vector circuit shown in Fig. 4. The 
amplitude of the voltage reaching the 
transistor Q2 will be .707 of the am-
plitude reaching it in the mid-fre-
quency range. 

In Fig. 6C we have shown the effec-
tive mid-frequency range circuit. 
Here we simply have all of the re-
sistances in parallel. Notice that 
since the input resistance of Q2 is, 
in effect, in parallel with the output 
resistance of Qi, the input resist-
ance has an effect on the output re-
sistance into which Qi is working. 
This means that in transistor R-C 
coupled amplifiers the input resist-
ance of the second stage can actually 
affect the output that will be obtained 
from the first stage. This is not true 
in vacuum-tube coupled circuits be-
cause the input resistance of the sec-

ond stage is so high it will not affect 
the output resistance of the first 

stage. 
Fig. 6D shows the equivalent high-

frequency circuit. We have shown 
the two resistances and capacitances 
separately, but actually they could 
be lumped together so that we have, 
in effect, a single resistance and a 
single capacitance. As in the case 
of the vacuum-tube circuit, at some 
frequency the capacitive reactance 
of the parallel capacity will be equal 
to the resistance of the parallel re-
sistors. When this happens, the out-
put voltage developed by Qi will fall 
to .707 of the voltage developed in 
the mid-frequency range. The vector 
representation will be the same as 
that given in Fig. 5. 
We mentioned that the coupling 

capacitor in a transistor circuit 
must be larger than in a tube circuit 
in order to keep the low-frequency 
half-power point at a reasonably low 
frequency. In other words, we have 
an additional problem in the tran-
sistor circuit because of the low in-
put resistance of the second trans-
sistor. At the high frequency end we 
have a somewhat different situation. 
Since the transistors are already 
low-resistance devices, the value of 
the output and input capacitances can 
be somewhat larger than in a vac-
uum-tube circuit before they cause 
appreciable difficulty. If they happen 
to be the same as those in a vacuum 
tube circuit, then the high-frequency 
half-power point in a transistor cir-
cuit will be somewhat higher than 
the vacuum-tube circuit because the 
vacuum-tube circuits are high-re-
sistance circuits and are quickly 
loaded by a capacitive reactance. 
The transistor circuits, on the other 
hand, are low-resistance circuits 
and the high-frequency half-power 
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point will not be reached until a 
somewhat higher frequency. 

CASCADE AMPLIFIERS 

At the half-power point we say that 
the gain of an amplifier is .707 times 
the gain of the amplifier middle fre-
quency. We also express this quite 

frequently as the percentage and say 
that the gain is 70.7% of the gain in 

the middle frequency range. This 
drop-off in gain due to the coupling 
network between a single stage is 
not too troublesome when only one 
network is concerned, but some-

times we have a number of ampli-
fiers called cascade amplifiers and 

here the problem becomes much 
greater. 

Cascade amplifiers are just a 
number of amplifiers connected to-
gether. A diagram of four cascade 
amplifiers is shown in Fig. 7. Here 
the input signal is fed to amplifier 
1, amplified by it and then fed to 

amplifier 2, amplified further and 
fed to amplifier 3, where it is am-
plified still more, fed to amplifier 
4, and amplified again. 

We have not shown actual circuits 
in this diagram but we have pre-
sented each stage as a block to sim-

plify the diagram. Each of these am-
plifiers could be either a vacuum 
tube amplifier or a transistor am-
plifier. 

If the gain of each amplifier is 10 
in the middle frequency range of 
about 100 cycles to 10,000 cycles, 

INPUT 

AMP I AMP 2 

 00  

 00  

O0  

O0  

then the over-all gain of the first 
two stages is 10 x 10, or 100. The 

gain of the first three stages is 100 
X 10 or 1000, and the gain of all four 

stages is 10,000. Thus, in the middle 
frequencies where the gain of each 

stage is 10, the total gain of this 
system is 10,000. 
Now let's assume we are in-

terested in amplifying signals as low 
as 75 cycles and at that frequency, 
the gain of the amplifier drops to 
70.7% of what it is in the middle 
frequency range. Here the gain of 

each stage would be 7.07. Now the 
gain of the first two stages is 7.07x 

7.07 = 50. Now notice that the voltage 
gain of the two stages is only half of 
what it was at the middle frequen-
cies. 
The gain of the first three stages 

will be 50 x 7.07 or a little over 350, 

and the gain of all four stages will 
be 7.07 x 7.07 x 7.07 x 7.07 = 2500. 

Notice that whereas the gain of each 
stage has fallen to 70.7% of the gain 
at the middle frequencies, the over-
all gain of the amplifier is only 25% 
of what it was at the middle frequen-
cies: Thus, you can see that although 
the decrease in gain to 70.7% is not 
too big a problem in a single coupling 

network, if we have a number of 
stages used together, this fall-off in 
output is cumulative, so that in the 

four stages coupled as in Fig. 7, we 
have a gain of only 25% of the gain 
we had at the middle frequency. Of 

course, this much drop in response 
could not be tolerated and we would 

AMP 3 AMP 4 

O0  

O0  

O0  

O 0  
OUTPUT 

Fig. 7. Block diagram of cascade voltage amplifiers. 
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have to design each stage a little 
better so that within the range of 
frequencies we wanted to amplify, 
the gain in each stage would remain 
almost constant. In the example we 
have given, this problem can be 
overcome by using larger coupling 
capacitors. 

SUMMARY 

Resistance-capacitance coupled 
voltage amplifiers are the most im-
portant type of audio amplifier you 
will encounter. You should be able 
to draw from memory the circuits 
shown in Fig. 1 and in Fig. 2. You 
will use these circuits over and over 
again and the sooner you know ex-
actly how the circuits are connected, 
the faster you'll reach a point where 
you'll understand their operation 
completely. 

In the two circuits the first stage 

amplifies the input signal voltage. 
The amplified signal voltage is de-
veloped across the load resistor R2. 
This amplified voltage is then fed 
through the coupling capacitor C3 to 
the following stage. As long as the 
reactance of C3 is low compared to 
the input resistance of the following 
stage all of the signal developed 
across R2 reaches the input circuit 
of the following stage. However, at 
low frequencies the reactance of C3 
becomes appreciable compared to 
the input resistance of the following 
stage and then part of the signal is 
lost across C3 so that the entire 
signal does not reach the input of 
the following stage. Thus in a low-
frequency range the gain of the two-
stage amplifier begins to fall off. 

At some high frequency the output 
capacitance of the first stage and 
the input capacitance of the second 
stage begin to have a low enough re-

actance to effectively shunt the cir-
cuit and reduce the signal voltage 
developed across the load resistor 
R2. When this happens, the gain of 
the amplifier begins to fall off as it 
does at low frequencies due to the 
reactance of the coupling capacitor. 
Because the input resistance of a 
transistor amplifier is much lower 
than that of a tube amplifier,a much 
larger coupling capacitor is re-
quired in the low-frequency region 
in the transistor circuit than is re-
quired in a tube circuit. 

In the case of the transistor am-
plifier there was a tendency for the 
shunting capacity to have a less 
serious effect on the gain of the am-

plifier than it had in the case of the 
tube amplifier. This was due to the 
fact that the output resistance of the 
first transistor and the input resist-
ance of the second stage were al-
ready low; therefore, a much larger 
capacitance was required to have the 
same loading effect. The input re-
sistance of the second stage in a 
transistor amplifier had an appre-
ciable effect on the gain of the first 
stage -- this is not true in the case 
of a vacuum tube amplifier; the input 
resistance of the second stage in the 
latter type is so high that it will not 
have any effect on the value of the 
load resistance in the plate circuit 
of the first stage. 
Be sure that you understand re-

sistance-capacitance amplifiers 
thoroughly before leaving this im-
portant section of the lesson. After 
you're sure that you understand the 
amplifiers, check yourself by doing 
the following self-test questions. 

SELF-TEST QUESTIONS 

(a) What is the purpose of R1 in the 
circuit shown in Fig. 1? 
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(b) 

(e) 

What is the purpose of C1 in 
Fig. 1? 
With respect to the input signal 
voltage, what will the polarity 
of the amplified signal voltage 
across R2 be? 

(d) Is the voltage drop across R1 in 
Fig. 2 used as the forward bias 
on Qi? 

(e) In the circuit shown in Fig. 2, do 
the holes reaching the collector 
flow through the collector load 
resistor R2? 
When the input signal from the 
generator in Fig. 2 has a po-
larity which causes the end that 

(f) 
(i) 

(g) 

connects the emitter to be nega-
tive and the end that connects 
to and through C1 to the base to 
be positive, what happens in the 
transistor? 
Why does the input resistance 
of Q2 in Fig. 2 have an effect 
on the gain of Qi? 

(h) In the circuits shown in Figs. 
1 and 2, what part primarily 
limits the lower frequency limit 
of the two amplifiers? 
In the same circuits, what 
limits the high frequency limit 
to which the amplifiers can be 
used? 

16 



Transformer-Coupled 
Voltage Amplifiers 

In the early days of radio, the 
vacuum tubes manufactured were 
relatively crude, and you couldn't 
get a great deal of gain from them. 
Voltage amplifiers with vacuum 
tubes frequently used transformer 
coupling between the tubes because 
the gain of the stage could be in-
creased considerably by using a 
step-up transformer. For example, 
suppose the tube had a gain of five 
and you used a step-up transformer 
between the tube and the following 
stage, and suppose that the trans-
former had a turns-ratio of 1 to 3; 
this meant that the transformer 
would step-up the signal voltage fed 
to the primary by a factor of 3. 
Therefore, the total gain obtained 
with the tube and transformer would 
be equal to 5 x 3, or 15. 

With modern vacuum tubes it is 
comparatively easy to obtain a gain 
of nearly 100 in R-C coupled cir-
cuits. Since R-C coupling is much 
more economical than transformer 
coupling, you will not find trans-
former coupling between voltage 
amplifier stages in modern equip-
ment. Therefore, we'll take only a 
quick look at a vacuum-tube voltage 
amplifier using transformer cou-
pling so you will know what it looks 
like, in case you run into it in any 
older equipment you might service, 
and also because transformer cou-
pling is still used in some other 
applications. 

In transistor circuits an entirely 
different situation exists. We have 
already pointed out that the input re-

sistance of the second stage in a 
two-stage transistor amplifier has 
an effect on the output resistance of 
the first stage. We pointed out that 
the low input resistance of the sec-
ond stage will, in effect, reduce the 
load resistance of the first stage, 
which in turn will reduce the ampli-
tude of the output signal from the 
first stage. This problem can be 
overcome by using transformer cou-
pling between the two stages. The 
transformer serves as an imped-
ance-matching device and prevents 
the low input resistance of the sec-
ond stage from reducing the load 
resistance of the first stage. Today, 
transformer coupling is much more 
important in transistorized cir-
cuitry than in vacuum circuity, so 
we'll spend more time discussing 
this type in transistorized circuits. 
However, let's go ahead and look at 
a transformer-coupled vacuum tube 
amplifier first. 

VACUUM-TUBE CIRCUITS 

Fig. 8 illustrates a typical two-
stage vacuum-tube amplifier using 
transformer coupling between the 
stages. The operation of the circuit 
is comparatively simple. Resistor 
R1 provides bias for V1, and C1 is 
the cathode bypass which provides a 
low-impedance bypass around the 
resistor for the signal. Resistor R2 
similarly provides bias for the sec-
ond stage, V2, and it is bypassedfor 
the signal by capacitor C2. 
The input signal voltage causes the 
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Fig. 8. Fo transformer-eoupled vacuum tubes. 

r-

potential between the grid and cath-
ode to vary. This causes the plate 
current flowing through V1 to vary. 
This varying current flows through 
the primary of T1 and sets up a 
varying magnetic field which induces 
a voltage in the secondary of T1. 
T1 is a step-up transformer so that 
the voltage across the secondary will 
be greater than the voltage across 
the primary. 

The amplified and stepped-up 
voltage appearing across the sec-
ondary of T1 is applied between the 
grid and cathode of V2 where it will 
receive further amplification. 

At first glance it might appear 
that the transformer-coupled two-
stage amplifier has many advantages 
over the R-C coupled amplifier. 
However, as we pointed out before, 
the step-up feature of the trans-
former is not needed with high-
gain vacuum tubes available to use 
in modern equipment. In addition, 
a transformer is much more costly 
than the two resistors and capacitor 
needed for an R-C coupled network. 
Furthermore, most transformers 
are quite frequency-sensitive and 
therefore the signal voltage reach-
ing V2 will vary appreciably with 
frequency. Some of the problems of 

frequency discrimination in the 
transformer can be overcome by 
careful design, but this in turn in-
creases the cost of the transformer. 
Because of the disadvantages of the 
transformer and the availability of 
high-gain tubes, this circuit is not 
used in modern equipment. 

TRANSISTOR CIRCUITS 

A transistor voltage amplifier 
using transformer coupling is shown 
in Fig. 9. Notice that both transis-
tors are connected in common-emit-
ter circuits. 
From a standpoint of getting maxi-

mum gain from a transistor ampli-
fier, transformer coupling is actu-
ally the best arrangement that can 
be used. You will remember that 
the input impedance of a transistor 
is quite low. We also pointed out 
that when two transistors are cou-
pled together by means of resist-
ance-capacity coupling, the low im-
pedance of the second transistor 
actually loads the first transistor. 
The two transistors are not matched. 
By means of a transformer the first 
transistor can be matched to the sec-
ond transistor so that the undesir-
able effect of having the input cir-
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cuit of the second transistor load 
the output circuit of the first tran-
sistor can be avoided. The trans-
former serves as an impedance-
matching device to match the com-
paratively high impedance of the 
first transistor to the low input im-
pedance of the second transistor. 

Looking at Fig. 9 we see that we 
have a transformer, T1, in the in-
put. This transformer is a step-
down transformer and matches the 
low input impedance of the first tran-
sistor to the preceding circuit. Ci is 
a blocking capacitor. It is needed 
to keep the transformer secondary 
from shorting out the forward bias 
placed across the emitter-base 
junction. The bias on the junction 
is obtained from the battery by 
means of a voltage divider network 
consisting of both R1 and R3. This 
network will bias the base negative 
with respect to the emitter. Notice 
that the 3K resistor R1 is connected 
directly across the input circuit. As 
for the signal, it is connected di-
rectly from the base to the emitter. 
The 4 mid capacitor C3 provides an 
effective signal bypass between the 
emitter and ground. 

INPUT 

The resistor R2 is placed in the 
circuit to prevent thermal runaway. 
You will remember we mentioned 
previously that minority carriers 
crossing the collector-base Junc-
tion may increase the forward bias 
across the emitter-base junction. 
This causes the current flow through 
the transistor to increase, heating 
the collector-base junction and its 
resistance, thereby causing still 
more minority carriers to cross the 
junction and increase the forward 
bias still further. R2 prevents this 
from happening because if the emit-
ter current increases, the voltage 
across R2 increases, and this volt-
age subtracts from the forward bias 
across the emitter-base junction. 
This tends to keep the current 
through the transistor constant. 

The signal is applied through the 
4 mfd capacitor to the base of the 
first transistor and from the other 
end of the transformer through C3 
to the emitter. This causes the num-
ber of holes crossing the emitter-
base junction to vary which in turn 
causes the number of holes reach-
ing the collector to vary. Then the 
negative flow from the negative ter-

Fig. 9. Transformer-coupled voltage amplifier using transistors. 

P-N-P T3 
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minal of the battery through the pri-
mary of T2 will vary. The varying 
current through the primary of the 
transformer produces a magnetic 
field which induces a voltage in the 
secondary of the transformer. This 
in turn produces a varying voltage 
between the base and emitter of the 
second transistor. 

Notice that the primary of T2 is 
marked 20K and the secondary is 
marked 1K. The output impedance 
of a transistor in a common-emitter 
circuit is about 20K. The input im-
pedance is about 1K. By means of a 
step-down transformer these im-
pedances can be matched. You will 
remember that maximum power 
transfer from a generator to the 
load occurs when the load impedance 
is matched to the generator imped-
ance. The first transistor acts more 
or less as a generator and maxi-
mum power is transferred from it 
to the second transistor when the 
input impedance of the second tran-
sistor is matched to the output im-
pedance of the first transistor. 
You might wonder why we are con-

cerned about matching impedances 
to get maximum power transfer 
when the circuit shown in Fig. 9 is 
supposed to be a voltage amplifier. 
Remember, however, that transis-
tors are current-operated devices. 
Therefore by matching impedances 
we can get maximum current vari-
ation in the emitter-base circuit of 
the second transistor. This in turn 
will result in maximum current 
variation in the collector circuit. 
The higher the current variation 
through the load of the second tran-
sistor the greater the voltage am-
plification obtained will be. 
A two-stage transformer-coupled 

amplifier such as is shown in Fig. 

9 will yield far more voltage gain 
than the two-stage R-C coupled am-
plifier shown in Fig. 2. This might 
at first lead you to believe that trans-
former coupling should be used in 
all transistor voltage amplifier cir-
cuits. However, this is not true be-
cause the transformers needed for 
the transformer coupling are much 
more expensive than the two resis-
tors and capacitor needed in R-C 
coupled circuits. As a matter of fact, 
since transistors themselves are 
relatively inexpensive, it is usually 
more economical to use a three-
stage R-C coupled voltage amplifier 
than it is to use a two-stage trans-
former-coupled voltage amplifier. 
A three-stage R-C coupled ampli-

fier is capable of giving about the 
same gain as a two-stage trans-
former-coupled amplifier. In addi-
tion, it is more difficult to get good 
frequency response using trans-
former coupling than it is using R-C 
coupling. Therefore, in applications 
in which we are concerned about the 
frequency response and in which we 
are trying to keep the cost down it 
is usually advantageous to use a 
three-stage R-C coupled amplifier. 
However, in some applications you 
will find transformer-coupled volt-
age amplifier circuits. 

If you have to replace a transform-
er in a transformer-coupled voltage 
amplifier, it's important to use a re-
placement transformer having the 
same turns-ratio as the original 
transformer. The transformer is 
primarily an impedance-matching 
device and if you do not use a trans-
former with the same turns-ratio as 
the original, the output impedance of 
the first transistor will not properly 
match the input impedance of the 
second transistor. 
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SUMMARY 

Since it is uneconomical, trans-
former coupling between voltage-
amplifier vacuum-tube stages is no 
longer used. You will find it only 
in very old equipment. The trans-
former used between vacuum-tube 
voltage-amplifier stages is usu-
ally a step-up transformer. Trans-
former coupling is used in some 
transistor amplifiers. In this appli-
cation, the transformer is a step-
down transformer and it is primarily 
an impedance-matching device. By 
using a transformer in transistor 
voltage amplifiers, the high output 
impedance of the first transistor 
can be matched to the low input im-
pedance of the second transistor. 
Transistor voltage amplifiers are 
capable of higher gain than R-C cou-

pled amplifiers , but by using an extra 
stage the same gain can be obtained 
from R-C coupled amplifiers. 

SELF-TEST QUESTIONS 

Why was transformer coupling 
used between vacuum tubes in 
the early days of radio? 
Why are transformer-coupled 
voltage-amplifier stages using 
tubes no longer used? 
Why is it better to use trans-
former coupling in transistor-
voltage amplifier stages? 
Why is transformer coupling 
seldom used between transis-
tor-voltage amplifier stages? 
What must you watch if you have 
to replace a transformer in a 
transformer-coupled transis-
tor-voltage amplifier? 
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Single-Ended 
Power Amplifiers 

The primary purpose of most low-
frequency amplifiers is to build up 
an audio signal to a sufficient ampli-
tude to drive the loudspeaker. A 
loudspeaker must be driven by a 
power amplifier. The voltage ampli-
fiers we have discussed previously 
are used to amplify a low-voltage 
audio signal to a sufficient ampli-
tude to drive a power amplifier, 
which in turn will drive the loud-
speaker. 
There are a number of different 

types of power amplifiers that can 
be used to drive a loudspeaker: the 
single-ended power amplifier,which 
is always a Class A power amplifier, 
and the double-ended power ampli-
fier, which may be a Class A, Class 
AB or Class B power amplifier. In 
this section of the lesson we are 
going to discuss single-ended power 
amplifiers. We will discuss both 
vacuum-tube power amplifiers and 
transistor power amplifiers. 

Today, there are millions of radio 
and television receivers in use with 
low-frequency single-ended power 
amplifiers using vacuum tubes. You 
can be sure that you will run into 
this type of amplifier to service. In 
addition, there are many single-
ended power amplifiers using tran-
sistors. This type of power ampli-
fier is found in modern automobile 
receivers as well as in many por-
table receivers, in some table model 
radios and in some transistorized 
television receivers. It is quite like-
ly that in the future there will 
be fewer vacuum tube stages around 
to service, but at the present there 

are probably many more power am-
plifiers using vacuum tubes than 
transistors. We will go into the 
vacuum-tube circuit first, and then 
into the transistor power amplifiers 
later. 

VACUUM-TUBE CIRCUITS 

A typical single-ended Class A 
power amplifier using a beam power 
tube is shown in Fig. 10. Practically 
all modern low-frequency power 
amplifiers use beam power tubes. 
This stage is driven by the amplified 
signal voltage from the last voltage 
amplifier applied to R1 through C1. 
It produces audio power to drive the 
loudspeaker. Notice that in general 
this circuit is not too different from 
that of a voltage amplifier. 
The tubes made for use in power 

amplifier stages are designed es-
pecially for this type of service. 
These tubes normally draw a much 
higher plate current than the tubes 
in voltage amplifiers. A typical tube 
used in a voltage amplifier may draw 
a plate current somewhere between 
about 1 and 10 milliamperes , where-
as tubes designed for use in power 
amplifiers will usually draw a plate 
current of 50 milliamperes or more. 

In the circuit shown in Fig. 10, 
R-C coupling is used between the 
preceding voltage amplifier and the 
power amplifier. This type of cou-
pling can be used between a Class A 
power amplifier and the last voltage 
amplifier because no grid current 
flows. The power amplifier shown in 
Fig. 10 is designed to operate as a 
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Class A amplifier by the voltage 
developed across the cathode-bias 
resistor R2. You will remember that 
in a Class A amplifier, sufficient 
bias is applied to the tube so that the 
grid voltage is halfway between zero 
and cut-off voltage. In operation, the 
grid should not be driven positive, 
and it should not be driven into the 
region where plate current is cut off. 
As long as the grid is not driven 
positive, there will not be a grid 
current flow. 

Notice that R2 is bypassed by a 
capacitor, C2. This capacitor is usu-
ally an electrolytic capacitor -- in 
many receivers you will find that 
this capacitor is in a common can 
along with the filter capacitors used 
in the receiver. It is usually a com-
paratively low-voltage capacitor be-
cause the voltage across it (which is 
equal to the voltage across R2) is not 
too high. An electrolytic capacitor 
is used because the resistance of R2 
is usually only a few hundred ohms. 
A large capacitor is required to by-
pass this resistor -- otherwise, the 
reactance of the capacitor becomes 
so high at low frequencies that the 
resistor is not bypassed effectively. 
The purpose of this capacitor is to 

hold the cathode at signal ground po-
tential, as we mentioned previously, 
so that the input signal is, in effect, 
applied directly between the grid and 
cathode of the tube. 
You will remember that to get 

maximum power transfer from a 
generator to a load, the load im-
pedance must be matched to the gen-
erator impedance. In this circuit, the 
tube acts as the generator. However, 
a beam power tube has a very high 
plate impedance. Therefore, it is 
not practical to try to match the 
plate impedance of the tube to the 
speaker. Instead, manufacturers of 
the tubes usually specify a load im-
pedance into which a tube should 
work for best results. The output 
transformer is designed so that the 
tube will, in effect, see this load 
impedance. This is accomplished by 
means of a step-down transformer, 
T1, which matches the load imped-
ance of the tube to the low imped-
ance of the speaker voice coil. An-
other way of looking at this trans-
former is from the speaker end of 
the circuit. Most speakers have a 
comparatively low impedance; the 
speakers in most radio and tele-
vision receivers have a voice coil 

Fig. 10. Schematic diagram of single-ended Class A amplifier using a beam power tube. 
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impedance of 3.2 ohms at a frequency 
of 400 cycles. The output trans-
former is designed to step up this 
impedance so that the tube sees the 
load it works into best. Most beam 
power tubes work into a load of 
somewhere between 2,500 ohms and 
10,000 ohms. Therefore, if we look 
at the circuit from the speaker end, 
the transformer is a step-up trans-
former because it steps up the low 
impedance of the speaker to the 
higher impedance of the tube. If we 
look at the circuit from the tube end, 
on the other hand, the transformer 
is a step-down transformer because 
it steps the high impedance of the 
tube down to the low impedance of 
the speaker. The important thing 
for you to realize is that the primary 
winding of the transformer, which 
connects to the plate circuit of the 
tube, has far more turns on it than 
the secondary winding that is con-
nected to the voice coil of the 
speaker. Since the primary winding 
has more turns than the secondary, 
we usually refer to this as a step-
down transformer. 

Capacitor C3 is called a plate by-
pass capacitor. This capacitor is 
used to prevent oscillation. Actually, 
the capacitor provides a low-imped-
ance path for high-frequency signals 
and it reduces the possibility of a 
high-frequency oscillation in the 
stage. These high-frequency signals 
in the plate circuit of the tube are 
shunted to ground through the ca-
pacitor while low frequency signals 
must flow through the primary of T1. 
You might wonder how the high-fre-
quency signals are shunted to ground 
through C3, since C3 connects be-
tween the plate and screen of the 
tube. The screen of the tube connects 
directly to B+. The output of the 
power supply will have a large elec-

trolytic capacitor as the output filter 
capacitor. This capacitor provides 
a low impedance path from B+ to 
ground as far as the audio signal is 
concerned. Therefore, B+ is effec-
tively at ground as far as the signal 
is concerned. Hence the bypass ca-
pacitor C3 (which connects from the 
plate to the screen of the tube) effec-
tively bypasses the high-frequency 
signal to ground. 

In some receivers you will find 
C3 connected directly between the 
plate of the tube and ground. The 
disadvantage of this arrangement is 
that C3 must then be capable of 
withstanding the high dc plate volt-
age applied to the tube. By using the 
circuit shown in Fig. 10 and con-
necting C3 between the plate and 
screen of the tube, the only dc volt-
age the capacitor must be able to 
withstand is the voltage drop across 
the primary winding of T1. This volt-
age is usually nominal (somewhat 
less than 10 volts) so that C3 does 
not have a high dc potential placed 
across it. 
Sometimes you will see a triode 

tube used as the power output tube. 
A triode tube has the advantage over 
a pentode or a beam power tube, in 
that it usually produces less distor-
tion. However, the disadvantage of 
the triode tube is that it requires 
a very high driving power. The 
power gain in a triode tube is rela-
tively low compared to that of 
a beam power or a pentode tube. As 
a result, triode tubes have in gen-
eral disappeared as power ampli-
fiers in favor of beam power and 
pentode tubes. 

TRANSISTOR CIRCUITS 

A schematic diagram of a single-
ended Class A amplifier using a PNP 
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Fig. 11. Schematic diagram of single-ended Class A amplifier using a PP transistor. 

transistor is shown in Fig. 11. No-
tice that, in many respects, this cir-
cuit is similar to the vacuum tube 
circuit shown in Fig. 10. 
The circuit we have shown in Fig. 

11 is a common-emitter circuit and 
the output transformer is connected 
in the collector circuit. Again, the 
output transformer is an impedance-
matching device. Its purpose is to 
match the speaker impedance to the 
output impedance of the transistor. 
Notice that capacitor C2 is an elec-
trolytic capacitor. The value of R3 
is comparatively low, so in order 
to hold the emitter at signal ground 
potential for all signal frequencies, 
the capacitor must be large. As in 
the case of a vacuum-tube circuit 
there will be some low frequency 
where the reactance of this capaci-
tor becomes appreciable and re-
duces the gain of the amplifier at 
that frequency. 

The input coupling capacitor C1 
(in the circuit shown) is an electro-
lytic capacitor. Again, remember 
that an electrolytic is required in 
the input of the stage because the 
input resistance of the transistor is 

very low and unless a large capaci-
tor is used, there will be consider-
able loss in gain at low frequencies. 
Once again, C3 is a bypass ca-

pacitor. Its purpose is the same as 
that of the plate bypass capacitor 
in Fig. 10. It is used to prevent 
oscillation in the collector circuit 
and to provide a low-impedance path 
from the collector to ground for 
high-frequency signals in the collec-
tor circuit. 

In a Class A stage of this type, 
the emitter-base junction is biased 
so that the transistor operates ap-
proximately in the midpoint of its 
characteristic curve. The bias is 
adjusted so that the signal does not 
overcome the emitter-base forward 
bias at any time and the current flow 
from the emitter to the collector is 
never cut off. 

Transistor power amplifiers of 
this type are quite widely used in 
automobile receivers. In most auto-
mobiles the negative side of the bat-
tery is grounded. This means that 
the collector of the transistor is al-
most at ground potential. It is at 
ground potential less the voltage 
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Fig. 12. .% power transistor. 

drop across the primary of T1. As 
a result, very little insulation is re-
quired between the collector and the 
receiver chassis. Power transistors 
resemble the transistor shown in 
Fig. 12. They are usually bolted to 
the chassis to provide a heat sink, or 
a means of getting rid of the heat 
dissipated by the transistor. Very 
little insulation is required between 
the transistor case and the chassis 
in a circuit of this type because there 
is very little voltage between the 
chassis and the collector. In most 
power transistors, the collector 
connects directly to the case of the 
transistor; therefore, the circuit 
provides a simple way of getting rid 
of the heat developed in the transis-
tor and at the same time keeps the 
insulation requirements between the 
transistor case or collector to a 
minimum. 

Of course, in a circuit of this type 
NPN transistors can be used as well 
as PNP transistors. For that matter, 
in automobile receivers where the 
battery voltage is only 12 volts, it 
is comparatively simple to insulate 
NPN transistor collectors from the 
chassis so that there will be no volt-
age breakdown, and at the same time 
provide adequate heat dissipation 
from the transistor. 
Single-ended transistor amplifiers 

are also used in radio and television 

receivers that are operated from the 
power line. However, in portable-
type equipment that operates from 
a dry cell-type battery, it is more 
economical to use push-pull tran-
sistors in Class B circuits.You will 
see this later. 

SUMMARY 

Class A power amplifiers are im-
portant because they are used in all 
types of equipment, especially in 
radio and television receivers. The 
power amplifier is a stage that con-
verts the amplified signal to a sig-
nal with sufficient power to drive a 
loudspeaker. It consists of a tube 
or transistor, the output trans-
former, and the loudspeaker. The 
loudspeaker is the load; the output 
transformer is designed to match 
the speaker impedance to the output 
impedance of the tube or transistor. 
You should be sure that you under-

stand what a Class A power ampli-
fier is and what it is supposed to do. 
If you go into radio and TV service 
work, you will run into an ampli-
fier of this type in almost every 
radio or television set you will re-
pair. If you plan to be a technician 
in a broadcast station you will find 
Class A power amplifiers in both 
radio and television equipment. If 
you intend to go into industrial elec-
tronics, you may be in a plant where 
a public address system is used. 
The chances are that you will find 
Class A amplifiers in this equip-
ment. Regardless of what type of 
electronics work you do, you will 
encounter this type of amplifier. 

SELF-TEST QUESTIONS 

(o) What is the purpose of a power 
amplifier in a radio receiver? 
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(P) 

(q) 

What type of tube can you ex-
pect to find in the power ampli-
fier stage of most modern radio 
and television receivers? 
What is the purpose of the by-
pass capacitor used in the plate 
circuit of power amplifier tube 
circuits? 

(r) In a circuit such as the one 
shown in Fig. 10, how can low-
frequency distortion due to the 

reactance of the cathode bypass 
capacitor be kept to a mini-
mum? 

(s) What is the advantage of using 
a PNP transistor power am-
plifier (such as in Fig. 11) in 
an automobile receiver? 

(t) Are you likely to find a single-
ended or a push-pull power out-
put stage in portable receivers 
which operate from batteries? 
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Push-Pull Power Amplifiers 
In many applications it is impos-

sible or at least uneconomical to 
try to obtain the required power from 
a single-ended stage. In such cases 
a double-ended power amplifier 
called a push-pull amplifier is used. 
A push-pull amplifier is particu-
larly useful because it generates no 
second-harmonic distortion. Be-
cause of the circuit arrangement, 
any second-harmonic distortion 
produced is cancelled within the 
stage itself. Second-harmonic dis-
tortion is a signal having a frequency 
equal to twice the frequency of the 
signal to be amplified. Due to the 
curve in the characteristic curve of 
both tubes and transistors, single-
ended stages produce a certain 
amount of second-harmonic distor-
tion. However, in push-pull ampli-
fiers, any second-harmonic distor-
tion that is produced will be can-
celled in the stage itself. 

Push-pull stages may use either 
tubes or transistors, and you will 
study both types. Also, push-pull 
stages may be operated as Class A 
amplifiers or as Class B amplifiers. 
Often, you will find push-pull pentode 
or beam power stages operated as 
Class AB amplifiers. We will study 
and review some of the conditions 
of these various types of operations. 

CLASS A AMPLIFIERS 

A typical Class A push-pull ampli-
fier using beam power tubes is shown 
in Fig. 13. Transformer T1 can be 
a step-up transformer to provide 
additional drive between the grid and 
cathode of each tube. Notice that the 
cathode bias resistor R1 is not by-
passed. A bypass capacitor is not 
necessary because the current flow-

ing through this resistor remains 
essentially constant. When the input 
signal drives the grid of V1 in a 
positive direction so that the cur-
rent flow through this tube in-
creases, the signal will at the same 
time drive the grid of V2 in a nega-
tive direction so that the current 
through that tube decreases. If the 
tubes are operated on the linear 
portion of their characteristic 
curves, the increase in plate current 
In V1 should be offset by the de-
crease in plate current in V2. 
C1 and C2 serve as plate bypass 

capacitors for the two tubes. These 
capacitors prevent high-frequency 
oscillations which might cause the 
tubes to draw excessive current and 
burn out the primary of the output 
transformer. 

Notice that the B+ for the screen 
of the tubes is obtained from the out-
put filter capacitor. The B+ at this 
point will receive maximum filter-
ing so that it is essentially pure de. 
At the same time, the center tap of 
the output transformer, T2, through 
which plate voltage is supplied to the 
two tubes, connects to the input fil-
ter capacitor. The dc voltage at this 
point will be somewhat higher than 
the voltage at the output filter ca-
pacitor due to any voltage drop that 
might occur in the filter choke or 
filter resistor used in the power 
supply. In addition, there will be 
considerably more hum voltage 
present at this point. At first, you 
might think that this would cause 
hum in the output. However, there 
are two factors which prevent hum 
in a circuit of this type. First, any 
hum current would flow through the 
two halves of the output transformer 
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Fig. 13. Class A push-pull beam power tubes. 

T2 in opposite directions and hence 
tend to cancel. In addition, if there 
is some hum voltage on the plates 
of the two output tubes, remember 
that in pentodes and in beam power 
tubes the plate current depends very 
little on the plate voltage. It is de-
termined primarily by the grid and 
screen voltages. Therefore, if there 
is some variation in the plate volt-

SPKR. 

age on the tubes due to hum, this 
will not cause any appreciable 
change in plate current. Hence, the 
current flowing through the primary 
of T2 remains essentially constant, 
and no hum will be fed to the 
speaker. 
A push-pull Class A power ampli-

fier using NPN transistors is shown 
In Fig. 14. Notice that , in many ways, 

I lg. Class A push-pull NPN transistors. 
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the circuit is similar to the vacuum-
tube circuit in Fig. 13. The trans-
former T1 is a step-down trans-
former; you will remember that the 
input resistance (or impedance, as 
it's more correctly called when re-
ferring to a signal) of transistors 
in a common-emitter circuit is quite 
low. Thus, T1 serves as a matching 
device. Forward bias for the emit-
ter-base junction is obtained by 
means of a voltage-divider network 
made up of R1 and R3 connected 
across the battery. 

Resistor R2, connected between 
the negative side of the battery and 
the emitter, is for bias stabilization 
purposes. In the event that the cur-
rent through the transistor starts 
to increase due to a temperature 
rise in either transistor, the current 
through R2 will increase and reduce 
the bias to hold the current through 
the transistors essentially constant. 

Capacitors C2 and C3 are bypass 
capacitors that are used to prevent 
high-frequency oscillation in the 
output circuit. In some circuits the 
capacitors will be connected as 
shown, while in others a single ca-
pacitor connected directly between 
the two collectors may be used. 
For simplicity, we have repre-

sented the power supply in the cir-
cuit as a battery. Of course, in a 
portable receiver or in an auto-
mobile receiver the actual power 
source will be a battery. However, 
in equipment designed for use in the 
home (where it will be operated from 
a power line) a power supply will re-
place the battery. The power supply 
will use a rectifier and a filter cir-
cuit similar to those you have al-
ready studied. It might also have a 
step-down transformer if the tran-
sistors are of the low-voltage type. 
However, many transistors are de-

Fig. 15. %hen the operating point is on the 
lower bend of the tube characteristic 
curve, the plate current pulses i1 and i2 

will be distorted. 

signed for high-voltage operation 
and equipment using this type of 
transistor will not require a trans-
former in the power supply. 
Distortion Cancellation. 

We mentioned previously that sec-
ond-harmonic distortion generated 
within a push-pull amplifier is can-
celled in the stage. Let's see how 
this distortion is produced and how 
it is cancelled. 

First, we'll consider the beam 
power circuit shown in Fig. 13. Re-
member that the characteristic 
curve of a tube is not a straight line 
-- it is curved something like the 
line shown in Fig. 15. If the tube is 
operated on the bent portion of the 
curve shown in Fig. 15, distortion 
will be introduced. 

Referring back to Fig. 13, let's 
consider the input signal across the 
primary of T1 as "e" and in Fig. 15 
consider the signals across the two 
halves of the secondary as el and 
e2. The plate current flowing through 

V1 will be referred to as i and the 
plate current flowing through V2 as 
12. Let's look first at the signal el 
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applied to the tube V1 -- this is 
represented in Fig. 15 as the solid 
line. When el swings in a positive 
direction, il increases as shown; 
when el swings in a negative direc-
tion, then 11 decreases as shown. 

Notice, however, that the wave-
shape for the plate current is not 
equal in amplitude on the two sides 
of the zero axis -- that is,the alter-
nation M-N-M is greater than the 
alternation M-O-M. This indicates 
that the stage has added second har-
monics as well as other even har-
monics to the original fundamental 
sine wave. In other words, it has 
added distortion (signals that were 
not present in the original signal). 

At the same time, the other tube 
is getting the grid signal e2, repre-

',PRODUCES 

',PRODUCES 

AB+CD■ EF le 

Fig. 16. The even-harmonic distortion can-
cellation occurs because of the manner in 
which the fluxes add in the output trans-

former. 

sented by the dotted line in Fig. 15. 
Notice also that the plate current 12 
is distorted on the M-O-M alterna-
tion. However, the plate current 
alternation of 11 that is distorted 
occurs at the same moment as the 
portion of 12 that is not distorted, 
and vice versa. This is due to the 
fact that el and e2 are 180° out-of-
phase (when one is going positive, 
the other is going negative). 

In a transistor circuit such as is 
shown in Fig. 14, essentially the 
same thing happens. When the col-
lector current of Qi is increasing, 
the collector current in Q2 is de-
creasing. Similarly, when the col-
lector current in Qi is decreasing, 
the collector current in Q2 is in-
creasing. Thus, if we have distor-
tion in one-half of the output wave-
form produced by either transistor, 
we have exactly the same thing we 
have in the vacuum-tube stage, 
represented graphically in Fig. 15. 
Now let's examine the action oc-

curring in T2 when the plate current 
of the two tubes (shown in Fig. 13) 
or the collector current of the two 
transistors (shown in Fig. 14) flows 
through the primary winding. This 
is shown in Fig. 16. Although the 
currents 11 and i2 are 180° out-of-
phase, they now flow in opposite 
directions through the two halves of 
the primary T2. 

If 11 produces flux f1 and 12 pro-
duces flux f2 (as shown in Fig. 16), 
the fact that 12 is flowing through 
the transformer in a direction op-
posite from that of ii means that 
flux f2 will add to flux fl, as 11 the 
two were being produced by a single 
current flowing through the entire 
primary winding. When f1 and f2 (in 
Fig. 16) are added, the resultant 
flux (fe) is not distorted. 
Because the resultant flux fe is 
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not distorted even though the flux 
produced by the individual tubes or 
transistors is distorted, a push-pull 
amplifier will cancel out all even 
harmonics produced within the 
stage. In other words, if some sec-
ond and fourth harmonic distortion 
is produced within the stage, it will 
be cancelled out in the stage because 
of the way in which the signals are 
recombined in the output trans-
former. This applies only to even-
order harmonics produced within 
the stage because of a non-linear 
tube or transistor characteristic. A 
push-pun amplifier will not cancel 
even-order harmonics fed to it in 
the input, nor will it cancel out odd-
order harmonics such as the third 
and fifth harmonics generated within 
the stage. 

Push-pull amplifiers are not en-
tirely distortion-free because a cer-
tain amount of third, fifth and higher 
odd harmonics will be produced with-
in the stage. These hartnonics are 
not cancelled out by another stage. 
Therefore, the amount of third har-
monic distortion in the stage is 

Ti 

I 

usually what limits the amount of 
power we can get out of the stage 
without excessive distortion. The 
more power we try to get out of the 
stage, chances are the more third 
harmonic distortion there will be 
produced. 

CLASS B AMPLIFIERS 

A Class B push-pull amplifier 
using beam power tubes is shown in 
Fig. 17. Notice that this circuit is 
almost identical to the circuit shown 
in Fig. 13. The only difference is 
that the bias for the tubes is ob-
tained from a separate source rather 
than from a cathode bias resistor. 
In Class B operation the tubes are 
biased approximately at cut-off. You 
cannot have current flow in the cath-
ode circuit to develop this bias if the 
tubes are at cut-off and therefore 
grid bias for the tubes must be ob-
tained from another source. It is 
usually obtained by placing a resis-
tor in the negative side of the power 
supply. 

In the Class B amplifier with the 
tubes biased to cut-off, when the in-

- C + + + + 
B — 

Fig. 17. Class B push-pull beam power tubes. 

T2 
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Fig. 18. Class B push-pull PNP transistors. 

put signal swings the V1 grid in a 
positive direction the tube will con-
duct. At the same time, the grid of 
V2 will be driven in a negative di-
rection so that no current will flow 
through V2. During the next half-
cycle, the opposite happens; the grid 
of V2 is driven in a positive direc-
tion so that this tube conducts and no 
current flows through V1. 

Notice that we have indicated the 
plate and screen going to different 
voltage sources. As in the circuit 
shown in Fig. 13, the screen is re-
turned to the output filter capacitor 
and the plate to the input filter ca-
pacitor in order to get the higher 
voltage on the plate. 

Class B push-pull amplifiers 
using PNP transistors are shown in 
Fig. 18. Notice that the circuit is not 

too different from the tube circuit. 
The transistors are used in a com-
mon-emitter circuit. Bias is ob-
tained by means of a voltage di-
vider consisting of R1 in series with 
the parallel combination of R2 and 
R3. The divider network is con-
nected across the battery. When the 
input signal drives the base of Qi in 
a negative direction, Qi will conduct 
quite heavily. Holes will cross the 
emitter-base junction and flow over 
to the collector. At the same time as 
the base of Qi is driven in a nega-
tive direction, the base of Q2 will 
be driven in a positive direction so 
that the base will be positive with 
respect to the emitter. Thus there 
will be reverse bias across the 
emitter-base junction of this tran-
sistor, and no current will flow 
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through it. During the next half-cycle 
when the signal is reversed, the base 
of Qi will be driven in a positive di-
rection so that a reverse bias will be 
placed across the emitter-base 
junction of this transistor and hence 
no current will flow through it. The 
base of Q2 will be driven in a nega-
tive direction, increasing the for-
ward bias so that the current flow 
through the transistor is increased. 
The number of holes crossing the 
emitter-base junction increases, and 
therefore the number of holes reach-
ing the collector will increase. 
The resistor R3 in the emitter cir-

cuit is for bias stabilization pur-
poses. This resistor is a thermistor. 
If the temperature is high, the re-
sistance of R3 will go down. This 
will reduce the forward bias across 
the emitter-base junction of the 
transistors and prevent the current 
from becoming excessive. 

CLASS AB AMPLIFIERS 

Quite frequently, vacuum tubes 
are not operated as Class B power 
amplifiers, but rather as Class AB 
power amplifiers. This is particu-
larly true of amplifiers using beam 
power tubes. You can obtain almost 
as much power out of a Class AB 
vacuum tube as you can from the 
Class B circuit and the distortion is 
usually somewhat less with the Class 
AB operation. You will remember 
that for Class AB operation, bias 
on the tubes is about halfway be-
tween the bias used for Class A op-
eration and the bias used for Class 
B operation. If the grids are driven 
positive at any time during the input 
cycle, we refer to the operation as 
Class AB2 operation. If the grids are 

not driven positive then it is re-
ferred to as Class AB1 operation. 
When the power amplifier is op-

erated as a Class AB2 amplifier or 
a Class B amplifier where the grids 
of the tube are actually driven posi-
tive, the tubes consume power in the 
grid circuit. In an applicationof this 
type, the input transformer must be 
a step-down transformer in order to 
provide the power needed in the grid 

circuit. In addition, instead of using 
a voltage amplifier in the preceding 
stage, a power amplifier stage is re-
quired. In other words, in a circuit 
such as is shown in Fig. 17, the stage 
driving the push-pull Class B power 
amplifiers would probably be a 
single-ended Class A power ampli-
fier. The Class A power amplifier 
produces the power required in the 
grid circuit of the two tubes. In Class 
A or Class AB1 operation where the 
grids are not driven positive, the 
tubes do not require grid power and 
can be driven by a voltage amplifier 

stage. 

SELF-TEST QUESTIONS 

(w) 

(u) In Fig. 13, why is the cathode 
resistor R1 not bypassed? 

(v) In Fig. 13, what purpose do C1 
and C2 serve? 
In Fig. 14, is T1 a step-up or 

a step-down transformer? 
(x) What is one of the primary ad-

vantages of a push-pull type of 
power amplifier circuit? 
What is the difference between 
the Class A power amplifier in 
Fig. 13 and the Class B power 
amplifiers in Fig. 17? 

(z) In Fig. 18, how are the transis-
tors biased? 

(Y) 
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Reducing Distortion 

Distortion is one of the most seri-
ous problems in low-frequency am-
plifiers. There are three kinds of 
distortion with which we must con-
tend: amplitude distortion, fre-
quency distortion, and inter-modula-
tion distortion. 
Amplitude Distortion. 

Amplitude distortion results from 
the creation of irregularities in am-
plifying the signal. For example, 
one-half of a sine wave does not re-
ceive the same amplification as the 
other half, and harmonic distortion 
is produced. This means that signals 
that are multiples of the original 
signal frequency are produced. If the 
signal has twice the frequency of the 
original signal, it is called second 
harmonic distortion; if the signal is 
three times the frequency of the 
original signal, it is called a third 
harmonic distortion, and so on. 
A small amount of distortion of 

this type is hardly noticeable, but 
the quality of the amplified signal 
usually suffers if you get a certain 
amount of second harmonic distor-
tion plus some third (and higher) 
harmonic distortion. 

Sometimes, in amplifying a sine 
wave, a small pip or irregularity 
may appear on the sine wave that was 
not present in the original signal. 
This type of distortion is also called 
amplitude distortion. 
Frequency Distortion. 

You already know that the gain of 
an amplifier falls off at low frequen-
cies due to the reactance of the cou-
pling capacitor used between the 
stages of an amplifier. Thus, low-
frequency signals in some ampli-

fiers do not receive the same amount 
of amplification as the middle-fre-
quency signals receive. Similarly, at 
some high frequency , the various ca-
pacities in the circuit begin to reduce 
the gain of the amplifier at high fre-
quencies so that high-frequency sig-
nals do not receive the same amount 
of amplification as middle-fre-
quency signals receive. This failure 
to amplify signals at all frequencies 
equally is known as frequency dis-
tortion. 

Inter-Modulation Distortion. 
If an amplifier is not operated on 

the linear portion of its character-
istic curve, mixing of two or more 
signals in the amplifier sometimes 
occurs. For example, suppose that 
two signals are fed to an amplifier 
at the same time. This might happen 
when an amplifier is amplifying 
musical notes of two different fre-
quencies. If the two signal frequen-
cies beat together to produce new 
signals equal to the sum and differ-
ence of the original signal frequen-
cies, we have what is called inter-
modulation distortion. In this case, 
the two signals have mixed together. 

Inter-modulation distortion can be 
kept to a minimum by operating the 
amplifier on the linear portion of its 
characteristic curve and by avoiding 
operation of the amplifier at or near 
its maximum amplification capabili-
ties. 

There are several methods used to 
keep distortion to a minimum. One 
of these, of course, is careful de-
sign; another is making sure that 
the tube or transistor used in the 
amplifier is operated as it should 
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be. This, however, is not enough to 
get what we would call good high-
fidelity reproduction, although it is 
good enough for most table-model 

radio receivers (where we do not 
expect extremely high-quality out-
put) and for television receivers 
(where we are primarily interested 
in sound to accompany the picture). 
In quality sound-reproducing equip-
ment (high-fidelity or stereo, for 
example), on the other hand, steps 
must be taken to keep distortion as 
low as possible. One of the simplest 
steps in reducing distortion is the 
use of inverse feedback. 

INVERSE FEEDBACK 

Fig. 19 illustrates two simple ex-
amples of inverse feedback. The cir-

cuit at A shows a vacuum tube; the 
circuit at B, a transistor. 

Looking first at the vacuum-tube 
circuit, we see that it is exactly the 
same as the circuit you studied pre-
viously, but in this case the bias re-
sistor (R2) in the cathode of the cir-
cuit of the tube is not bypassed. 

The purpose of the cathode bypass 
capacitor is to bypass signals around 
the cathode resistor, R2. We pointed 
out previously that all capacitors 
have a certain reactance, and that at 
low frequencies this capacitor may 
not be a good bypass. As a result, 
there will be some attenuation of 
low-frequency signals. By com-
pletely eliminating the capacitor, we 
can eliminate the problem. Now all 
signals will receive some reduction 
in amplification because there is a 

Fig. 19. Simple inverse feedback circuits. 
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certain amount of feedback in the 
circuit. 

Let's consider what happens when 

a signal drives the grid of a tube in 
a positive direction. This causes the 
current flow through the tube to in-
crease; hence the voltage drop 
across R2 (which has the polarity 
shown on the diagram) increases. 
Thus the cathode swings in a posi-
tive direction. The signal voltage 

developed across R2 is subtracted 
from the grid voltage. We then have 
a certain amount of feedback; in 
other words, the signal from the out-
put circuit is fed back into the input 
circuit. We call this feedback "in-
verse" because the signal subtracts 
from the input signal. 

In the transistor circuit shown in 
Fig. 19B, the resistor R3 is put in 
the emitter circuit for temperature 
stabilization. It is usually bypassed, 
but the bypass capacitor acts in ex-
actly the same way as the cathode-
bypass capacitor in the tube circuit. 
At low frequencies, the capacitor is 
not an effective bypass. By elimi-
nating the capacitor a certain amount 
of inverse feedback is introduced 
into the circuit. When the input sig-
nal drives the base in a positive 
direction, the forward bias across 
the emitter-base junction increases 

and the current flow through the 
transistor increases. This causes 
the voltage across R3 to increase 
and the increase in voltage subtracts 

from the positive base voltage, thus 
reducing the net base-emitter sig-
nal voltage. 
The feedback signal will be devel-

oped at all signal frequencies and 
will tend to make the gain of the 

amplifier more constant over a 
wider frequency range. You can see 

why this is so if you consider that 
at some frequency the signal reach-

ing the amplifier has a higher am-
plitude than at other frequencies. 

This signal in the case of the circuit 
at A will cause a higher cathode cur-
rent through the tube. Hence the volt-
age across R2 will be higher than at 
other frequencies and will tend to re-
duce the input signal more than at 
other frequencies. Similarly, if the 
signal applied to the base is greater 
at some particular frequency, it will 

tend to develop a higher feedback 
signal across R3. This, in turn,will 
tend to reduce it more, keeping it 
closer to the amplitude of the other 

signal frequencies. 
We sometimes call this type of 

feedback "degeneration". Degener-
ation and inverse feedback are es-
sentially the same thing. When the 
signal fed from the output circuit 
back to the input circuit reduces the 
input signal, we say this is degen-
erative feedback or inverse feed-
back. When the signal fed from the 
output circuit back to the input cir-
cuit addsdo or aids the input signal, 
we call it regenerative feedback. 
Regenerative feedback is never used 
to improve the response of an ampli-

fier. 
The example of inverse feedback 

shown in Fig. 19 is in both cases con-
tained within a single stage. Inverse 
feedback can be used over more than 

one stage as shown in the example in 
Fig. 20. Here a signal is fed from the 

plate of the output tube back to the 
cathode of the voltage amplifier tube. 

In the circuit shown in Fig. 20, 
when the input signal drives the grid 
of V1 in a positive direction, a neg-

ative-going signal will be developed 
in the plate circuit. This signal is 
fed to the grid of V2 through the ca-

pacitor C3 and this in turn causes a 
positive-going signal in the output 
circuit of V2. The positive-going 
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Fig. 20. Inverse feedback from the plate of the power output tube to the cathode of the 
voltage amplifier tube. 

signal is fed through C4 and R5back 
into the cathode circuit of Vi where 
it subtracts from the input signal 
fed to Vi. The advantage of two-stage 
feedback of this type is that it tends to 
equalize the gain of the amplifier 
over both stages rather than in just 
a single stage as in the circuits 
shown in Fig. 19. 

PHASE INVERTERS 

One of the causes of distortion in 
push-pull power amplifiers (such as 

V 
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in Fig. 13) is the input transformer. 
Transformers that respond equally 
to a wide range of frequencies are 
difficult and expensive to manufac-
ture. The transformer in this cir-
cuit can be eliminated by means of 
a phase inverter stage as shown in 
Fig. 21. 

In this circuit the input signal is 
applied between the grid and cathode 
of ViA. It is amplified by this tube 
and the signal phase is inverted. The 
signal is fed through C3 to the grid 

C3 

R 3 

R4 

V 2 

 • 4. 

Fig. 21. A typical circuit using a phase inverter to drive one stage of a push-pull 

amplifier. 
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of V2. Meanwhile, the amplified sig-
nal is divided by the resistors R5 
and R6. Usually, R5 is considerably 
larger than R6 so that only a small 
part of the amplified signal is taken 
and fed back to the grid of Vig, the 
phase inverter stage. Remember 
that this signal will be in phase with 
the signal fed to the grid of V2. The 
signal is amplified by Vig; its phase 
is inverted and then fed through C4 
to the grid of V3. Thus V2 and V3 are 
driven by signals 180° out-of-phase. 

If the ratio of R5 and R6 are se-
lected correctly, the amplified sig-

Fig. 22. Two-stage transistor amplifier. 

nal fed to the grid of V3 will be equal 
to the amplified signal fed to the 
grid of V2. This type of circuit pro-
vides the two signals equal and 180° 
out-of-phase to drive the push-pull 
power amplifier. At the same time, 
better frequency response can be ob-
tained with this type of circuit than 
with the circuit shown in Fig. 13 
using an input transformer. 
A circuit similar to the one shown 

in Fig. 21 could be used with tran-
sistor push-pull stages, but here the 
input transformer is primarily an 

impedance-matching device and 
usually there is more to be gained 
by using the input transformer than 
by attempting to use the phase-in-
verter type of stage found in push-
pull vacuum-tube amplifiers. There 
are other things that can be done with 
transistor circuits to get improved 
results that cannot be done with 
vacuum-tube circuits. We will look 
at these circuits now. 

TRANSISTOR CIRCUITS 

A two-transistor amplifier which 
uses a PNP transistor and an NPN 

transistor is shown in Fig. 22. This 
amplifier makes use of the char-
acteristics of the two different tran-
s istors to eliminate the coupling ca-
pacitor usually found between ampli-
fier stages, and in so doing also 
eliminates distortion due to the ca-
pacitor. 

In the circuit shown, the input im-
pedance is controlled at high fre-
quencies by R5. C1 and C2 have a 
low reactance at middle and high 
frequencies, so the total impedance 
across the input at high frequencies 
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will be equal to the resistance of R5. 
At low frequencies, R1 varies the 
input impedance. By varying the 
setting of R1, the input impedance 
(and hence the amplitude of any low-
frequency input signal) can be 
varied. Thus R1 serves as a bass 
or low-frequency tone control. R4 
is in the input circuit between the 
input and the volume control. It can 
be bypassed at high frequencies by 
the setting of R5. When the sliding 
contact is up towards C1, C1 pro-
vides an effective bypass around R4 
at high frequencies. When the sliding 
contact is down at the other end, R4 
and R5 are essentially in parallel at 
high frequencies, and this tends to 
reduce the amplitude of the high-
frequency signals. Thus, R5 serves 
as a high-frequency tone control, 
which is usually called a treble con-
trol. 
R7 is the volume control. Notice 

that this control has a tap on it, and 
that C3 and R6 are connected between 
the tap and ground. This type of cir-
cuit is referred to as automatic bass 
compensation. When you turn the 
volume control to the low-volume 
position, the low-frequency sounds 
appear weaker than the high-fre-
quency sounds. The higher-fre-
quency signals are attenuated by 
means of C3 and R6, so that there 
is a tendency to equalize the loud-
ness of the high-frequency and low-
frequency signals. Actually , the low-
frequency signals are given greater 
amplification to compensate for the 
fact that they are less noticeable at 
low volume levels. The transistor 
Qi is used in a common collector 
circuit. The input signal is fed to the 
base through C5. The output is 
taken across the emitter resistor 
(R 1()) and is fed directly to the 
base of Q2. Q2 is a power tran-

sistor which is used in a common-
e mitter circuit. 
The two-stage amplifier is de-

signed to operate directly from a 
120-volt power line. Notice that a 
half-wave rectifier circuit using a 
silicon rectifier is shown. Resistor 
R13 is a series resistor to limit the 
charging current through the recti-
fier when the equipment is turned 
on. C8 is the input filter capacitor; 
C4, the output filter capacitor. R11 
is the filter resistor. The supply 
voltage applied to the collector of 
Q2 is not filtered as well as the 
voltage fed to Qi. The voltage fed to 
Q2 does not require the filtering be-
cause if there is hum voltage present 
with the dc, it does not receive any 
amplification. However, any hum 
voltage on the de applied to Qi will 
be amplified and will result in an 
objectionable hum in the output. 

Another transistor circuit of in-
terest is the one shown in Fig. 23. 
This circuit is referred to as a 
complementary-symmetry push-
pull amplifier. Here an NPN transis-
tor and a PNP transistor are used. 
When the input signal drives the base 
of Qi in a positive direction, the cur-
rent through Qi will decrease be-
cause this transistor is a PNP tran-
sistor and the positive voltage ap-
plied to the base of the transistor 
tends to decrease the forward bias 
applied to it. At the same time, the 
positive input signal is fed to the 
base of Q2 and this increases the 
emitter-base forward bias and 
causes the current through this tran-
sistor to increase. This current is 
represented by 12 and flows through 
the output transformer primary in 
the direction shown. In the next half-
cycle, when the signal swings nega-
tive, this will subtract from the for-
ward bias across Q2, reducing the 
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Fig. 23. Complementary symmetry pp-II-pull ¡Amplifier. 

current flow through it, and increase 

the forward bias across the emitter-

base of Q1, causing the hole flow 

through it to increase. The increase 
in hole flow through the transistor 

results in an increase in current 
flow i through the primary of the 

output transformer in the direction 
shown. 

If the transistors shown in Fig. 23 
are balanced and biased essentially 
so that they are cut off without any 

signal flow, there will be no current 
flow through the primary of the 

OUTPUT 

transformer until a signal is applied. 
Then the current will flow through 
the transformer; the direction of 

flow will depend upon whether the 
signal is positive-going or negative-

going. During one half-cycle the cur-
rent will flow through the primary of 
the output transformer in one direc-
tion and during the other half-cycle 
it will flow through the primary of 
the transformer in the opposite di-
rection. 

Notice that this type of circuit 
eliminates the input transformer, 
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Fig. 2 L Three transistor amplifiers t.here there is no output transformer. 

yet we still have a push-pull power 
amplifier. In a circuit designed for 
power line operation, batteries 
would not be used and a single power 
supply capable of supplying the re-
quired positive and negative volt-
ages would be used. 

Another transistor circuit of in-
terest is shown in Fig. 24. In this 
circuit the need for an output trans-
former has been eliminated. Notice 
that a negative voltage has been sup-
plied to the collector of Q2 and a 
positive voltage to the emitter of Q3 
through Rip. The negative voltage 
has the same value as the positive 
voltage with respect to ground. The 
resistors R5 plus R6 are equal in 
value to resistors R7 and R8 so that 
the junction of R6 and R7 will be at 
ground potential. Similarly, Rip is 
equal to R9, and Q2 and Q3 are simi-
lar transistors so that there is an 
equal voltage drop across the emit-

ter resistor and transistor in each 
case. The junction of the collector 
of Q3 and resistor R9 are also at 
ground potential. The junction of R6 
and R7 and the collector of Q3 and 
R9 are connected together at termi-
nal A. The speaker is connected be-
tween terminals A and B. 

With no signal the transistors are 
biased essentially at cut-off so that 
there is little or no current flow 
through the transistors or through 
the speaker. When a signal is ap-
plied to the input circuit, it is ampli-
fied by Qi and fed to the transformer 
Ti. For example, suppose that the 
input signal drives the base of Qi in 
a positive direction. Since the tran-
sistor is a PNP transistor, this will 
reduce the forward bias across the 
emitter-base junction. This means 
that the number of holes reaching 
the collector will decrease and hence 
the current flowing through the pri-
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mary of T1 will decrease. The two 
secondary windings on T1 are phased 
so that when this happens the volt-
age applied to the base of Q3 will 
swing in a positive direction and the 
voltage applied to the base of Q2 
will swing in a negative direction. 
If Q3 is already biased close to cut-
off the positive voltage on the base 
will reduce the emitter-base junc-
tion forward bias still further so that 
if there is any current flowing 
through this transistor, it will drop 
even lower. On the other hand, the 
negative voltage applied to the base 
of Q2 will increase the forward bias 
across the emitter-base junction. 
This will cause the number of holes 
crossing the junction to increase; 
the number of electrons flowing from 
the emitter of Q2 through R9 to ter-
minal A and through the speaker to 
ground will also increase. 

The current flowing through the 
speaker will develop a voltage drop 
across it so that the end connected 
to terminal A will be negative. This 
negative signal voltage will be fed 
through C3 and the parallel combi-
nation or C2 and R4 back to the base 
of Qi., where it will subtract from 
the input signal. Thus, this is an in-
verse feedback path. 
When the signal swings in the op-

posite direction and drives the base 
of Qi in a negative direction the 
number of holes crossing the emit-
ter-base junction will increase and 
hence the electron current through 
the primary of T1 will increase. 
This will cause the base of Q3 to 
swing in a negative direction. When 
this happens the number of holes 
crossing the emitter-base junction 
of Q3 must increase. Therefore the 
number of electrons flowing from 
terminal B through the speaker to 
terminal A to the collector of Q3 

must increase. In flowing through 
the speaker in this direction, the 
electrons will develop a voltage so 
that terminal A is positive. This 
voltage is fed back to the input of 
Qi and will once again subtract from 
the input voltage. 

The circuit is interesting in that 
the output transformer has been 
eliminated. The output transformer 
is one of the primary causes of dis-
tortion in low-frequency power am-
plifiers. Usually, there is more dis-
tortion developed in the output trans-
former than in the input trans-
former, because de current flowing 
through the output transformer will 
be much higher than the de current 
flowing through the input trans-
former. Also, there is more of a 
tendency to produce core saturation, 
which in turn produces more non-
linearity in the output transformer 
than in an input transformer. 
A circuit of the type shown in Fig. 

24 is not possible with vacuum tubes 
because of the high output impedance 
encountered in tubes. However, 
transistors are comparatively low-
impedance devices, which makes 
this type of circuit practical. 

SUMMARY 

The circuits shown in this section 
of the lesson are all practical cir-
cuits. They are the type of voltage 
and power amplifiers you are likely 
to encounter in radio and television 
receivers and in high-fidelity and 
stereo equipment which you will be 
called upon to service. You should 
be familiar with the operation of 
these circuits so that when you come 
across them you will know how they 
work and be able to proceed to the 
cause of the trouble in a logical 
manner. 
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SELF-TEST QUESTIONS 

(aa) 
(ab) 

(ac) 
(ad) 

(ae) 

(di 

(ag) 

What is distortion? 
Name the three types of distor-
tion. 
What is inverse feedback? 
In the circuit shown in Fig. 19, 
how does omitting the cathode 
bypass capacitor introduce in-
verse feedback? 
In the circuit shown in Fig. 21, 
what is the purpose of the phase 
inverter stage? 
In Fig. 22, what purpose does 
R1 serve? 
In the circuit shown in Fig. 22, 

(ah) 

(ai) 

(aj) 

(alc) 

what purpose does R5 serve? 
In the circuit shown in Fig. 22, 
why is there a tap on the vol-
ume control on R7? What pur-
pose does this tap and the as-
sociated components serve? 
In the circuit shown in Fig. 22, 
in what type of circuit is Qi 
used? 
What is the primary advantage 
of the circuit shown in Fig. 24? 
In Fig. 24, what purpose does 
the circuit serve which con-
nects terminal A through C3 and 
the parallel combination of C2 
and R4 back to the base of Q1? 
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ANSWERS TO 
SELF-TEST QUESTIONS 

(a) R1 is placed in the cathode cir-
cuit of V1 to develop an oper-
ating bias for the tube. Current 
flowing from B minus through 
R1 will develop a voltage having 
the polarity shown on the dia-
gram. This makes the cathode 
positive with respect to ground. 
The grid of V1 connects to 
ground through the generator 
and, since there will be no de 
current flow through the grid 
circuit, there will be no voltage 
drop; therefore, the grid will be 
at de ground potential. This will 
make the cathode positive with 
respect to the grid. In other 
words, the grid is negative with 
respect to the cathode. 

(b) C1 is a cathode bypass capaci-
tor. Its purpose is to provide a 
low impedance path for the sig-
nal around the cathode bias re-
sistor R1. The value of C1 is 
selected so that its reactance is 
much lower than the resistance 
of R1 at the frequency of the sig-
nals to be amplified. Often, C1 
is an electrolytic capacitor; a 
large capacitor is required in 
this circuit because the resist-
ance of R1 is usually small and 
a large capacitor with a low re-
actance is required to bypass 
it effectively. 

(c) In Fig. 1, the amplified signal 
voltage developed across R2 
will be 180° out-of-phase with 
the input signal voltage. 

(d) No. The voltage drop across R1 
has the wrong polarity to pro-
vide a forward bias across the 
emitter-base junction of Ql• 
The forward bias across the 
emitter-base junction is pro-

(f ) 

vided by the battery. The small 
current flowing through R1 de-
velops a voltage across this re-
sistor having the polarity 
shown. This voltage subtracts 
from the battery voltage so that 
the net forward bias across the 
emitter-base junction is equal 
to the battery voltage less the 
voltage drop across R1. Usu-
ally, the forward bias of only a 
few tenths of a volt is required 
across the emitter-base junc-
tion and R1 is selected so that 
the base current flowing 
through it will develop a volt-
age drop, and when it is sub-
tracted from the battery volt-
age the forward bias will be 
only a few tenths of a volt. 

(e) No. The holes flow to the col-
lector, where they are filled by 
electrons. These electrons 
come from the negative termi-
nal of the battery and flow 
through R2 to the collector. The 
movement of the holes is con-
tained entirely within the tran-
sistor. In the external circuits, 
all current flow is electron 
flow. 
The forward bias placed across 
Qi makes the base negative and 
the emitter positive. When the 
input signal tends to swing the 
base in a positive direction it 
reduces the forward bias 
across the emitter-base Junc-
tion. When this happens the 
number of holes crossing the 
junction decreases. When the 
number of holes crossing the 
emitter-base junction goes 
down, the number of holes 
reaching the collector will go 
down. This means that fewer 
electrons will flow through R2 
to fill the holes reaching the 
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(g) 

collector. When the number of 
electrons flowing through R2 
decreases, the voltage drop 
across R2 will go down, so that 
the polarity of the collector end 
of R2 will swing in a negative 
direction. In other words, the 
negative voltage on the collec-
tor of Qi will increase. 
In the circuit shown in Fig. 2, 
the value of C3 is selected so 
that it will have a very low re-
actance over the frequency 
range of the signals to be am-
plified. Therefore, as far as the 
signal is concerned C3 acts as 
a short circuit. In other words, 
the circuit functions as though 
there is a direct connection 
from both ends of R2 to the end 
of R3. The input resistance of 
Q2 is equal to R3 in parallel 
with the resistance across the 
emitter-base junction. The re-
sistance across the emitter-
base junction is comparatively 
low; therefore, the input resist-
ance of Q2 is low. The signal 
voltage developed in the collec-
tor circuit of Qi will depend 
upon the size of the load re-
sistor. Thus, even though R2 
may be made large in order to 
develop a fairly high signal 
voltage, since the input resist-
ance of the second stage is di-
rectly in parallel with this re-
sistor it will pull the effective 
value of the collector load re-
sistance down. As the net re-
sult, the gain of Qi is affected 
appreciably by the input resist-
ance of the second stage, Q2. 
The coupling capacitor C3. 
The high frequency limit of the 
amplifiers is controlled pri-
marily by the capacity in the 
output of the first stage and the 

(j) 

(k) 

(1) 

(m) 

input of the second stage. In 
Fig. 1 the output capacity is 
made up of the plate-to-ground 
capacity of V1 plus wiring ca-
pacity and the grid-to-cathode 
capacity of V2 plus wiring ca-
pacity. In Qi the output capacity 
of the transistor plus wiring ca-
pacity limits the frequency re-
sponse along with the input ca-
pacity of Q2 plus wiring ca-
pacity in this circuit. 
The early vacuum tubes were 
not capable of giving a very high 
gain. By means of a step-up 
transformer between stages the 
gain obtainable from the stage 
could be increased by the turns 
ratio of the transformer. 
The high gain available with 
modern vacuum tubes makes 
transformer coupling no longer 
necessary. In addition, R-C 
coupling is more economical 
and yields better frequency re-
sponse. 
The transformer serves as an 
impedance-matching device. It 
matches the high output imped-
ance of the first stage to the 
low input impedance of the sec-
ond stage. Thus, maximum 
power transfer is possible and 
a higher voltage gain can be 
obtained. 
Modern transistors are rela-
tively inexpensive. By using a 
three-stage R-C coupled volt, 
age amplifier you can obtain as 
much gain as with a two-stage 
transformer coupled amplifier. 
The R-C coupled amplifier will 
be less expensive and also 
capable of better frequency re-
sponse. 

(n) You must obtain a replacement 
transformer having the same 
turns-ratio as the turns-ratio 

46 



(0) 

(P) 

(q) 

of the original transformer. 
The power amplifier in a radio 
receiver is designed to supply 
the power required to drive or 
operate the loudspeaker from 
the signal voltage applied to it. 
A beam power tube or a pen-
tode tube. Triode tubes have 
been used as power amplifiers 
but they require considerable 
driving power. Therefore, it is 
not likely you will find a triode 
tube in modern equipment. 
The bypass capacitor in the 
plate circuit of a power ampli-
fier is used to bypass the high-
frequency audio signals and 
prevent high-frequency oscil-
lation. 

(r) Low-frequency distortion can 
be kept to a minimum by using 
a large value capacitor for C2, 
the cathode bypass capacitor. 
This will reduce the frequency 
at which the reactance of the 
capacitor becomes large e-
nough to stop acting as an 
effective bypass. 
The collector which is con-
nected to the case of the tran-
sistor must dissipate a fair 
amount of heat. Since the col-
lector is operated at almost 
ground potential, very little in-
sulation is required between the 
collector and ground. Thus a 
good heat contact can be made 
between the collector and re-
ceiver chassis so that the chas-
sis can aid in dissipating the 
heat from the transistor. 

(t) You are more likely to find a 
push-pull output stage where 
the transistors are operated in 
a Class B circuit. 

(u) The cathode bias resistor is 
not bypassed because the cur-
rent through it remains essen-

(s) 

tially constant. Any increase in 
current through V1 is compen-
sated for by an equal decrease 
in current through V2 and vice 
versa. 

(v) C1 and C2 are plate bypass ca-
pacitors. They prevent high-
frequency oscillation. 

(w) T1 is a step-down transformer. 
A step-down transformer is re-
quired to match the low input 
impedance of Qi and Q2 to the 
high output impedance of the 
driver stage. 

(x) In a push-pull power amplifier, 
even-order harmonics gener-
ated within the stage are can-
celled within the stage so that 
the distortion is kept quite low. 
The circuits are practically 
identical except that a higher 
bias is used in Fig. 17 in order 
to bias the tube essentially at 
plate current cut-off. In addi-
tion, T1 will be a step-down 
transformer in the circuit 
shown in Fig. 17, although it 
can be a step-up transformer 
in the circuit shown in Fig. 13. 

(z) Forward-bias across the emit-
ter-base junctions in the circuit 
shown in Fig. 18 is provided by 
the voltage divider consisting 
of R1 in series with the parallel 
combination of R2 and R3. This 
will bias the base slightly nega-
tive with respect to the emitter. 

(aa) Distortion is the introduction of 
a signal in the output that is not 
present in the input or the loss 
of a signal in the output that is 
present in the input. 

(ab) Amplitude distortion, fre-
quency distortion and inter-
modulation distortion. 

(ac) Inverse feedback is a signal fed 
from the output of a circuit back 
to the input, with a polarity such 

(Y) 
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that it subtracts from the input 
signal. With inverse feedback, 

the feedback signal reduces the 
amplitude of the input signal. 

(ad) With the cathode bypass ca-
pacitor omitted, the signal cur-
rent flowing through the tube 
will develop a voltage across 
R2. Since this voltage has the 
same polarity as the grid volt-
age producing it, it reduces the 
net grid-to-cathode voltage. 
The voltage thus subtracts from 
the input voltage. 

(ae) The phase inverter eliminates 
the need for an input trans-
former to the push-pull output 
stage. It takes part of the sig-
nal fed to V2, one of the output 
stages, and inverts it so that it 
can be used to drive V3. 

(af) R1 serves as a low-frequency 
tone control. This type of con-
trol is called a base control. 

(ag) R5 serves as a high-frequency 
tone control. It is usually called 
a treble control. 

(ah) The tap on the volume control 
along with capacitor C3 and R6 
form an automatic bass com-
pensation circuit. At low vol-
ume levels, low-frequency 
sounds sound weaker than high-
frequency sounds. To balance 
the relative loudness between 
the two, the high-frequency sig-
nals are bypassed through C3 
and R6 so that the low-fre-
quency signals receive greater 
amplification. 

(ai) Qi is used in a common-collec-
tor circuit. 

(aj) The elimination of the output 
transformer. 
This circuit provides inverse 
feedback to improve the fre-
quency response of the ampli-
fier. 

(ak) 
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Lesson Questions 
Be sure to number your Answer Sheet B202. 

Place your Student Number on every Answer Sheet. 

Most students want to know their grade as soon as possible, so they 
mail their set of answers immediately. Others, knowing they will finish 
the next lesson within a few days, send in two sets of answers at a time. 
Either practice is acceptable to us. However,don't hold your answers too 
long; you may lose them. Don't hold answers to send in more than two sets 
at a time, or you may run out of lessons before new ones can reach you. 

1. When considering the action of the coupling network at middle fre-
quencies, why can we ignore the coupling capacitor C3 in Figs. 1 
and 2? 

2. In Fig. 2, what percentage of the signal voltage appearing across R2 
will appear across R3 at the low-frequency half-power point? 

3. Why is more gain obtained from the two-stage transformer-coupled 

voltage amplifier shown in Fig. 9 than from the two-stage voltage 
amplifier circuit shown in Fig. 2? 

4. If transformer coupling between transistor voltage amplifiers pro-
vides maximum gain, why is R-C coupling more frequently used? 

5. What is the difference between a voltage amplifier and a power am-
plifier? 

6. In Fig. 14, will the voltage drop across R2 add to or subtract from the 
forward bias across the emitter-base junction of Qi and Q2? 

7. Why are push-pull Class B power amplifiers preferred over push-pull 
Class A power amplifiers or single-ended power amplifiers in tran-
sistor portable receivers? 

8. What is the advantage of using inverse feedback in low-frequency volt-
age and power amplifier stages? 

9. In the two-stage amplifier shown in Fig. 22, in what type of circuit are 
the transistors Qi and Q2 used? 

10. What will be the polarity of the voltage at terminal A, in the circuit 
in Fig. 24, when the input signal drives the base of Q2 in a positive 

direction and the base of Q3 in a negative direction? 



CONVERSATIONALLY SPEAKING 
Conversation is a give-and-take proposition, and 

listening is the "take" part. Talk only when you can 
say something of interest. Otherwise, remain silent. 
Let your silence be eloquent enough to show that you 

derive pleasure from listening--that you consider 
the words of your companion far more valuable than 
anything you could say. This kind of silence can make 
just as many friends as good conversation. 

Talk about things which will interest and please 
your listeners. Their hobbies, their work, their 
children and their homes are all good opening topics 
for conversation. Don't talk about yourself, your 
troubles or your work, unless asked. 

Avoid expressing definite opinions on controver-
sial subjects, for they often lead to unpleasant argu-
ments. Ridicule of another person is likewise taboo 
at all times. If you can't say pleasant things about 
others, keep quiet. Finally, reserve technical dis-
cussions for technically minded listeners. 

4-.e',-,,-.-----



' 

. ;, 



Pj rÀ Innovation in learning 
imrig a II by a McGraw-Hill 
à a II Continuing Education School 139-LT-215 



ACHIEVEMENT THROUGH ELECTRONICS 

HOW RADIO-FREQUENCY 

AMPLIFIERS WORK 

NATIONAL RADIO IN STITUTE • WASHINGTON, D. C. 





HOW RADIO-FREQUENCY 

AMPLIFIERS WORK 

B203 



STUDY SCHEDULE 

CI 1. Introduction   Pages 1-4 

Here we take a look at a basic rf amplifier. 

D 2 . Practical Facts about 
Resonant Circuits  Pages 5-15 

In this section you review resonant circuits, and learn 
why the bandwidth they will pass is important. 

El 3. Radio-Frequency 
Voltage Amplifiers   Pages 15-25 

We review the basic arrangement of a superheterodyne 
receiver, then we take up pentode and triode tube rf 
amplifiers, transistor rf amplifiers and field-effect 
transistor rf amplifiers. 

Ei 4. I-F Amplifiers   Pages 26-33 
You study tube and transistor i-f amplifiers for both 
radio and TV receivers. 

C15. Radio-Frequency 
Power Amplifiers   Pages 34-42 

You learn about both vacuum tube and transistor power 
amplifiers. 

CI 6. Answer Lesson Questions. 

1:17. Start Studying the Next Lesson. 

COPYRIGHT 1968 BY NATIONAL RADIO INSTITUTE, WASHINGTON, D.C. 20016 

JDL4M771 1975 EDITION Litho in U.S.A. 



HOW RADIO-FREQUENCY 
AMPLIFIERS WORK 

A radio-frequency amplifier is 
an amplifier designed to amplify 
signal frequencies above the sound 
or audio range. Some radio-fre-
quency amplifiers are designed to 
operate at frequencies as low as 20 
or 30 kilocycles ; you will find ampli-
fiers of this type in very low-fre-
quency communications equipment. 
Other radio-frequency amplifiers 
are designed to operate at frequen-
cies of several hundred megacycles. 
The radio-frequency amplifier found 
in the vhf tuner of a television re-
ceiver must be able to operate at 
frequencies over 200 megacycles in 
order to amplify signals from TV 
Channels 11, 12 and 13. As you will 
see in this lesson, the operation of 
low-frequency radio-frequency am-
plifiers is essentially the same as 
those designed to operate in the very 
high-frequency regions although 
some of the problems encountered in 
amplifiers operating at several hun-
dred megacycles or more are not 
encountered in amplifiers operated 
at low frequencies. 

Radio-frequency amplifiers are 
usually referred to as rf amplifiers. 
RF amplifiers are found in all types 
of electronic equipment. Modern 

radio and television receivers all 
contain rf amplifiers. RF amplifiers 
are used in all types of communica-
tions equipment designed to transmit 
or receive information by means of 
radio waves ranging from simple 
inexpensive portable receivers up 
to the complex radio systems de-
signed to keep in touch with satel-
lites and relay information about 
the earth or other planets from the 
satellite back to earth. 
RF amplifiers perform two impor-

tant functions. They amplify weak 
radio-frequency signals and they 
help select the desired signal while 
rejecting undesired signals. 
The signal transmitted by a radio 

or television station is compara-
tively weak by the time it reaches 
the antenna of the radio or television 
receiver. Before the information 
contained in that signal can be ex-
tracted from it, the strength of the 
signal must be built up. Radio and 
television receivers have rf ampli-
fiers in them to build up the weak 
signal picked up by the receiving 
antenna. 
As you probably already know, in 

this country there are hundreds of 
radio stations sending out signals in 
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the standard radio broadcast band; 
there are several hundred television 
stations sending out television sig-
nals; and in addition there are thou-
sands of stations used for commer-
cial communications. A radio or 
television receiver must be able to 
select the one signal you are in-
terested in from all these and reject 
the others. T he various radio broad-
cast stations in one locality all op-
erate on different frequencies. Your 
receiver has rf stages in it that can 
be tuned to respond to one frequency 
while rejecting signals of other fre-
quencies. Thus, in addition to am-

plifying the weak signals picked up 
by your receiving antenna the rf am-
plifier helps to select the one signal 
you want and reject the others. 

In modern superheterodyne re-
ceivers you will remember that the 
incoming signal is mixed with the 
signal generated by a local oscil-
lator (in the set) and a new signal 
frequency is produced. This fre-
quency is called the intermediate 
(i-f) frequency. This i-f is actually 
an rf frequency and the amplifiers 
designed to amplify it are rf am-
plifiers. However, to distinguish be-
tween these amplifiers and the ones 
that amplify the incoming signal be-
fore its frequency is changed, they 
are usually called i-f amplifiers. 

Our discussion in this lesson will 
cover both the rf amplifiers that 
amplify the signal before the signal 
frequency is changed and the i-f 
amplifiers that amplify it after the 
signal frequency has been changed. 
Because rf amplifiers are so 

widely used in both transmitting and 
receiving equipment, they are con-
sidered a basic circuit and all tech-
nicians should be familiar with and 
understand their operation. Youwill 
run into this type of amplifier re-
gardless of what branch of the elec-
tronics field you work in. Before we 

RF 
SOURCE 

LOAD 

Fig. 1. Two basic rf amplifiers are shown 
above. Notice that they are similar to the 
low-frequency amplifiers you have already 

studied. 

go further into the subject let's see 
what a basic rf amplifier looks like. 

A BASIC BF AMPLIFIER 

Two basic rf amplifiers are shown 
in Fig. 1. In Fig. lA we have shown 
a circuit using a vacuum tube. We 
have not shown the screen-grid or 
suppressor-grid connections to the 
tube nor have we shown any bias 
on the tube, because they do not 
enter into our consideration of the 
basic rf stage. Notice that the rf 
source signal is applied between 
the grid, and the cathode of the tube, 
and that there is a load in the plate 
circuit of the tube. The amplified 
rf signal voltage is developed across 
this load. 

In the circuit shown in Fig. 1B we 
have shown a transistor using a com-
mon emitter circuit. Again, the rf 
signal source is applied between the 
base and the emitter, and the load 
is placed in the collector circuit of 
the transistor. The amplified signal 
voltage appears across the load. 
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C2 

Fig. 2. Four basic loads which 
found in rf amplifiers. 

might be 

At first glance it may appear that 
these circuits do not differ appre-
ciably from the low-frequency am-
plifiers that you have already 
studied. However, there is a big 
difference, and that difference is 
in the load used in the output circuit 
of the rf amplifier. RF amplifiers 
almost always use some type of 
resonant circuit as the load. 
Four basic loads which might be 

found in rf amplifiers are shown in 
Fig. 2. In the circuit shown in Fig. 
2A we have an rf transformer. Coils 
L1 and L2 are inductively coupled 
together. The primary Li is tuned 
to resonance by the capacitor Ci. 
The parallel resonant circuit thus 
formed is connected into the plate 
circuit of the rf amplifier. 

In Fig. 2B we have another type 
of rf transformer. Here Li and L2 
are again inductively coupled to-
gether. In this circuit, however, the 
secondary, L2, is tuned to resonance 
by Ci. Thus, instead of having the 
resonant circuit in the output cir-
cuit of the rf amplifier we simply 
have Li in the output circuit, and 
the resonant circuit is in the input 
of the following rf stage. 

In the circuit shown in Fig. 2C we 

have another type of rf transformer. 
Again, Li and L2 are inductively 
coupled together, but in this circuit 
both Li and L2 are tuned to reso-
nance. L1 is tuned to resonance by 
C1, and L2 is tuned to resonance by 
C2. This type of rf transformer is 
found in the i-f amplifiers of most 
radio receivers and some TV re-
ceivers. 

Another load that might be found, 
particularly in TV receivers, is 
shown in Fig. 2D. In this circuit C1 
is a fixed capacitor and L1 a vari-
able inductance. The circuit is tuned 
to resonance by adjusting a slug 
which moves in and out of L1 to 
vary the inductance of the coil.This 
method of varying the inductance in 
the circuit rather than the capacity 
could also be used in circuits like 
those shown in Figs. 2A, 2B, and 2C. 
Li and Ci form a parallel resonant 
circuit. The signal appearing across 
this parallel resonant circuit is cou-
pled to the following stage through 
capacitor C2. In some high-fre-
quency circuits, Ci in Fig. 2D is 
omitted. The output capacity of the 
tube or transistor and the wiring 
capacity in the circuit take the place 

of Ci. 
This brief look at the basic rf 

stage and the loads that you are 
likely to find in the plate circuit 
of this type of stage should immedi-
ately point out to you the impor-
tance of resonant circuits in rf 
amplifiers. The operation of an rf 
amplifier stage is quite similar in 
many respects to that of the low-
frequency amplifiers that you have 
already studied. The big difference 
is in the use of resonant circuits 

in rf amplifiers. Therefore, before 
going ahead with our study of the 
rf amplifier let's learn more about 
resonant circuits. 
For many years we have used the 

expressions cycles per second, kilo-
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cycles per second and megacycles 
per second to describe the frequency 
of repetitive waves. For example, 
a sine wave is a repetitive wave-
form; it simply repeats itself over 
and over again. The frequency of 
the power line voltage, which is a 
sine wave, is 60 cycles per second. 

In place of the expression, cycles 
per second, a new term, the Hertz, 
is now being used. Hertz was a 
physicist who many years ago 
studied radio wave propagation. No 
unit in electricity has been named 
after him and hence the term Hertz 
was designated as an honor to him 
and also as a unit of frequency meas-
urement. One Hertz is equal to one 

cycle per second. 60 Hertz is equal 
to 60 cycles per second. We usually 
abbreviate the word Hertz Hz, thus 
instead of writing the power-line 
frequency as 60 cps we can write it 
as 60 Hz. 

In addition to the unit Hertz we 
have the kilohertz and the mega-
hertz. The kilohertz is abbreviated 
KHz and is equal to 1000 cycles per 
second or 1 kilocycle per second. 
The term megahertz is usually ab-

breviated MHz and is equal to 
1,000,000 cycles per second or 
1 megacycle per second. Notice that 
the term Hertz not only identifies 
the number of cycles, but also the 
time as one second. Thus to properly 
describe the power line frequency 
we can say 60 Hz, but if we use 
cycles, we must say 60 cycles per 
second. 

You'll find the term cycles per 
second, kilocycles per second and 
megacycles per second used in all 
the older textbooks and magazines. 
Even some later textbooks still use 
these units. However, the general 
trend is toward adopting the new 
terms Hz, KHz, and MHz. Since you 
need to be familiar with both sets 
of units, we will use both in the 
following lessons. It will be worth-
while to take time now to memorize 
the equivalents. 

1 Hertz (Hz) = 1 cycle per second 
(1 cps) 

1 Kilohertz (KHz) = 1 kilocycle per 
second (kc ps) 

1 Megahertz (MHz) = 1 megacycle 
per second (1 mc ps) 
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Practical Facts about 
Resonant Circuits 

In an earlier lesson on resonant 
circuits you learned that there are 
two types of resonant circuits, 
series resonant circuits and parallel 
resonant circuits. In Fig. 3 we have 
shown these two resonant circuits. 
A series resonant circuit is shown 
in A and a parallel resonant circuit 
at B. 

At this time it might be well to 
point out again that whether a circuit 
is a series resonant circuit or a 
parallel resonant circuit depends not 
on how the components are con-
nected, but on how the voltage is 
applied to the circuit. If the voltage 
is applied in series with the coil 
and capacitor, as in Fig. 3A, the 
circuit is a series resonant circuit, 
but if it is applied across the coil 
and capacitor in parallel as in Fig. 
3B, then the circuit is a parallel 
resonant circuit. Keep this point in 
mind; you will run into both series 
resonant and parallel resonant cir-
cuits in all types of communications 
equipment. It is not always easy to 
tell whether the circuit is a series 
resonant or a parallel resonant cir-
cuit simply by looking at it, but if 
you consider how the voltage is ap-
plied to the circuit, you can usually 
tell which type it is without too much 
difficulty. 
Now let us quickly review whatwe 

INPUT 
VOLTAGE 

I NPUT 
VOLTAGE 

o 
Fig. 3. A series resonant circuit is shown at 

A; a parallel resonant circuit at B. 
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already know about resonant cir-
cuits. We know that a circuit will be 
at resonance when the inductive re-
actance (XL) of the coil is exactly 
cancelled by the capacitive react-
ance (Xc) of the capacitor. You know 
that this will occur for any given coil 
and capacitor at one frequency and 
only one frequency. The circuit will 
be resonant at this one frequency. 
In other words, if we take any coil 
and connect a capacitor across it, 
at some frequency that circuit will 
be resonant because the inductive 
reactance of the coil will be exactly 
cancelled out by the capacitive re-
actance of the capacitor. 
The fact that a resonant circuit is 

resonant at only one frequency does 
not mean that it will respond only to 
that exact frequency. In fact, it will 
respond to a band of frequencies 
around the resonant frequency. For 
example, if we apply a voltage to a 
series resonant circuit and change 
the frequency of the voltage source, 
we will find that at resonance we get 
a maximum current flow through the 
resonant circuit. If we increase the 
frequency slightly above the reso-
nant frequency, we will find that the 
current drops slightly. If we in-

crease the frequency of the voltage 
source still more, the current will 
drop a little more. If we increase 
the frequency still further, the cur-
rent will drop still further. Simi-
larly, if we reduce the frequency 
below the resonant frequency, we 
will find that the current flowing in 
the circuit is slightly less than the 
current flowing at resonance. If we 
reduce the frequency still more, the 
current will be still less. In other 
words, at resonance we get a maxi-



mum current flow through the reso-
nant circuit and at frequencies either 
above or below the resonant fre-
quency, the current is somewhat less 
than it is at the resonant frequency. 
The further we get away from the 
resonant frequency, the lower the 
current will be. 

Actually, instead of responding to 
a single frequency, the resonant cir-
cuit will respond to a band of fre-
quencies around the resonant fre-
quency. How wide a band of frequen-
cies it will respond to depends upon 
the Q of the circuit. If the Q of the 
resonant circuit is high, any appre-
ciable deviation from the resonant 
frequency will cause an appreciable 
change in output. However, if the Q 
of the resonant circuit is low, there 
must be a substantial deviation from 
the resonant frequency before the 
output of the resonant circuit 
changes appreciably. 

You might at first think that the 
fact that a resonant circuit will re-
spond to a band of frequencies rather 
than a single frequency is a dis-
advantage. However, this is not the 
case. In fact, if a resonant circuit 
would pass only a single frequency 
or a very narrow band of frequen-
cies, then the radio and TV systems 
that we have today would not be 

practical. To see why this is so and 
to help us get a better understanding 
of what a resonant circuit in an rf 
amplifier must do, let's once again 
consider the type of signal that is 
actually transmitted by a radio or 
television broadcast station. 

SIDEBAND FREQUENCIES 

In a radio or television broadcast 
station, one section of the transmit-
ter generates a radio-frequency sig-
nal which is known as the carrier or 
carrier wave. This is the radio-
frequency signal that travels through 

space and carries either the sound 
or picture signals being transmitted 
by the broadcast station. However, 
a radio-frequency carrier itself is 
of no value unless we add intelli-
gence to it. The earliest method of 
using this carrier signal was by 
interrupting it in a series of dots 
and dashes to send messages by 
code. However, even though this is 
useful in communications work, it 
is of no value in transmitting radio 
and television programs for enter-
tainment purposes. 

In order to transmit a radio pro-
gram, the sound or audio signal must 
be superimposed on the radio fre-
quency carrier. We call this process 
of superimposing the sound signal on 
the carrier, modulation. 

In the modulation process certain 
additional frequencies other than the 
original carrier frequency are pro-
duced. For example, let us consider 
a radio station broadcasting on a 
carrier frequency of 1000 KHz. If 
we modulate this signal with a 1000-
cycle (1 KHz) signal, we will pro-
duce two new frequencies in the 
modulation process. The 1 KHz audio 
signal when it is used to modulate 
the 1000 KHz carrier will produce 
two new signals, one equal to the 
sum of the carrier frequency and the 
audio frequency, and a second signal 
equal to the difference between the 
carrier frequency and the audio fre-
quency. In other words, we will pro-
duce a signal of 1001 KHz and a sig-
nal of 999 KHz. The 1001 KHz signal 
and the 999 KHz signal are called 
the sideband signals. The higher of 
the two sidebands is called the upper 
sideband and the lower of the two is 
called the lower sideband. 

Now, if we wish to be able to re-
ceive this modulated signal on a 
radio receiver, we must be able to 
receive not only the original 1000 
KHz carrier, but also the two side-
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band frequencies. The sideband fre-
quencies are the frequencies that 
actually carry the 1000-cycle audio 
signal superimposed on the carrier. 
Therefore, if we had a resonant cir-
cuit in our receiver that would re-
spond only to a frequency of 1000 
KHz and no other signal frequen-
cies, we would not be able to pick 
up the 999 KHz and the 1001 KHz 
signal along with the 1000 KHz sig-
nal, and hence we would not be able 
to receive the modulation on the 
1000 KHz carrier. 

Fortunately resonant circuits 
have what is called a bandwidth. This 
simply means that the resonant cir-
cuit will respond to a band of fre-
quencies around the resonant fre-
quency and hence we would have no 
difficulty designing a resonant cir-
cuit that would respond not only to 
the 1000 KHz carrier signal, but 
also to the 999 KHz and the 1001 KHz 
sideband frequencies. 
As you will see later, the reso-

nant circuits in radio and television 
receivers must be able to respond to 
frequencies substantially above or 
below the resonant frequency. We 
will go into this shortly, but first 
let's look into what we mean by the 
bandwidth of a resonant circuit and 
some of the factors that affect the 
bandwidth. 

BANDWIDTH 

As we pointed out in the preceding 
section, a resonant circuit will pass 
a band of frequencies rather than a 
single frequency. However, if we 
move away from the resonant fre-
quency the output that will be ob-
tained from the resonant circuit de-
creases. In other words, if we are 
50 KHz away from the resonant fre-
quency you will not obtain as high an 
output from the resonant circuit as 
we would at the resonant frequency. 

In Fig. 4 we have shown a voltage 

response curve of atypical resonant 
circuit that is resonant at a fre-
quency of 1000 KHz. A response 
curve is simply a curve that shows 
how the circuit responds to signals 
at or near the resonant frequency. 
Notice that at the resonant frequency 
of 1000 KHz, the circuit peaks; in 
other words, the output voltage from 
the circuit is at its maximum value 
at a frequency of 1000 KHz. As the 
frequency is increased or decreased 
from the resonant frequency, the 
voltage produced across the circuit 
begins to go down. Notice, however, 
that although the circuit is resonant 
and the voltage is highest at a fre-
quency of 1000 KHz, there is some 
voltage developed across it when the 
frequency is as low as 900 KHz and 
also when it is as high as 1100 KHz. 
This means that this circuit tuned 
to 1000 KHz when used in a receiver, 
will pass, to some extent, frequen-
cies as low as 900 KHz and as high 
as 1100 KHz. However, the output 
at these frequencies is substantially 
below what it is at 1000 KHz. 

Engineers have arbitrarily set a 
standard by which they measure the 
bandwidth of a resonant circuit. To 

20 
KC 

20 
KC 

707% 

900KC 950KC 1000KC 1050KC 1100KC 

980KC 1020KC 

Fig. 4. A response curve showing the two 
70.7% points. The bandwidth extends 20 ice 
on each side of this resonant frequency. 
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determine the bandwidth of a circuit 
you find the points at which the out-
put voltage falls to 70.7% of what it 
is at the resonant frequency. As 
shown in Fig. 4 these points are at 
980 KHz and 1020 KHz. The differ-
ence in frequency between these two 
frequencies is called the bandwidth 
of the amplifier. In other words, the 
bandwidth of this amplifier is 40 
KHz. It will pass frequencies up to 
20 KHz above and down to 20 KHz 
below the resonant frequency, with 
at least 70.7% of the output that will 
be obtained at the resonant fre-
quency. 
As in low-frequency amplifiers, 

the points at which the voltage falls 
to 70.7% are called the half-power 
points. 
Now the question might come up, 

do all resonant circuits have the 
same bandwidth? The answer is no; 
the bandwidth depends upon the L-C 
ratio of the resonant circuit and on 
the Q of the resonant circuit. You 
will remember that there are many 
different combinations of L and C 
that will resonate at a given fre-
quency. Different combinations will 
have different bandwidths. Further-
more, the Q of the resonant circuit, 
which is determined chiefly by the 
inductive reactance of the coil and 
the resistance in the resonant cir-
cuit, will have an effect onthe band-
width of the circuit. 

In actual practice the bandwidthof 
the circuit is sometimes altered by 
loading the circuit with resistance. 
In Fig. 5A we have shown a typical 
parallel resonant circuit. In Fig. 5B 
we have shown the circuit loaded with 
a resistor. In Fig. 5C curve 1 shows 
the bandwidth of the resonant circuit 
alone and curve 2 shows how the 
bandwidth is altered by connecting 
the resistance in parallel with the 
coil and the capacitor. Notice that 
curve 2 does not come to as high a 

peak at the resonant frequency. This 
indicates that the output from the 
resonant circuit has been reduced 
by loading the circuit. However, the 
bandwidth of the circuit has been in-
creased. Often, it is desirable to 
sacrifice output in order to obtain 
a wide bandwidth; this is frequently 
accomplished by loading the circuit 
with a resistance. The lower the 
value of resistance, the lower the 
output and the wider the bandwidth 
of the resonant circuit. 

Loading resonant circuits by con-
necting resistors across them re-
duces the Q of the circuit. It is sel-
dom necessary to do this in radio 
receivers because the required 
bandwidth can be obtained by the 
correct design of the tuned circuit. 
In fact you do not want too wide a 
bandwidth because you must have 
sufficient selectivity to be able to 
select the one signal you want from 
among many signals picked up by 
the receiver. The ideal arrangement 
is a circuit with a wide enough band-
width to pass all the sidebands being 
transmitted by the station and enough 
selectivity to reject all signals be-
yond the sideband frequencies. How-
ever, you will find that in TV re-
ceivers the resonant circuits are 
frequently loaded by connecting re-
sistors across them in order to get 
the wide bandwidth needed to pass all 
the sidebands that carry the picture 
and color detail. 

Fig. 5. The response curves at C show the 
effect of loading a parallel resonant circuit 

as at B. 
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COUPLING RESONANT 
CIRCUITS 

RF stages are frequently coupled 
together by means of rf transform-
ers. A typical example of this type 
of transformer is an i-f trans-
former. An i-f transformer consists 
of two resonant circuits as shown in 
Fig. 6A. One resonant circuit is used 
as the load in the output circuit of 
one stage and the other resonant cir-
cuit is used as the input in the follow-
ing stage. This double resonant cir-
cuit helps to improve the selectivity 
of the receiver. Selectivity is the 
ability of the receiver to receive the 
desired signal and reject undesired 
signals. As we pointed out, the re-
ceiver must have enough selectivity 
to reject undesired signals from sta-
tions operating near the frequency of 
the desired signal. 
A photograph showing construc-

tion of an i-f transformer is shown 
in Fig. 6B. Notice that the two coils 
are wound on a round cardboard 
form. The coils are not wound on top 
of each other nor are they placed 
exactly side by side; you can see 
that there is some spacing between 
the two coils. However, in spite of 
this spacing, the coils are close 
enough so that they are inductively 
coupled together. 
The exact spacing between the two 

coils affects the degree of coupling 
between the two coils. In other 
words, if the spacing is great, not 
all the lines of force produced by 

the primary will cut through the 
secondary. There is some maxi-
mum spacing beyond which some of 
the lines of force produced by the 
primary will be lost and will not 
cut the secondary. 
An example of the effect of vary-

ing the spacing betweenthe two coils 
is shown in Fig. 7. If we apply a 
signal from a variable frequency 
generator to the primary and meas-
ure the output voltage across the 
secondary as the frequency is 
varied, we would obtain data from 
which we could plot curves like those 
shown. Curve 1 shown in Fig. 7A 
represents a certain spacing be-
tween the two coils, where the coils 
are pushed quite far apart. As the 
coils are pushed closer together the 
output across the secondary will in-
crease until eventually a point is 
reached where maximum output is 
obtained as shown in curve 2 at B. 
If the coils are pushed still closer 
together we find that the output at the 
resonant frequency drops some-
what, as shown in curve 3 in Fig. 
7C, but rises slightly above and 
slightly below the resonant fre-
quency, producing two humps in the 
response curve with a valley in be-
tween them. This is often called a 
double-hump curve. If we push the 
coils still closer together, the re-
sponse curve will be still broader. 
The two peaks have a tendency to 

move somewhat farther apart and 
drop in height, and the valley in the 
center becomes more pronounced. 

Fig. 6. schematic diagram of an i-f transformer is shown at A; a photo at B. 
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Fig. 7. Response curves showing how coup-
ling affects bandwidth and response. 

The four curves shown in A, B, C, 
and D have been superimposed on 
a single drawing at E so you can 
see the effect of changing the spacing 
between the coils. 

As the coils are pushed closer to-
gether some point is reached where 
the output from the secondary is at 
a maximum value. Reducing the 
spacing beyond this point results in 
the two humps in the curve appear-
ing. At the point where the output is 
maximum and just before the humps 
in the curve begin to appear, we 
have what is called critical coupling. 
If the coils are spaced farther apart 
than this particular spacing we say 
that they are under-coupled, mother 
words the coupling is less than criti-
cal coupling. If the coils are pushed 
closer together than this spacing, we 
say that the circuits are over-cou-
pled, in other words the coupling is 
tighter or closer than critical 
coupling. 
As a technician you will not have 

to adjust the spacing between the 
primary and secondary coils on an 
i-f transformer. They will already 
be adjusted for you by the manu-
facturer. The i-f transformers in 
a broadcast-band radio receiver are 
usually adjusted at, or slightly be-
yond, the critical coupling point. The 
i-f transformers in a communica-
tions receiver are usually adjusted 
below the critical coupling point. 
The i-f transformers in an FM re-
ceiver or in the FM sound section 
of a television receiver are adjusted 
somewhat beyond the critical 
coupling point. 

In the early days of television, 
double-tuned i-f transformers were 
used in the video (picture) i-f am-
plifier stages. These transformers 
were very heavily overcoupled, and 
in addition, they were usually loaded 
by resistors in order to reduce the 
Q of the primary and secondary cir-
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cuits and obtain a very wide band-
width. 

However, modern TV receivers 
usually employ what is called bi-
filar wound transformers. A trans-
former of this type is shown in Fig. 
8A. Notice that the secondary wind-
ing is wound directly over top of the 
primary winding in order to obtain 
as tight coupling as possible between 
the two windings. Bifilar windings 
are usually represented schemati-
cally by the symbol shown in Fig. 
8B. The fact that the coils are inter-
wound so that the primary turns are 
mixed directly with the secondary 
turns is schematically repre-
sented. The advantage of the bifilar 
wound transformer is that the cou-
pling between the two coils is very 
tight. A single slug is used to adjust 
the resonant frequency of the cir-
cuit. The two coils are so tightly 
coupled that they act like one coil. 
The output capacity of the stage 
driving the primary circuit is in 
effect directly in parallel with the 
input of the second stage. The net 
result is that the single slug can be 
used to adjust the two circuits to 
resonance at the same frequency. 
Bifilar wound coils are excellent 
where a wide frequency band is 
needed. This situation is en-
countered in the video i-f ampli-
fier of a television receiver as you 
will see later. 

There are reasons for using the 
various types of coupling in each of 
the particular applications men-

tioned. In a radio receiver designed 
to receive radio signals on the 
standard broadcast band the re-
ceiver must be able to pass the car-
rier wave of the broadcast station 
plus its sidebands. In the standard 
broadcast band the sidebands do not 
extend too far above and below the 
carrier frequency and therefore an 
extremely wide bandpass is not re-
quired. 

In communications receivers the 
primary purpose of the receiver is 
to be able to receive information. 
Often the station that you are listen-
ing to may be operating very close 
to other more powerful stations. 
Here you want as much selectivity 
as you can get. Therefore the i-f 
coils are set either at or below 
critical coupling in order to get as 
much selectivity as possible from 
the transformer. If some of the side-
bands of the signal are missing this 
will not be too important. In com-
munications circuits where com-
munications receivers are used, 
you are usually interested in re-
ceiving voice transmission, and the 
frequency range of the human voice 
is comparatively limited. 
A much wider bandwidth is used in 

FM transmitters than in AM trans-
mitters. In FM transmissions, the 
amplitude of the signal transmitted 
by the FM station does not vary. 
Instead, the frequency of the signal 
is varied. It can be varied in the 
standard FM broadcast station as 
much as 75 'kilohertz above or 75 

Fig. 8. Bifilar wound transformers are used in modern T.V. A is a photo; B is the 
schematic symbol. 
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kilohertz below the center frequency 
or resting frequency as the carrier 
frequency of the FM station is called. 
The rate at which the signal varies 
above and below the resting fre-
quency is determined by the fre-
quency of the audio signal being 
transmitted. How far above and be-
low the resting frequency the signal 
varies is determined by the ampli-
tude of the audio signal. A loud sig-
nal can produce sidebands two hun-
dred KHz wide. Therefore the FM 
broadcast receiver must be capable 
of passing all these sideband fre-
quencies, particularly if the FM sta-
tion is a high-fidelity station. 

The FM sound system in a tele-
vision receiver is called narrow 
band FM. Here the maximum de-
viation above and below the sound 
carrier frequency is limited to 25 
kilohertz. The rate at which the 
carrier resting signal is varied 
above and below the carrier fre-
quency is again determined by the 
frequency of the signal being trans-
mitted and the amount varied with 
the amplitude. Even with the devia-
tion limited to 25 KHz, sideband fre-
quencies considerably in excess of 
25 KHz are easily produced. The 
sound i-f transformer must pass this 
band of frequencies in a TV receiver 
or the sound signals will be dis-
torted. 

In a TV receiver the picture sig-
nal consists of a carrier plus the 
modulation information on it. The 
modulation signal may produce side-
bands up to 4 megahertz wide. 
Therefore in ofder to reproduce the 
sidebands the i-f bandwidth on the 
TV receiver must be comparatively 
wide. In color TV, a subcarrier 
having a frequency of about 3.5 MHz 
is used. This produces a video i-f 
signal that is 3.58 megahertz lower 
in frequency than the video i-f car-
rier. If the i-f bandwidth of the re-

ceiver is not wide enoughto pass the 
video carrier signal, sidebands and 
the color subcarrier, then the set 
could not reproduce a color picture. 
Later in your course when you study 
television in detail you will under-
stand why it is important that the 
video i-f amplifier of a television 
receiver have such a wide band-
width. 

SERVICING NOTES 

We have already pointed out that 
a high Q resonant circuit not only 
has better selectivity than a low Q 
circuit, but also for a given input 
has a higher output. Thus if a piece 
of electronic equipment is designed 
with high Q resonant circuits, any-
thing that lowers the Q of the cir-
cuits will reduce the gain and the 
selectivity of the equipment. The 
chances are that you may not notice 
a change in selectivity, but it is quite 
likely that you will notice that the 
gain of the equipment has fallen off 
appreciably. 
There are several things that 

might reduce the Q of a resonant 
circuit. Coils can absorb moisture. 
Often in damp weather dust or other 
particles will settle on the coil and 
adhere to it. Both of these effects 
will introduce resistance in the cir-
cuit, lowering the Q of the circuit 
and changing both the output and the 
selectivity. 
Sometimes the low Q is due to a 

poorly soldered connection in a 
resonant circuit. If the connection is 
not properly soldered, it may work 
well for a while and then develop 
trouble. Poor connections of this 
type often get through the factory 
inspection. Holding a hot soldering 
iron on suspected connections until 
the solder flows freely over the leads 
will usually clear up this type of 
trouble. 
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You will frequently find in serv-
icing radio receivers that have been 
in use for many years, that even 
though you replace defective tubes 
so that you have all good tubes in the 
set and all operating voltages 
throughout the set are normal, the 
gain of the receiver is not all it 
should be. When realigning the set 
does not clear up the trouble, the 
difficulty is often due to the fact 
that the Q of one or more of the 
resonant circuits has fallen off be-
cause of moisture or dirt absorp-
tion. In a situation like this you must 
find the resonant circuit causing the 
trouble and replace it to restore the 
equipment to its original gain and 
selectivity. 

Trouble of this type is not often 
found in transistor radios or in TV 
receivers. As we pointed out, this 
is something that occurs after a 
receiver has been used for many 
years. Most transistor radios are 
too new to have developed this kind 
of trouble. The trouble is not found 
in TV receivers, because usually 
the resonant circuits in the tele-
vision receiver are very heavily 
loaded in order to give the wide 
bandwidth needed to pass the picture 
signal. 
Resonant circuits are tuned to 

resonance by adjusting the capacity 
or the inductance in the circuit so 
that the inductive reactance of the 
coil is exactly equal to and cancels 
out the capacitive reactance of the 
capacitor at the resonant frequency. 
Any further change of either the in-
ductance or the capacitance in the 
circuit will shift the resonant fre-
quency of the circuit. 
Both tubes and transistors have a 

certain amount of internal capaci-
tance. For example, in an i-f tube 
there is capacity between the grid 
and the cathode and between the grid 
and the screen. The screen is 

grounded insofar as rf is concerned 
so that the, grid-to-screen capacity 
is effectively placed between the grid 
and ground. The cathode of the tube 
is usually operated at rf ground po-
tential so that the grid-to-cathode 
capacity is placed directly between 
grid and ground. Thus if the input 
of the tube is connected across a 
resonant circuit, the tube capacities 
affect the resonant circuit. If an i-f 
amplifier is aligned with one tube in 
a circuit and then a different tube 
is installed, it is likely that the new 
tube will not have exactly the same 
input capacity as the old one. As a 
result, installing the new tube in the 
circuit will slightly detune the reso-
nant circuit. Radio receivers de-
signed for broadcast band reception 
are usually fairly broad, so the 
change in capacity will not be enough 
to cause trouble. However, if you 
change two or three tubes in an i-f 
amplifier of a TV receiver the reso-
nant frequency of the various cir-
cuits in the i-f amplifier may be 
altered enough to appreciably alter 
the bandwidth of the i-f amplifier so 
that it can no longer pass all the 
sideband frequencies and there will 
be some loss in picture detail. In 
transistor equipment you have ca-
pacity between the emitter and the 
base and between the base and col-
lector which can have the same effect 
on resonant circuits. 

In communications receivers de-
signed to provide good selectivity in 
order to separate stations operating 
very close together, changing one or 
more tubes or transistors in one of 
the tuned circuits such as the rf 
amplifier, mixer, or i-f stages will 
usually alter the resonant frequency 
of the particular circuit involved to 
such an extent that the selectivity of 
the receiver will suffer. This is 
particularly true of stages designed 
to operate at high frequencies. 
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Disturbing the wiring in a reso-
nant circuit designed for operation 
at a high frequency may change both 
the inductance and capacity in the 
circuit. Even a straight short piece 
of wire has a certain amount of in-
ductance. At the comparatively low 
frequencies used for standard radio 
broadcasting a straight short piece 
of wire has so little inductance that 
it can be ignored. However when you 
get up into the higher frequencies 
such as those used for TV and FM 
broadcasting, even the smallest 
inductance becomes important. 
Changing the length of a wire in a 
critical circuit may have some effect 
on the resonant frequency because 
the inductance in the circuit is 
changed. Also moving the position 
of a wire in a resonant circuit op-
erating at a high frequency and push-
ing it closer to a metal chassis or 
moving it further away from the 
metal chassis may change the ca-
pacity of the circuit. There is al-
ways capacity between the wires in 
a resonant circuit and the chassis 
or ground. Moving the wires around 
in a broadcast-band receiver is not 
likely to cause any trouble, but 
changing the position of a wire in a 
high-frequency circuit will fre-
quently have an appreciable effect 
on the circuit. 
These points are very important 

and are worth remembering when 
working on resonant circuits found 
in TV receivers or any other equip-
ment designed for high-frequency 
operation. When it is necessary to 
make repairs on components in or 
near resonant circuits, it is a good 
idea to avoid disturbing the parts 
and leads as much as possible. If 
you have to move a lead to get at 
another part in order to replace it, 
try to put the lead back in as close 
as possible to the original position. 
Often this is an unnecessary pre-

(a) What is the basic difference 
between the circuit used in an 
rf amplifier and the circuit 
used in an audio amplifier? 
What is the basic difference 
between a series-resonant and 
a parallel-resonant circuit? 

(c) What are sideband frequen-
cies? 

(d) What do we mean by the band-
width of a resonant circuit? 

(e) On what factors does the band-
width of a resonant circuit de-
pend? 

(f) How can the bandwidth of a 
given parallel-resonant cir-
cuit be increased? 
What do we mean by critical 
coupling between two coils? 
What do we mean by over-
coupling? 

(i) What happens to a resonant 
circuit that absorbs moisture, 
and dust and particles settle 
on the coil and adhere to it? 
Why should you avoid moving 
any of the wires in the rf sec-
tion of a TV receiver? 

caution, but it is a precaution that 
can keep you out of difficulty in 
some critical circuits. 
Much of the material covered in 

this section has been a review for 
you, but now that you have the im-
portant points about resonant cir-
cuits fresh in your mind you are 
ready to go ahead with your study 
of rf amplifiers. 

SELF TEST QUESTIONS 

(D) 

(g) 

(h) 

(i) 

Resonant circuits are extremely 
important in rf amplifiers. If you 
think you may have forgotten some 
of the details you learned about 
resonant circuits it would be a good 
idea to spend some time reviewing 
to be sure you understand and re-
member the important character-

14 



istics of both series and parallel- follow where we'll go into detail 
resonant circuits. This will help you about both vacuum tube and tran-
in these sections of the lesson to sistor radio-frequency amplifiers. 

Radio-Frequency 
Voltage Amplifiers 

A block diagram of a superhetero-
dyne receiver is shown in Fig. 9. 
You have seen this block diagram 
before. The rf amplifier is the stage 
connected to the antenna. The weak 
signal from the antenna is fed to the 
rf stage where it is amplified and 
then fed to the mixer. The rf stage 
also has tuned circuits so that it pro-
vides a certain amount of selectivity. 
In other words, it helps select the 
desired signal and reject undesired 
signals. 
The signal from the rf amplifier 

is fed to a mixer-oscillator stage. 
In this stage the incoming signal is 
mixed with a locally generated sig-
nal and a new signal is produced. 
This signal that we are interested 
in is called the intermediate-fre-
quency signal. It is equal in fre-
quency to the difference between 
the incoming signal and the oscilla-
tor signal. This intermediate-fre-
quency signal, or i-f signal as it is 
called, is fed to an i-f amplifier 
where it receives further amplifi-

R F 

AMP 

MIXER 

OSCILLATOR 

cation. The signal is still a radio-
frequency signal so strictly speak-
ing the i-f amplifier is a radio-
frequency amplifier. However, it 
operates at much lower frequencies 
than the rf amplifier that precedes 
the mixer. From the i-f amplifier 
the signal is then fed to a second 
detector where the intelligence on 
the carrier wave is removed and 
then it is fed to a low-frequency 
amplifier. In the case of a radio 
receiver the signal is then fed to a 
speaker; in the case of a television 
receiver the sound signal is fed to 
a speaker and the picture signal is 
fed to the picture tube and to vari-
ous other circuits you will study 
later. 
The circuit we are going to be 

concerned about in this part of this 
lesson is the rf amplifier used be-
tween the antenna and the mixer. 
This stage is omitted in some of the 
small low-cost radio receivers, but 
it is invariably found in the better 
receivers and television receivers. 

I-F 

AMP 

2ND 

DETECTOR 

LOW 

FREQUENCY 

AMP 

Fig. 9. N block diagram of a typical superheterodyne receiver. 
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The stage is a voltage-amplifier 
stage. In later sections of the lesson 
you will study i-f amplifiers and in 
another section rf power-amplifier 
stages. 
The rf voltage amplifiers used in 

radio and television receivers are 
all Class A amplifiers. Some use 
pentode tubes, some use triode 
tubes, and some use transistors. You 
will study all three types in this sec-
tion of the lesson. 

PENTODE RF AMPLIFIERS 

A typical rf amplifier using a 
pentode tube is shown in Fig. 10. 
This is the type of amplifier that 
is used between the antenna and the 
mixer in a communications-type 
superheterodyne receiver, in a few 
of the better broadcast-band re-
ceivers, and in many FM receivers. 

In the circuit shown in Fig. 10, 
the signal picked up by the antenna 
causes a current to flow through 
L1 which is the primary of the an-
tenna transformer T1. L1 and L2 
are wound on the same form and 
are inductively coupled together. 
Thus the magnetic field produced by 
the current flowing through L1 cuts 
the turns of L2 and induces a volt-
age in series with it. L2 is tuned to 
resonance by the capacitor C1. Since 
the voltage induced in L2 is induced 
in series with it, the combination of 

Fig. 10. A typical rf amplifier using a pen-
tode tube. 

L2 and C1 forms a series-resonant 
circuit. The frequency to which this 
circuit is tuned can be altered by 
changing the capacity of C1. This is 
done by rotating the dial on the re-
ceiver, which causes the rotor or 
moving plates of the tuning capaci-
tor to move in and out between the 
stator (stationary) plates of the ca-
pacitor. 

In some receivers instead of using 
a variable capacitor such as shown 
in Fig. 10, a trimmer capacitor is 
used and a powdered iron slug is 
used that can be moved in and out 
of L2. A trimmer capacitor is a 
capacitor that is adjusted by means 
of a screwdriver to adjust the stage 
at the high-frequency end of the band 
to be covered. The actual change in 
the resonant frequency of the tuned 
circuit required to tune the receiver 
across the band is then accomplished 
by moving the slug in and out of the 
coil L2. This type of tuning, which 
is often called permeability tuning, 
is found more frequently in FM re-
ceivers than in broadcast and com-
munications-type receivers. 

It makes comparatively little dif-
ference whether the frequency of the 
tuned circuit is varied by varying 
the inductance of the coil or ca-
pacity of the capacitor. Either will 
change the resonant frequency so 
that the rf stage can be tuned to the 
frequency of the signal to be ampli-
fied. 
We mentioned that L2 and C1 form 

a series-resonant circuit. We have 
mentioned before that when the volt-
age is induced in the secondary wind-
ing of a transformer, in a circuit of 
this type, that the circuit is a series-
resonant circuit. Fig. 11 is an ex-
ample of what happens.A small volt-
age is induced in each turn of the 
coil. These voltages add up to give 
you the total voltage induced in L2. 
It is more or less like a series of 
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Fig. 11. Voltage induced in L2 is induced 
in series with the turns of L2. 

small generators placed in the coil 
in series with the various turns as 
shown in Fig. 11. It is important to 
realize that this type of circuit is 
always a series-resonant circuit 
and never a parallel-resonant cir-
cuit; it will help you understand 
better what is happening in the cir-
cuit. 
You will remember that one of the 

characteristics of a series-resonant 
circuit is that there is a high circu-
lating current in the circuit and that 
there will be a resonant voltage step-
up across the coil and across the ca-
pacitor. Thus we have the weak sig-
nal voltage picked up by the antenna 
being stepped-up by the resonant 
circuit. The voltage across the coil 
and across the capacitor in the reso-
nant circuit is then applied between 
the grid and cathode of Vi. It is ap-
plied directly to the grid of the tube 
and to the cathode through the cath-
ode-bypass capacitor C2. 
The radio-frequency signal ap-

plied between the grid and cathode 
of Vi will cause the plate current 
flowing through Vi to vary at the 
same rate as the incoming signal. 
Remember that L2 and Ci will reso-
nate at only one frequency and sig-
nals at this particular frequency 

will normally be stepped up and be 
much stronger than any other signal. 
The varying current flowing 

through the tube will flow through 
L3, which is the primary winding of 
T2. L3 is inductively coupled to L4 
and hence a voltage will be induced 
in L4. Again L4 and C4 make up a 
series-resonant circuit. The combi-
nation of L4 and C4 will be tuned to 
the same frequency as L2 and Ci and 
hence this resonant circuit will give 
the signal a still further build up, 
and at the same time help to reject 
any signals of a frequency other than 
the resonant frequency that happened 
to get by L2 and Ci to the grid of 
V. 
Thus we have three things in-

creasing the signal voltage. We have 
the resonant voltage step-up in the 
L2 Ci series-resonant combination, 
we have the voltage gain that can be 
obtained from the tube Vi and a still 
further voltage step-up in the reso-
nant circuit consisting of L4 and C4. 

Notice that screen grid of the pen-
tode tube is connected to ground 
through the capacitor C3. C3 is 
chosen so that at radio frequencies 
it has a very low reactance, or in 
other words it acts like a short cir-
cuit insofar as radio frequencies are 
concerned. Thus the screen is said 
to be at rf ground potential. This 
simply means that as far as the rf 
signal is concerned, the screen grid 
might just as well be connected di-
rectly to ground. 

The screen grid shields the grid 
of the tube from the plate so that 
little or no energy can be fed from 
the plate of the tube back to the grid 
of the tube. It is important that we 
avoid feeding any energy from the 
plate of the tube back to the grid, 
otherwise we may have trouble with 
the stage going into oscillation. 
We mentioned that this type of rf 

amplifier may be found in broadcast 
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band receivers, communication re-
ceivers and FM receivers. The main 
difference between the rf amplifiers 
found in these different pieces of 
equipment will be in the number of 
turns on the coils. In an FM re-
ceiver that operates in the vicinity 
of 100 MHz, the coils L1, L2, L3 
and L4 will usually consist of only 
one or two turns of a rather large 
diameter wire. In the broadcast 
band, the coils will consist of 100 or 
more turns of a comparatively fine 
wire. In communications receivers 
you will find coils all the way be-
tween the coils with 100 or more 
turns used in broadcast receivers to 
the coils with even fewer turns than 
those found in FM receivers. The 
exact number of turns on the coil 
will depend upon the frequency band 
the receiver is to cover. 

Another pentode rf amplifier is 
shown in Fig. 12. This is identical 
to the amplifier shown in Fig. 10 
except the capacitor C5 and resistor 
R3 have been added. C5 is a com-
paratively large capacitor so that at 
the signal frequency its reactance is 
almost zero. Therefore as far as L2 
is concerned it is connected directly 
to B- and to the rotor of C1. The 

signal sees no opposition because the 
reactance of C5 is so low. R3 is a 
comparatively large resistor so 
there is no signal fed from R3 into 
the circuit we have marked ave. 
The purpose of this circuit is to 

enable us to apply a variable nega-
tive voltage to the grid of V1. The 
negative voltage applied to the grid 
of V1 will control the gain of the 
tube. The higher the negative volt-
age, the lower the gain of the tube. 
The voltage is usually obtained from 
the detector circuit and the strength 
of this voltage will depend upon the 
strength of the signal. This voltage 
is referred to as the automatic 
volume control voltage and is used 
to vary the gain of the stage. If the 
input signal is very strong, the aye 
voltage developed will be high and 
will tend to reduce the gain of the 
stage. On the other hand, if the signal 
received is weak, very little aye 
voltage will be developed and the 
stage will operate at close to its 
maximum gain. You will see in a 
later lesson how this aye or auto-
matic volume control voltage is de-
veloped. 
As a point of interest, ave is the 

term used in radio receivers. Actu-

TO 
C4 NEXT 

STAGE 

AVC 

Fig. 12. A pentode rf amplifier modified for automatic gain control. 
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ally, this is not an automatic volume 
control, but rather it is an automatic 
gain control. In television, we use 
the term automatic gain control, 
abbreviated agc rather than avc. In 
television age is much more suitable 
because varying the gain of the rf 
amplifier affects both the picture and 
sound signals. 

TRIODE RF AMPLIFIERS 

One of the disadvantages of pen-
tode rf amplifiers is that they gen-
erate considerable noise within the 
tube itself. Part of this noise is often 
caused by changes in the division of 
the cathode current between the plate 
and screen of the tube. Small changes 
occur at random. These changes are 
too small to be detected in most 
cases, but they result in noise being 
generated within the tube. In the case 
of radio stations operating in the 
broadcast band and FM stations, 
usually the signals are so strong that 
they simply override this noise and 
it does not cause any trouble. How-
ever, in TV receivers the noise may 
become objectionable and may ap-
pear in the picture, particularly on 

T1 

TO 

ANT. 

weak signals. This problem can be 
overcome by using a triode rf ampli-
fier. 

Triode tubes have been especially 
designed for use as rf amplifiers in 
vhf tuners of television receivers. 
The vhf tuner in a television re-
ceiver covers channels 2 to 13. A 
typical triode rf amplifier such as 
might be found in a television re-
ceiver is shown in Fig. 13. 

In TV receivers the lead-in or 
wire used to connect the antenna to 
the receiver is usually what is called 
a balanced wire or cable. This cable 
has two conductors and neither is at 
ground potential. Each is operated 
above ground. The resistance or im-
pedance from either wire to ground 
is the same. We call this type of line 
a balanced transmission line. 
The balanced transmission line is 

connected to the antenna terminals 
of the receiver. In the circuit shown 
in Fig. 13 it is fed to T 1. Ti is what 
is called a balun. The purpose of the 
balun is to match the balanced trans-
mission line to the unbalanced input 
circuit. An unbalanced input circuit 
is a circuit in which one side of the 
circuit is grounded. T1 serves the 

Fig. 13. A triode rf amplifier. 

LA 
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purpose of matching the balanced 
line to the unbalanced input of the 
receiver. 
The capacitors Ci, C2 and C3 

along with coils L1, L2 and L3 form 
what is called a high-pass filter. A 
high-pass filter is a filter that 
passes signals above a certain fre-
quency and rejects signals below this 
frequency. The lowest vhf TV chan-
nel is channel 2. The frequency of 
this TV channel is 54 to 60 mega-
hertz. The high-pass filter is de-
signed to cut out all signals below 
54 megahertz and pass signals above 
54 megahertz. Thus strong signals 
from nearby broadcast stations op-
erating the standard broadcast band 
are prevented from reaching the rf 
amplifier and causing interference. 
The combination of L4 and C4 form 

a parallel-resonant circuit. This 
circuit is usually a uhf trap and is 
designed to prevent interference 
from uhf television signals from 
reaching the grid of the rf circuit. 

L5 and C5 form a series-resonant 
circuit that is resonant to the fre-
quency of the channel received. C6 
is a very large capacitor and insofar 
as the resonant circuit is concerned 
has no effect on the circuit. 
The signal applied to the grid of 

the tube is amplified and fed to L6. 
The combination of L6 and C7 forms 
a parallel-resonant circuit which is 
resonant to the frequency of the TV 
channel. 
B+ is applied to the plate of the 

tube through R1. The lower end of 
L6 is not at ground potential. It is 
bypassed through C6. However, C6 
does not bypass all of the signal, but 
part of it is fed back through C5 to 
the grid of the tube. The purpose of 
feeding this signal back to the grid of 
the tube is to make up for any signal 
fed from the plate of the tube back 
to the grid of the tube through the 
tube itself. The signal fed from the 

plate of the tube back to the grid 
through the tube could cause the 
stage to go into oscillation. The sig-
nal fed from the lower end of L6 
through C5 to the grid of the tube is 
180° out-of-phase with the signal fed 
through the tube and cancels this 
signal thereby preventing oscilla-
tion. You will remember that when 
you studied triode tubes before, we 
pointed out that they would oscillate 
in rf circuits unless they were 
neutralized. This is a neutralizing 
circuit. 

In the early days of radio, triode 
amplifiers were used in broadcast-
band receivers, but since the pentode 
tube was invented, triode tubes have 
not been used for this purpose. How-
ever, you will find triodes in the rf 
amplifier of TV receivers where the 
low-noise characteristic of the 
triode is an advantage over a pen-
tode. The circuit in Fig. 13 is typi-
cal. You do not have to memorize 
this circuit. We will go into it in more 
detail later when you study TV, but 
at least you should have an idea of 
the general circuit configuration 
and notice that except for the balun 
and trap in the input circuit, the 
circuit is not too different from 
the pentode rf amplifier circuit. Of 
course, as far as the triode ampli-
fier itself is concerned, the balun, 
the high-pass filter and the uhf trap 
could be eliminated and a signal fed 
directly to the resonant circuit and 
to the grid of the tube. These other 
components are needed because of 
the circumstances under which the 
amplifier is used. 

TRANSISTOR 
RF AMPLIFIERS 

A typical transistor rf amplifier 
such as might be found in a radio 
receiver is shown in Fig. 14. The 
circuits use an NPN transistor in a 
common-emitter circuit. 
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L3 

Fig. 1,1. A transistor rf amplifier. 

L1 is a coil wound on a ferrite 
rod. A ferrite rod is a rod made of 
a powdered iron-type material held 
together by a suitable binder. The 
coil is wound on this rod to get a 
very high Q. It is tuned to resonance 
by C1 so that the combination of L1 
and C1 form a series-resonant cir-
cuit. The circuit can be tuned to the 
frequency of the desired station. L2 
is inductively coupled to LI. Since 
L2 has fewer turns than L1, there 
will be a current step-up, in other 
words the current flowing in L2 
will be higher than the current flow-
ing in L1. This serves two useful 
purposes; it provides a higher cur-
rent for the emitter-base circuit of 
the transistor Qi, and prevents the 
transistor from loadingthe resonant 
circuit. If it did load the resonant 
circuit excessively it would lower 
the Q of the coil and in so doing re-
duce the selectivity of the circuit. 
The signal induced in L2 is ap-

plied to the base of the transistor 
and to the emitter through C2. C2 
is selected to have a low reactance 
at the signal frequency. 
The forward bias for the emitter-

base junction is provided by the volt-

L 4 

Vr 

MIXER 

age divider consisting of R2 and R3. 
R3 is much larger than R2 so that 
the base is made only slightly posi-
tive with respect to the emitter. R1 
is placed in the emitter circuit be-
tween the emitter and ground in 
order to stabilize the bias withtem-
perature increases. 
The signal applied between the 

emitter and base of the transistor 
varies the forward bias across the 
emitter-base junction which causes 
the number of electrons crossing 
the junction and reaching the collec-
tor to vary. The varying current 
flowing through the transistor 
reaches the parallel-resonant cir-
cuit consisting of L3 and C5. The 
current flows through L3 to the tap 
on the coil and then through R4 back 
to the positive terminal of the power 
supply. 
Notice that the coil L3 is tapped. 

The tap on L3 is essentially at sig-
nal-ground potential. A voltage is 
induced in the lower end of L3 which 
will be 180° out-of-phase with the 
voltage at the upper end of L3. The 
voltage from the lower end of L3 is 
fed through C4 back to the base of 
the transistor. This voltage is fed 
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back to neutralize or cancel any 
voltage that is fed from the collec-
tor of the transistor to the base 
through the collector-base capacity. 
This will prevent the stage from 
oscillating. 

L4 is inductively coupled to L3, 
and since it has fewer turns than L3 
we have in effect a step-down trans-
former. Thus the input of the mixer 
transistor does not load the reso-
nant circuit in the collector circuit 
of the rf amplifier. 

In many ways the transistor rf 
amplifier is similar to the triode 
tube rf amplifier. Both may go into 
oscillation unless steps are taken 
to neutralize the feedback voltage 
through the device. 

Transistors are also used as vhf 
rf amplifiers in TV receivers. A 
typical transistor vhf amplifier for 
a television receiver is shown in 
Fig. 15. Here you can perhaps see 
more closely the similarity between 
the transistor circuit and the triode 
tube circuit. 

TI 

L 1 
CI 

_ 

In Fig. 15, T1 is a balun and its 
purpose once again is to match the 
balanced transmission line from the 
antenna to the unbalanced input of 
the rf amplifier. 

In this circuit the combination of 
L1 and Ci form a parallel-resonant 
circuit. This circuit is resonant at 
approximately 41 MHz. The sound 
i-f frequency in the TV receiver is 
41.25 MHz. The purpose of this cir-
cuit is to prevent any interference 
by a nearby station operating on 41 
MHz from getting to the rf stage and 
on through into the sound circuits of 
the receiver. 
The combination of C2 and L2 form 

a series-resonant circuit at 45.75 
MHz. The picture i-f frequency in 
the TV receiver is 45.75 MHz. A 
series-resonant circuit offers a low 
resistance to signal frequencies 
near 45.75 MHz. Therefore this cir-
cuit will prevent interference from 
a nearby station operating on or near 
the video i-f from getting into the 
picture and causing interference. 

C 3 L3 

L5 
R2 

±, 
T5 

cio 
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Fig. 15. Transistor vhf amplifier. 
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C3 and L3 form a series-resonant 
circuit which is tuned to the fre-
quency of the desired TV station. 
The signal is fed through the ca-
pacitor C10 to the base of the tran-
sistor. The emitter of the transistor 
is at signal-ground potential, the 
resistor R1 in the emitter circuit 
is bypassed by capacitor C6. 
The signal voltage fed between the 

base and emitter of the transistor 
causes the electron current through 
the transistor to vary and this causes 
the current flowing from the collec-
tor of the transistor and through L5 
to vary. The current from the collec-
tor flows through L5, through R2 
and on to the + terminal of the power 
supply. 

L5 is inductively coupled to L6; 
therefore a voltage will be induced 
in L6. This voltage is fed to the 
mixer stage which follows the rf 
stage. 
The signal at the lower end of L5, 

that is the opposite end from the 
collector, is bypassed to ground 
through C5. However, C5 is not a 
perfect bypass and part of the signal 
is fed through L4 and Cg back to the 
base of the transistor. This is the 
neutralizing voltage which makes up 
for and cancels the signal fed across 
the collector-base capacity of the 
transistor back into the base circuit. 
Without this neutralizing circuit the 
rf stage would oscillate. 
The forward bias for the transis-

tor is applied through the resistor 
R3 to the base. This bias circuit 
connects back to the automatic gain 
control circuit in the television re-
ceiver. The automatic gain control 
circuit regulates the gain of the rf 
stage automatically. In the case of 
a strong signal, the automatic gain 
control voltage reduces the gain of 
the rf stage, and in the case of a 
weak signal, it allows the stage to 
operate at maximum gain. You will 

go into automatic gain control cir-
cuits in detail later. Using an auto-
matic gain control circuit to con-
trol bias across the emitter-base 
junction of the transistor will pro-
vide much more satisfactory re-
sults than applying a fixed forward 
bias across the junction. 

FIELD-EFFECT 
TRANSISTOR AMPLIFIERS 

As you learned earlier, the field-
effect transistor combines many of 
the desirable characteristics of the 
vacuum tube, along with those of the 
transistor. Therefore it is reason-
able that the field-effect transistor 
would make an excellent rf ampli-
fier. Both the junction type and the 
insulated-gate type can be used as 
rf amplifiers. 

Fig. 16 is a diagram showing a 
junction-type N channel field-effect 
transistor used as an rf amplifier. 

In the circuit shown in Fig. 16, 
the source is connected to the nega-
tive side of the power supply and the 
drain to the positive side. A negative 
bias is applied to the gate through 
L2 and R1 from the age terminal. 
The negative bias on the gate sets 
the current flow through the channel 
from the source to the drain of the 
transistor. 
When a signal is received by the 

Fig. 16. An rf amplifier using a junction 
field-effect transistor. 
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antenna it causes a current to flow 
through L1. L1 is inductively coupled 
to L2 and the voltage is induced in 
series with the turns of L2. L2 and 
C1 form a series-resonant circuit 
which is tuned to the frequency of 
the incoming signal. 
The induced voltage across L2 is 

applied between the gate and ground 
in series with the negative bias ap-
plied to the gate. This voltage will 
add to or subtract from the gate bias 
depending upon the polarity of the 
signal voltage. The varying rf volt-
age will modulate the current flowing 
from the source to the drain, by 
varying the effective width and hence 
the resistance of the channel. Thus 
we have the signal voltage applied 
to the gate of the transistor causing 
substantial variations in the current 
flowing through the transistor. 
The varying signal current from 

the drain of the transistor flows 
through L3. L3 is inductively coupled 
to L4 and hence a signal voltage is 
induced in L4. L4 and C3 form a 
series-resonant circuit which is 
tuned to resonance at the same fre-
quency as L2 and Ci. The output from 
the resonant circuit consisting of 
L4 and C3 can then be fed to another 
rf amplifier, to a mixer or to a de-
tector. 

The high input resistance of the 
junction-type field-effect transis-

G 

tor makes this transistor ideally 
suited for use as an rf amplifier. In 
operation, it actually resembles 
very closely a pentode tube. While 
the transistor we have shown in Fig. 
16 is an N-channel transistor, a P-
channel transistor can be used just 
as well. In this case the polarity of 
the voltages would be reversed and 
also a positive voltage would be ap-
plied to the gate in order to reverse 
bias the junction and prevent any 
current flow in the gate circuit. 
There will be some reverse cur-

rent flow across the junction in a 
junction-type field-effect transis-
tor. This will have the effect of 
lowering somewhat the input resist-
ance of the transistor. This can be 
overcome by the use of an insulated-
gate field-effect transistor in a cir-
cuit such as shown in Fig. 17. The 
circuit here shows an N channel 
depletion-type insulated-gate field-
effect transistor. 

In the circuit shown, current flows 
from the negative side of the power 
supply through R2 to the source of 
the transistor. It flows through the 
transistor to the drain and then 
through L3 back to the positive side 
of the voltage source. The gate is 
connected to the negative automatic 
gain control voltage through L2. The 
negative voltage applied to the gate 
will limit the width of the channel 
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Fig. 17. An rf amplifier using an insulated-gate field-effect transistor. 
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and hence control the resistance of 
the channel. 

In operation, the rf signal input is 
applied to L1. This may be from an-
other rf amplifier or directly from 
an antenna. The signal current flow-
ing through L1 induces a voltage in 
series with L2. L2 and C1 form a 
series-resonant circuit. The reso-
nant signal voltage is applied to the 
gate of the transistor and this volt-
age is applied in series with the 
negative age voltage and hence 
varies the negative voltage on the 
gate at an rf rate. The varying sig-
nal voltage causes the resistance 
of the channel to vary and this causes 
the current flowing from the source 
through the transistor to the drain 
to vary. L3 and C5 form a parallel-
resonant circuit. This high-imped-
ance circuit develops a high signal 
voltage due to the varying current 
flowing through it. L3 is inductively 
coupled to L4 and the output from 
L4 can be fed to another rf ampli-
fier or to a mixer as it would be in 
the case of a superheterodyne re-
ceiver. 
As in the case of the preceding 

circuit, a P-channel transistor could 
be used as well as an N-channel tran-
sistor. Also the enhancement type of 
insulated-gate transistors could be 
used. However, it is likely that most 
rf amplifiers using the insulated-gate 
field-effect transistors will be of the 
depletion type N channel transistors. 
As mentioned previously, one of 

the disadvantages of the insulated-
gate transistor is that they are easily 
damaged. Simply removing or in-
serting the transistor in the circuit 
when the voltages are applied could 
destroy the transistor due to high 
peak voltages built up in the gate 
circuit due to the very high resist-

ance of the gate. Since the gate is 
actually insulated from the drain 
source by means of a layer of in-
sulation the input resistance of the 
gate is extremely high. Pickup from 
a nearby power line can induce a 
high enough voltage in the gate to 
destroy the transistor if the gate 
circuit is open. 

SELF TEST QUESTIONS 

(k) 

(1) 

(m) 

What type of amplifiers are 
the rf amplifiers found in radio 
and television receivers? 
What type of resonant circuit 
is C1 and L2 in Fig.10? 

What is the purpose of C3 in 
the circuit shown in Fig. 10? 

(n) What is permeability tuning? 
(o) What is T1 in the circuit shown 

in Fig. 13, and what purpose 
does it serve? 
Why are triode tubes often 
used as rf amplifiers in tele-
vision receivers? 

(q) Why does L2, in Fig. 14, have 
fewer turns than L1? 

(r) What is the purpose of C4 in 
the circuit shown in Fig. 14? 

(s) In the circuit shown in Fig. 15 
what are the combinations of 
L1 and C1 and L2 and C2 used 
for? 

(t) Why must a negative voltage be 
applied to the gate of the junc-
tion field-effect transistor 
shown in Fig. 16? 

(u) What is the primary advantage 
of the field-effect transistor in 
an rf amplifier circuit over the 
typical NPN or PNP transis-
tor ? 
Which of the two circuits, the 
one shown in Fig. 16 or the one 
shown in Fig. 17 has the least 
loading effect on the input cir-
cuit ? 

(P) 

(v) 
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I-F Amplifiers 

From the block diagram of the 
superheterodyne receiver which we 
have shown in Fig. 9, we see that 
the signal picked up by the antenna 
is amplified by an rf amplifier and 
then fed to a combination mixer and 
oscillator stage. In this stage the rf 
signal is mixed with a signal from 
a local oscillator. The local oscil-
lator simply generates an rf signal 
which we use to mix with the in-
coming signal. The signal produced 
by the local oscillator is always a 
fixed frequency either above or be-
low the frequency of the incoming 
signal. In most cases the oscillator 
is operated at a frequency above the 
frequency of the incoming signal. 

Mixing the incoming rf signal with 
the locally generated signal pro-
duces two new signal frequencies in 
the mixer. It produces a signal equal 
to the sum of the frequency of the 
incoming signal plus the frequency 
of the oscillator and also a signal 
equal to the difference between the 
two frequencies. We use the differ-
ence signal as the intermediate fre-
quency signal in a superheterodyne 
receiver. This signal is referred to 
as the i-f signal. 

Since the frequency relationship 
between the incoming signal and the 
local oscillator is maintained con-
stant, the i-f signal produced in the 
mixer will always have the same 
frequency. In other words, when the 
receiver is tuned to a signal of one 
frequency, for example a signal 1000 
KHz, the oscillator might be oper-
ating at 1455 KHz. The difference 
between these two signal frequen-
cies is 455 KHz and therefore this 
will be the i-f signal frequency. If 
we tune the receiver to a higher fre-
quency, for example 1500 KHz, then 

the frequency of the local oscillator 
will also be increased so that when 
the rf and mixer stages are tuned 
to 1500 KHz, the local oscillator 
will be operating at 1955 KHz. Once 
again the difference frequency is 455 
KHz. In other words, as long as we 
maintain the same difference be-
tween the incoming signal and the 
oscillator signal frequencies, the i-f 
signal frequency produced will be the 
same. 
The advantage of a constant sig-

nal frequency for the intermediate 
frequency lies in the fact that we 
can design an amplifier with a higher 
gain when it is to be operated at a 
fixed frequency than we can if we 
have to be able to vary the frequency. 
Also, using a low frequency i-f gives 
us some advantages insofar as 
selectivity is concerned. We will go 
into this in detail later when you 
study superheterodyne receivers in 
more detail. 

In this section of the lesson we are 
going to study some typical i-f am-
plifiers. Remember, even thoughwe 
call the amplifiers intermediate fre-
quency amplifiers, they are radio-
frequency amplifiers because the 
signals they amplify are radio-fre-
quency signals. However, they are 
different from the rf amplifiers you 
studied in the preceding section be-
cause they operate at a lower fre-
quency, and also because once their 
frequency is set, it normally is not 
varied. 

PENTODE I-F AMPLIFIERS 

A typical pentode i-f amplifier is 
shown in Fig. 18. Notice that we have 
resonant circuits both in the input 
and the output of the stage, and that 
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Fig. 18. A typical i-f amplifier using a pentode tube. 

in many respects it resembles the 
pentode rf amplifier shown in Fig. 
10. 

In the circuit shown in Fig. 18, 
the input signal is obtained from the 
mixer output. In the output of the 
mixer we will have four signals. One 
signal will be equal to the frequency 
of the incoming signal, another sig-
nal will be equal to the frequency of 
the local oscillator. In addition, we 
have the two new signals produced by 
beating the incoming signal with the 
local oscillator signal. We have a 
signal equal to the sum of the two 
and a signal equal to the difference 
between the two. Ci and Li form a 
parallel-resonant circuit which is 
resonant at a frequency equal to the 
difference between the local oscil-
lator frequency and the incoming 
signal frequency. Thus, the parallel-
resonant circuit acts as a high im-
pedance at the difference signal fre-
quency and a comparatively high sig-
nal voltage of this frequency is de-
veloped across it. 

Li is inductively coupled to L2. 
This causes a signal voltage to be 
induced in L2. L2 and C2 form a 
series resonant circuit, and they 
also are tuned to the difference fre-
quency, which from now on we will 
call the i-f frequency. In the series-
resonant circuit we have a resonant 
voltage step-up, and this voltage is 

applied to the grid of Vi, and to the 
cathode through C3. C3, the cathode 
bypass is chosen so that it has a low 
reactance at the signal frequency. 
The i-f signal applied between grid 

and cathode of V1 causes the plate 
current flowing through the tube to 
vary and this varying plate current 
is fed to the parallel-resonant cir-
cuit consisting of L3 and C5. A high 
signal voltage is developed across 
the high impedance parallel-reso-
nant circuit. L3 is inductively 
coupled to L4 and the combination 
of L4 and C6 form a series-reso-
nant circuit which is also tuned to 
the i-f frequency. From the output, 
the voltage is fed to another i-f 
amplifier or to the second detector 
which separates the intelligence sig-
nal on the carrier from the carrier. 
As in the rf amplifier the screen 

of the pentode tube is operated at 
signal ground potential by means of 
a bypass capacitor C4 which has a 
low reactance at signal frequency. A 
positive dc voltage is applied to the 
screen of the tube throughthe resis-
tor R2. Normally the screen of the 
tube will be operated at a lower volt-
age than the plate and R2 is chosen 
so that the voltage drop across it, 
when subtracted from the plate volt-
age, will provide the correct screen 
voltage for the tube. 

In some circuits the suppressor 
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grid, the grid nearest the plate, is 
tied directly to the cathode of the 
tube. However, tieing the suppres-
sor to ground will often introduce 
a small amount of degeneration in 
the stage and improve the stability 
of the stage. With modern pentode 
tubes there is such a high voltage 
gain in the stage , that even though the 
voltage fed from the plate of the 
tube through the tube, back to the 
grid of the tube is very small, it is 
possible that this voltage might be 
high enough to cause oscillation un-
less steps are taken to prevent it. 

In some amplifiers you will find 
that the cathode of the tube is not 
bypassed. Leaving the cathode un-
bypassed again introduces some de-
generation as it did in the case of 
audio amplifiers and this will tend 
to stabilize the stage and further 
prevent the stage from going into 
oscillation. 
We mentioned earlier that the i-f 

amplifier is operated at a fixed fre-
quency. Once the receiver is set up, 
the resonant frequency of the tuned 
circuits is not changed as you tune 
from station to station. When the re-
ceiver is set up, the various reso-
nant circuits are all adjusted to 
resonate at the i-f frequency. This 
is usually accomplished by feeding 

T1 

a signal from an instrument called 
a signal generator into the i-f ampli-
fier. The signal generator is set to 
the intermediate frequency and then 
the various resonant circuits are ad-
justed for maximum output from the 
i-f amplifier. The coupling between 
the coils is adjusted by the manu-
facturer so that when the various 
circuits are tuned for maximum out-
put the required bandpass will be ob-
tained. It is possible to do this in 
radio receivers because the band-
width required in radio reception is 
comparatively harrow. In television 
receivers, however, the i-f ampli-
fier presents special problems and 
alignment methods other than peak-
ing the transformers or coils at one 
frequency must be used. 

In the early days of radio, triode 
i-f amplifiers were used, but since 
the development of the pentode tube, 
the triode tube has not been used for 
this purpose. You can get a higher 
gain with a pentode i-f amplifier than 
with a triode, and in addition the 
pentode does not require neutraliza-
tion. 

TRANSISTOR AMPLIFIERS 

A typical transistor i-f amplifier 
is shown in Fig. 19. Notice that this 
circuit is practically identical to the 

T2 

L4 OUTPUT 

Fig. 19. A typical transistor i-f amplifier using a PNP transistor. 
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T2 

Fig. 20. Transistor i-f amplifier using NPN transistor. 

circuit of the rf amplifier shown in 
Fig. 14. 

In Fig. 19, Ci and Li form a paral-
lel-resonant circuit and would be in 
the collector circuit of the mixer 
stage. L1 is inductively coupled to 
L2. L2 has fewer turns than L1 so 
that we have a step-down trans-
former to match the low input re-
sistance of the transistor circuit to 
the high resistance of the parallel 
circuit. The signal is applied to the 
base of the transistor and to the 
emitter through C2. The i-f signal 
current from the collector is fed to 
the parallel resonant circuit which 
consists of L3 and C5. L4, which has 
fewer turns than L3, is inductively 
coupled to L3 so that a signal cur-
rent will be induced in L4. The out-
put from L4 would probably be con-
nected to another transistor i-f am-
plifier or to a detector stage. As in 
the rf stage shown earlier, C4 pro-
vides neutralization and feeds a sig-
nal back into the base which is 180° 
out-of-phase with the signal fed from 
the collector to the base through the 
transistor. 
Forward bias for the transistor is 

provided by the voltage divider net-
work consisting of R1 and R2. As in 

the previous circuits, R3 is put in the 
circuit for bias stabilization, to pre-
vent thermal runaway of the tran-
sistor. 
Another transistor i-f amplifier 

is shown in Fig. 20. This amplifier 
uses an NPN transistor whereas the 
one shown in Fig. 19 uses the PNP 
transistor. In addition to the differ-
ent transistor types, the method of 
obtaining neutralization is somewhat 
different. Notice the resistor in the 
emitter circuit, R2. This resistor is 
not bypassed and therefore a signal 
voltage will be developed across this 
resistor. This signal voltage is fed 
through C2 into the lower end of the 
coil L2. The center tap of L2 is at 
signal ground potential, because C3 
has a low reactance at the signal 
frequency. The lower end of L2 is 
inductively coupled to the upper end 
so that a voltage is induced in the 
upper end of the coil 180° out-of-
phase with the signal fed to the lower 
end through C2. This voltage is fed 
to the base and will neutralize any 
signal voltage fed from the collector 
back into the base through the tran-
sistor itself. 

Notice that the collector is con-
nected to a tap on the coil L3. The 
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output resistance of the transistor 
is comparatively low and by feeding 
it to a tap on the coil inthis manner 
we prevent loading of the parallel 
resonant circuit made up of L3 and 
C4. This prevents loading of the 
resonant circuit which in turnwould 
cause a reduction in the selectivity 
in the circuit. 

Field-effect transistors can also 
be used as i-f amplifiers, but since 
they are considerably more ex-
pensive than the PNP and NPN types 
they have not been widely used in 
this application. 

VIDEO I-F AMPLIFIERS 

Television receivers are super-
heterodyne receivers just like radio 
receivers. However, the rf, mixer 
and oscillator stages operate at 
higher frequencies than regular re-
ceivers designed for reception on the 
standard broadcast band. 
The i-f amplifier used to amplify 

the picture signals is called a video 
i-f amplifier. A video i-f amplifier 
differs from a sound i-f amplifier 
inasmuch as it operates at a much 
higher frequency and must have a 
much wider bandwidth. This is due 
to the fact that a wide range of sig-

nals is required in order to repro-
duce a TV picture. Some large areas 
may be reproduced by comparatively 
low frequency signals, but the fine 
detail in a picture is reproduced by 
comparatively high-frequency sig-
nals. The video i-f amplifier must be 
able to pass the video i-f carrier and 
the sidebands which contain the video 
signal. Also, in color TV receivers 
they must pass an additional signal 
called the color subcarrier. This 
signal carries the color information 
in the picture. In addition, modern 

superheterodyne TV receivers must 
be capable of passing the sound i-f 
signal through at least part of the 
video i-f amplifier. The sound i-f 
signal differs from the picture i-f 
signal by 4.5 megahertz. Therefore 
the video i-f amplifier must be capa-
ble of at least passing with some 
amplification the sound i-f signal 
which will be 4.5 MHz lower in fre-
quency than the video i-f carrier 
frequency. 

You'll study video i-f amplifiers 
later, but here we want you to get 
some general idea of what the cir-
cuit looks like and the problems in-
volved. 
A typical video i-f amplifier using 

a pentode tube is shown in Fig. 21. 

T2 

Fig. 21. A pentode video i-f amplifier. 

OUTPUT 
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This is typical of the circuits you 
will find in the first video i-f ampli-
fier of a color TV receiver or of a 
black and white TV receiver. The 
input signal is fed to the i-f ampli-
fier from the mixer. It is fed through 
the capacitor C1 to the primary of 
T1. Ti is the input i-f transformer 
and the coils are bifilar wound.This 
means that the coupling between the 
coils is extremely tight. The arrow 
above the two coils indicates that 
there is an iron slug inside the coils 
which can be adjusted totune the two 
coils to a particular frequency. 
An example of how a bifilar wound 

transformer is constructed was 
shown in Fig. 8. Notice that the two 
windings are interlaced to provide 
very tight coupling between the pri-
mary and secondary windings of the 
transformer. 
The combination of L1 and C2 form 

a parallel-resonant circuit. This 
circuit is resonant at a frequency of 
47.25 MHz. This parallel-resonant 
circuit is referred to as an adjacent 
channel sound trap. When your TV 
receiver is tuned to channel 4, for 
example, if you happen to be near 
enough to pick up a signal from an-
other station operating on channel 
3, the sound signal from the chan-
nel 3 station might get through the 
rf and mixer stages and could cause 
some interference in the picture. 
By inserting the parallel-resonant 
circuit in series with the primary of 
T1, if there is any signal current 
from the channel 3 sound flowing in 
the circuit, almost all will be 
dropped across the high impedance 
of this parallel-resonant circuit. 
Very little will be fed from the pri-
mary to the secondary of T1. 
The grid of the tube is fed to the 

automatic gain control circuit 
through Ri. The automatic gain con-
trol will provide a negative voltage 
for the grid of the tube. This volt-

age will vary in amplitude depending 
upon the strength of the signal re-
ceived. If the signal is very strong, 
a rather high negative voltage will 
be fed to the grid of V1. This will 
reduce the gain of the stage and pre-
vent overloading in following stages. 
On the other hand, if the signal is 
weak, the negative voltage fed to the 
grid of V1 will be quite low so that 
the tube will operate at its maximum 
gain. 

T2 is another bifilar wound i-f 
transformer. Again, the primary and 
secondary coils are very tightly 
coupled. 
You might notice that there is no 

capacitor in the plate circuit of V1. 
In spite of this, we have a parallel-
resonant circuit in the plate circuit 
of V1. You might wonder how this is 
so, but remember that there is a 
certain capacity in the tube itself. 
There is capacity between the plate 
and cathode and this is in effect 
electrically across the primary of 
T2. This capacity along with the 
wiring capacity in the circuit is all 
the capacity we need at the frequen-
cies involved to form a parallel-
resonant circuit along with the pri-
mary winding of T2. Video i-f am-
plifiers usually operate in the 40 
MHz region, and at these high fre-

quencies only a small amount of ca-
pacity is needed in a resonant cir-
cuit. 
A typical transistor video i-f am-

plifier is shown in Fig. 22. This i-f 
amplifier is the second video i-f 
amplifier taken from a portable TV 
receiver. The input signal is re-
ceived from the first video i-f am-
plifier and coupled from L1 to L2. 
L2 has fewer turns than L1 in order 
to match the transistor input circuit. 
C1 is placed in the circuit to pre-
vent L2 from shorting out the for-
ward bias across the emitter-base 
junction of the transistor. The for-
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Fig. 22. A transistor video i-f amplifier. 

ward bias is applied to the base 
through R1. Again, this bias is ob-
tained from the age system, and is 
varied to vary the gain of the tran-
sistor depending upon the strength 
of the signal being received. 
The coil L3, which is in the col-

lector circuit of the transistor, along 
with the transistor capacity and the 
wiring capacity, form a parallel-
resonant circuit. The arrow of the 
coil indicates that the circuit can 
be tuned by means of a slug which 
moves in and out of L3. Notice that 
the collector voltage is fed to a 
center tap on the coil. The center 
tap is held essentially at ground 
potential by the capacitor C4. A volt-
age is induced in the lower half of 
L3 which is 180° out-of-phase with 
the voltage in the upper half. The 
voltage from the lower half is fed 
through C3 back into the base circuit 
in order to provide neutralization 
and to cancel out any signal fed 
through the transistor from the col-
lector to the base. 
The resistor R3, which is con-

nected across L3, is a loading re-
sistor. The purpose of this resistor 
is to load the resonant circuit in 

order to help get the broad fre-
quency response required of a video 
i-f amplifier. 

L4 is inductively coupled to L3 
and feeds the next video i-f ampli-
fier. 

In aligning a video i-f amplifier 
such as shown in Fig. 22, L1 is not 
tuned to the same frequency as L3. 

By tuning the resonant circuits to 
different frequencies we broaden 
the response of the amplifier. For 
example, the resonant circuit in 
which L1 is located may be tuned as 
shown by curve A in Fig. 23. At the 
same time L3 and its circuit might 
be tuned as shown in curve B. The 
overall response produced by the two 
amplifiers may then look like curve 

A 

Fig. 23 Response of curves A and 13 to-
gether may give overall response like C. 
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C which has a wider bandwidth than 
either curve A or curve B. You will 
study video i-f amplifiers in detail 
later and learn more about how the 
various resonant circuits are ad-
justed for resonance. 

SELF TEST QUESTIONS 

(w) What determines the i-f fre-
quency in a receiver? 

(x) Why can we usually operate an 
i-f amplifier at higher gain 
than an rf amplifier? 

(y) Why is the cathode resistor in 
some pentode i-f amplifiers 
left unbypassed? 

(z) In the circuit shown in Fig. 20, 

(an) 

(ab) 

(ac) 

(ad) 

(ae) 

why is the collector connected 
to a tap on L3? 
Where is the neutralization for 
the transistor in the circuit 
shown in Fig. 20 obtained? 
What is the chief difference 
between the video i-f ampli-
fier in a television receiver 
and the sound i-f amplifier in 
a radio receiver? 
Why is there no capacitor 
across the primary winding of 
T2 in the circuit shown in Fig. 
21? 
What purpose does R3 in 
Fig. 22 serve? 
What purpose does C3 in Fig. 
22 serve? 
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Radio-Frequency Power 
Amplifiers 

So far the rf amplifiers we have 
been discussing are the types found 
in radio and television receiving 
equipment. They are voltage ampli-
fiers. They are used to build the 
weak signal voltage to a reasonably 
high value before the signal is fed to 
a detector to extract the intelligence 
that has been used to modulate the 
carrier. In radio and television 
transmitters and in other industrial 
applications rf power amplifiers are 
used. RF power amplifiers differ 
from voltage amplifiers in a number 
of respects. Not only are the tubes 
generally much larger than those 
used in voltage amplifiers, but also 
the circuit configurations differ in 

o 

o 

several respects from those used in 
voltage amplifiers. 

A TRIODE 
POWER AMPLIFIER 

Although triode tubes are not very 
frequently used as rf voltage ampli-
fiers except in the vhf region, they 
are quite widely used as power am-
plifiers. Many high-power transmit-
ters today use triode rf power am-
plifiers. 

Schematic diagrams of two triode 
rf power amplifiers are shown in 
Fig. 24. Since there are several dif-
ferences between these two circuits 
we'll look at the circuits one at a 
time. 

8- 8+ 

Fig. 24. Schematic of two triode power amplifiers. 
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In the circuit shown in Fig. 24A we 
have shown a filament-type tube. 
This type of tube is frequently found 
in transmitting applications because 
a solid tungsten filament or a 
thoriated tungsten filament will 
stand up better than an oxide-coated 
cathode at the high voltages usually 
used in transmitting tubes. In the 
circuit shown in Fig. 24E we have 
shown a cathode-type triode tube so 
that you will see the difference be-
tween the two types. 

Examining the grid circuit of the 
diagram shown in Fig. 24A, you'll 
see that connected between the grid 
of the tube and ground we have a coil 
called a radio-frequency choke. This 
is abbreviated RFC on the diagram. 
Also connected between this choke 
and ground we have a resistor R1. 
Power amplifiers are normally op-
erated as class C amplifiers. This 
means that the input signal drives 
the grid of the tube positive so that 
electrons flow from the filament of 
the tube to the grid. These electrons 
will strike the grid and then flow 
from the grid through the rf choke to 
the parallel combination of R1 and 
C2. Some of the electrons will flow 
through R1 to ground, but most of 
them will charge C2. During the por-
tion of the cycle when the grid is 
not drawing current, C2 will dis-
charge through R1. The time con-
stant of R1 and C2 is selected so that 
C2 does not appreciably discharge 
between cycles of grid current. R1 
is selected so that the average grid 
current provides the bias required 
for the tube. Usually for class C op-
eration, this is somewhere between 
two and four times cut-off bias volt-
age. 

Notice the bypass capacitors and 
the tapped resistor in the filament 
circuit. Each side of the filament is 
bypassed to ground, and a tapped re-
sistor is connected across the fila-

ment, and the center tap of this re-
sistor is grounded. Sometimes in-
stead of using a tapped resistor of 
this type, the filament winding of the 
transformer used to supply the volt-
age to heat the tube is center-tapped 
and the center tap is grounded. 
The filament of a transmitting tube 

is rather heavy, and as a result can 
be operated from ac. The tempera-
ture of the filament changes so 
slowly that there is no heating and 
cooling of the filament as the ac volt-
age goes through its cycle. 
With the high bias on the tube, 

plate current will flow through the 
tube in a series of pulses. There 
will be a pulse of plate current each 
time the input signal drives the grid 
sufficiently in a positive direction to 
overcome the bias. Because the grid 
is driven positive, the peak current 
reached during each pulse will be 
high, but because the operating bias 
on the tube will be substantially be-
yond cutoff bias, plate current will 
flow for less than one half of each 
cycle. 

In the plate circuit of this stage, 
we have a parallel resonant circuit. 
Notice that the coil L1 is tapped, and 
the center tap is connected through 
another radio-frequency choke (usu-
ally called an rf choke) to B+. The 
B+ voltage applied to the plate of the 
tube is thus applied through the choke 
and half of L1. Capacitor C7 is a 
variable capacitor called a split 
stator capacitor. You will remember 
that a variable capacitor has two 
separate plates, one set that is sta-
tionary, called the stator, and the 
other set that rotates, called the 
rotor. In a split-stator type capaci-
tor there are two sets of stator 
plates, which are insulated from 
each other. The rotor consists of 
two separate sets of plates, one for 
each set of stator plates, but the 
rotor plates are electrically con-
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nected together. The rotor is op-
erated at signal ground potential by 
grounding it through C6 and the sta-
tors are connected to the ends of L1. 
The parallel resonant circuit in 

the plate circuit of the tube is more 
or less shock-excited by the pulses 
of plate current received from the 
tube. The pulse of the plate current 
sets up circulating currents in the 
tank circuit. These pulses from the 
tube are more or less smoothed out 
by the tank circuit so that the cur-
rent circulating back and forth in the 
resonant circuit is a sine wave. 

Since the tube used in this circuit 
is a triode tube, there will be energy 
fed from the plate of the tube back to 
the grid circuit. Because a power 
amplifier develops considerable 
power in the plate circuit, there will 
be enough energy fed back into the 
grid circuit to result in oscillation. 
This oscillation is overcome by 
feeding a signal from the tank cir-
cuit through C5 back into the grid 
circuit of the tube. Notice that the 
plate of the tube connects to one end 
of the tank circuit and C5 connects 
to the other end. The voltage at the 
two ends of the tank circuit will be 
of opposite polarity. Therefore, the 
signal fed through C5 back into the 
grid circuit is of opposite polarity 
to the signal fed from the plate to 
the grid circuit through the tube 
capacity. C5 is usually an adjustable 
capacitor that can be adjusted to 
feed exactly the same amount of 
signal into the grid circuit as is fed 
through the tube capacity. C5 is 
called a neutralizing capacitor. It is 
used to feed back energy into the grid 
circuit to neutralize or cancel the 
energy fed back into the grid circuit 
through the tube. 
The output signal is taken from 

the tank circuit by inductively 
coupling another coil, marked L2 
on the diagram, to L1. 

When a tube is used in a circuit of 
this type where its bias is developed 
by the grid current flowing through 
the grid resistor, we say the tube is 
self-biased. This type of bias is en-
tirely satisfactory when the stage is 
operating properly and when the nor-
mal signal drive is applied to the 
input. However, if a defect develops 
in a preceding stage so that no signal 
is applied to the input, the grid of the 
tube will not be driven positive and 
there will be no current flow. Ca-
pacitor C2 will discharge throughRi 
so that the bias applied to the tube 
will disappear. Once the bias dis-
appears there will be a very high 
current flow from the filament to the 
plate of the tube and unless there is 
some safety measure incorporated 
in the circuit so that the circuitwill 
be opened when the current goes be-
yond a certain level, the current will 
rise to such a high value that the tube 
will be destroyed. 

In the circuit shown in Fig. 24B we 
have tuned circuits in the input and 
output circuits. Coil L1 is induc-
tively coupled to L2 and its energy 
fed into L2. L2 and C1 form a series 
resonant circuit. Here, instead of 
using self-bias, a fixed bias voltage 
is applied to the grid circuit of the 
tube. Notice that the negative ter-
minal of the C battery or C bias 
supply connects to the coil, and 
through the coil to the grid. The 
positive terminal of the C supply is 
grounded. Sometimes you'll find the 
bias connections on the diagram 
labeled C- and C+ as in Fig. 24B 
and on other occasions you'll find 
them labeled bias. 
The resonant circuit in the plate 

circuit of this stage is the same as 
the circuit shown in Fig. 24A. Again, 
the stage is neutralized by feeding 
energy from the tank circuit through 
a capacitor (C3) back into the grid 
circuit of the tube. 
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In some triode power amplifiers 
you'll find a combination of fixed 
bias and self bias. In this type of 
circuit the two types of bias shown 
in Fig. 24 are incorporated into a 
single circuit. This is done by 
selecting a value of resistor in the 
grid circuit somewhat smaller than 
what is needed to develop the full 
bias required by the tube. The re-
mainder of the bias is supplied by 
a separate bias power supply. For 
example, if a tube requires a bias 
of 100 volts for class C operation, 
a resistor might be put in the grid 
circuit that would develop 50 volts 
bias and then a fixed power supply 
used to provide the other 50 volts. 
The advantage of this arrangement 
is that the bias is somewhat self-
regulating. In other words if the grid 
current increases, the bias will in-
crease and tend to prevent over-
driving the tube. At the same time, 
the fixed bias would also protect the 
tube if the preceding stage develops 
a defect so that the signal drive is 
not supplied to the grid of the tube. 

TETRODE POWER 
AMPLIFIERS 

Tetrode power amplifiers have 
two big advantages over the rf triode 
power amplifiers. Perhaps the 
greater advantage lies in the fact 
that a tetrode has a very high power 
sensitivity. This means that you need 
only a small input signaltodrive the 
tube hard enough to produce a rather 
large signal in the output. Thus the 
power gain in a tetrode rf power am-
plifier is much greater than in a 
triode power amplifier, because a 
substantial amount of driving power 
is usually required to drive a triode. 
The second big advantage of a tet-

rode power amplifier is the fact that 
the screen grid effectively shields 
the grid of the tube from the plate. 
With careful circuit design it is usu-

ally possible to design a circuit that 
does not require neutralization. This 
is a big advantage if a power ampli-
fier is to be used over a wide fre-
quency range. In a triode power am-
plifier, if you have occasion to 
change the frequency at which the 
amplifier is operating, you often 
have to readjust the setting of the 
neutralizing capacitor. However if 
a tetrode stage can be operated with-
out neutralization, this problem is 
not encountered. Of course, in a 
radio broadcast transmitter that is 
designed to operate on one specific 
frequency, neutralizing the triode 
doesn't present any great problem, 
and once it is neutralized you do not 
have to re-neutralize it unless you 
change the tube. However, in many 
communications applications, it is 
necessary to have transmitters that 
can be operated on a number of dif-
ferent frequencies. In such a case, 
a tetrode tube that does not need 
neutralization is quite advantageous. 
The tetrode tubes used in modern 

power amplifiers are beam power 
tubes. You will remember that a 
beam power tube is a tube made so 
that the cathode emits electrons in 
two streams or beams from opposite 
sides of the cathode. The electrons 
are further focused into a beam by 
means of beam-forming plates which 
are connected inside the tube to the 
cathode of the tube. Although you 
might actually consider the beam-
forming plates as separate ele-
ments, the general practice is to 
ignore them when counting the tube 
elements so the tube is considered 
to be a tetrode or four-element tube. 
A schematic diagram of a tetrode 

rf power amplifier is shown in Fig. 
25. Notice that we have a resonant 
circuit in the input. Again, this tube 
circuit uses self bias; the bias 
needed to operate the tube in the 
Class C amplifier is developed 
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Fig. 25. A tetrode rf power amplifier. 

across the parallel combination of 
R1 and C2 by the grid current. Again, 
grid current flows because on the 
positive half cycle the signal drives 
the grid positive and electrons are 
attracted to the grid. 
A parallel resonant circuit is used 

in the plate circuit, and the output 
is taken by inductively coupling L4 
to L3. 
The screen grid of the tube is op-

erated with a positive voltage applied 
to it. Sometimes this voltage is ob-
tained from a separate power supply 
or from a tap on the main power sup-
ply. Sometimes a dropping resistor 
is connected between the plate sup-
ply and the screen grid of the tube 
in order to drop the screen voltage 
to a value lower than the plate volt-
age. 

Fig. 26. A push-pull tetrode rf power amplifier. 

A push-pull tetrode power ampli-
fier is shown in Fig. 26. Here notice 

that the circuit configuration is quite 
similar to the push-pull circuits 
used in audio work with the exception 
of the resonant circuits used in the 
grid and plate circuits of the tube. 
Notice that split stator tuning ca-
pacitors have been used in both the 
input and the output circuits. Again, 
because the feedback from the plate 
of the tube to the grid of the tube is 
low due to the shielding effect of the 
screen, neutralization is not re-
quired. However, sometimes you 
will find tetrode power amplifiers 
using neutralization. 

Pentode rf power amplifiers are 
sometimes used, but they are not 
nearly as common as tetrode power 
amplifiers. The circuits used for 
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pentode tubes are similar to those 
used for tetrodes. The suppressor 
grid of the pentode tube is usually 
connected to B-. 

TRANSISTOR POWER 
AMPLIFIERS 

A few years ago there were rela-
tively few transistor rf power am-
plifiers because the rf power that 
could be generated by transistors 
was quite limited. However, a great 
deal of progress has been made in 
transistor design and manufacture 
and now there are many transistor 
rf power amplifiers in use. Of 
course, there are no transistors 
available that can develop the very 
high rf powers that vacuum tubes 
can develop, but low and medium 
power rf transistors are available. 

Transistor power amplifiers may 
be used in either the common-emit-
ter or common-base circuits. The 
common-emitter circuit is more 
stable, but at very high frequencies 
the emitter lead inductance may re-

strict the power capability of the 
transistor. In this case the common-
base circuit may provide a higher 
power gain, but it will be more un-
stable than the common-emitter cir-
cuit. 

Transistor rf power amplifiers 
may be operated as Class A, Class 
B or Class C amplifiers. Class A 
amplifiers provide extremely good 
linearity but the efficiency is low. 

This type of power amplifier is used 
only when the power requirements 
are quite low. A Class B power am-
plifier will provide a higher power 
gain and better efficiency. Of course, 
a Class C power amplifier will pro-
vide the best efficiency, but the 
harmonic output from a Class C 
power amplifier will be quite high. 
The tank circuits used with Class C 
power amplifiers are designed to 
offer a high impedance to the har-
monics and a low impedance to the 
fundamental frequency. 
Biasing Methods. 

For Class A bias on a transistor 
power amplifier, we must have a for-
ward bias across the emitter-base 
junction as in the case of transistor 
voltage amplifiers. For Class B 
bias, the bias across the emitter-
base junction of the transistor is 
zero. For Class C bias, we must 
have a reverse bias across the 
emitter-base junction so that cur-
rent will flow through the transistor 
only on the peak of the rf cycle. That 
overcomes the reverse bias and 
drives the emitter-base junction into 
the conduction region. As in the case 
of vacuum-tube Class C amplifiers, 
current will flow through the tran-
sistor for less than half a cycle. 
Two typical circuits for develop-

ing Class C bias for a transistor 
power amplifier are shown in Fig. 
27. In the circuit shown in Fig.27A, 
the incoming rf signal drives the 

INPUT 

Fig. 27. Two methods of producing bias for Class C power amplifiers. 
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base of the transistor positive and 
electrons leave the base and flow 
through the rf choke and charge the 
capacitor C with the polarity shown. 
Some of the electrons flow through 
R1 to ground developing a voltage 
drop across this resistor having the 
polarity shown. 

During the portion of the rf cycle 
when the transistor is not conduct-
ing, C1 discharges throughRi main-
taining the reverse bias across the 
emitter-base junction essentially 
constant. 
Another method of obtaining Class 

C bias is shown in Fig. 2'7B. In this 
circuit, when the input signal drives 
the base positive, current flows 
through the resistor R2 to the emit-
ter, across the emitter-base junc-
tion of the transistor, across the 
base and the base-collector junction 
and then through the rf choke RFC2 
back to B+. The electrons flowing 
through R2 will charge capacitor C1 
with the polarity shown. During the 
portion of the cycle when the base 
is not driven positive by the rf sig-
nal, Ci will discharge through R2 
maintaining the emitter positive with 
respect to ground. Thus the emitter 
will be positive with respect to the 
base and will have a reverse bias 
across the emitter-base junction so 

INPUT 

there will be no current flow through 
the transistor. 
Typical Circuits. 
A typical Class C transistor rf 

power amplifier is shown in Fig.28. 
In this circuit the biasing method 
shown in Fig. 27B is usedto provide 
a reverse bias across the emitter-
base junction. 
The rf signal is fed into the input 

and on the positive half of the cycle 
the rf signal overcomes the reverse 
bias across the emitter-base junc-
tion and electrons flow through the 
transistor. The choke in the collec-
tor circuit completes the de current 
path through the transistor. The rf 
signal is fed to the output network 
consisting of C2, C3, L1 and L2. 
C2 is adjusted for resonance and 
C3 is adjusted to obtain the desired 
loading. 
When more power is required 

from an rf power amplifier than can 
be obtained from a single transistor, 
two or more transistors can be used 
either in push-pull or in parallel. In 
push-pull operation transformers 
must be used for proper input signal 
phase. This works out quite satis-
factorily at lower i-f frequencies, 
but at very high frequencies it is 
difficult to build transformers which 
provide the required impedance 

Fig. 28. A Class C transistor power amplifier. 

OUTPUT 
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transfer. Therefore parallel opera-
tion of transistors is generally pre-
ferred at vhf over push-pull opera-
tion. 

In Fig. 29 we have shown a sche-
matic diagram of two transistors 
operated in parallel. If additional 
power is required, a third parallel 
transistor in an essentially identical 
circuit could be added. 

Previously we mentioned the ef-
fect of emitter-lead inductance at 
vhf. The effect of this inductance is 
tuned out by the capacitors C3 and 
C4. 

In a circuit of this type, it is de-
sirable to have transistors with 
matched characteristics in order to 
insure that each transistor will pick 
up half of the load. 
To check the operation of the tran-

sistors to be sure that each is 
handling half the total current, we 
measure the voltage across R1 and 

Fig. 29. 29. A high-frequency power amplifier using two transistors in parallel. 

the voltage across R2. The voltages 
across these two resistors should 
be equal; this would indicate each 
transistor is picking up half of the 
load. 

SELF TEST QUESTIONS 

(al) What is the purpose of C5 in 
Fig. 24A ? 

(ag) Why is it possible to operate 
the filament of the triode tube 
shown in Fig. 24A from ac 
power? 

(ah) How are the pulses of current 
that flow through a Class C 
amplifier stage smoothed into 
a sine wave? 

(ai) What are the two big advan-
tages of the tetrode power am-
plifier over the triode power 
amplifier? 

(aj) What type of bias is placed 
across the emitter-base June-

4. 
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tion of a transistor operated 
as a Class C power amplifier? 

(ak) Across what parts is Class C 
bias developed in the circuit 

shown in Fig. 27A? 
(al) What purpose do the capaci-

tors C3 and C4 in the circuit 
shown in Fig. 29 serve? 

ANSWERS TO SELF 

(a) The basic difference is in the 
load found in the rf amplifier. 
It is usually some type of reso-
nant circuit. 
The basic difference is how the 
voltage is applied to the coil 
and capacitor in the resonant 
circuit. If the voltage is ap-
plied to the coil and capacitor 
in series, it is a series-reso-
nant circuit, but if it is applied 
to the coil and capacitor in 
parallel, it is a parallel-reso-
nant circuit. 
Sideband frequencies are fre-
quencies above and below the 
carrier frequency produced 
when we add the intelligence 
to be transmitted to the car-
rier frequency. 

(d) The bandwidth of a resonant 
circuit is the band of frequen-
cies that will be passed or am-
plified by the circuit with a 
gain equal to at least 70.7% of 
the gain obtained at the reso-
nant frequency of the circuit. 

(e) On the L-C ratio of the reso-
nant circuit and on the Q of 
the resonant circuit. 
By loading the circuit with a 
suitable resistance. 
Critical coupling is the point 
at which maximum signal 
transfer occurs from one coil 
to another. This will occur 
when all the flux lines pro-
duced by one coil cutthe turns 
of the other coil. 

(h) When we speak of over-cou-
pling we mean that the coils 

(b) 

(c) 

(f) 

(g) 

TEST QUESTIONS 

are coupled together beyond 
the critical coupling point. It 
results in some drop in output 
and produces a so-called 
double-hump response curve. 
The moisture and dust parti-
cles will introduce resistance 
into the circuit and lower the 
Q of the circuit. This will tend 
to reduce the output from the 
resonant circuit and also re-
duce the selectivity. 
At the high frequencies used in 
the rf section of a television 
receiver, moving a wire may 
change the inductance or ca-
pacitance in a resonant circuit 
sufficiently to upset the per-
formance of that circuit. This 
is particularly true of the coils 
and leads used in conjunction 
with the high vhf channels in 
a TV tuner. It is even more 
true of the parts and leads in 
a uhf tuner. 
The rf amplifiers in radio and 
television receivers are Class 
A voltage amplifiers. 

C1 and L2 in Fig. 10 form a 
series-resonant circuit. 
C3 is a screen bypass capaci-
tor. It is chosen so that it has 
a low reactance at the signal 
frequencies amplified by the 
stage. Therefore as far as the 
screen is concerned, it is 
essentially connected to 
ground at signal frequencies. 
This permits the screen to act 
as an effective shield between 
the plate and grid of the tube, 

(i) 

) 

(k) 

(1) 

(m) 
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to prevent feedback from the 
plate to grid that could cause 
oscillation. 

(n) Permeability tuning is a tuning 
system where the inductance 
of the coils is varied by moving 
a powdered iron slug in and out 
of the coil. The resonant fre-
quency of the circuit is varied 
by varying the inductance of 
the coil rather than by chang-
ing the capacity of the tuning 
capacitor. 

(o) T1 is a balun. It is used to 
match the balanced transmis-
sion line, which has an im-
pedance of 300 ohms, to the 
unbalanced input of the rf 
stage, which has an input im-
pedance of 75 ohms. Thus the 
transformer matches a bal-
anced circuit to an unbalanced 
circuit, at the same time it 
matches a 300-ohm circuit to 
a 75-ohm circuit. 

(p) Triode tubes generate a lower 
internal noise than pentode 
tubes. Low noise level is ex-
tremely important in the rf 
stage of TV receivers, par-
ticularly in the reception of the 
high-band vhf TV channels. 

(q) The combination of L1 and L2 
form a transformer because 
L1 is inductively coupled to 
L2. L1 along with C1 form a 
series-resonant circuit. A 
step-down transformer is 
used to feed the signal to the 
input of the transistor because 
the transistor has a compara-
tively low input resistance. 
When using a step-down trans-
former (having fewer turns on 
L2 than on L1), loading of the 
resonant circuit can be kept to 
a minimum. Excessive loading 
of the resonant circuit would 
reduce the selectivity of the 
resonant circuit. 

(r) C4 is used to feed a small 
amount of signal from the out-
put back into the base of the 
transistor. The energy fed 
through C4 is 180° out-of-
phase with the signal fed from 
the collector back to the base 
through the transistor itself. 
The signal fed through C4 
cancels the signal fed in-
ternally through the tran-
sistor. C4 is a neutralizing ca-
pacitor and prevents the stage 
from going into oscillation. 
L1 and C1 form a parallel-
resonant circuit. They prevent 
undesired signals in the sound 
i-f frequency region from get-
ting to the rf amplifier. C2 and 
L2 form a series-resonant 
circuit. Since they have a low 
impedance they bypass the 
signals around 45 MHz. 45.75 
MHz is the picture i-f signal 
frequency. The trap prevents 
interfering signals from sta-
tions operating at or near this 
frequency from reaching the rf 
amplifier. 

(t) A negative voltage is applied 
to the gate to prevent electrons 
from flowing to the gate. This 
would cause current to flow in 
the gate circuit and lower the 
input resistance of the tran-
sistor. 

(u) The field-effect transistor has 
a very high input resistance. 
Therefore the transistor has 
very little or no loading effect 
on the resonant circuit which 
permits a high degree of 
selectivity. In addition, very 
high gains are possible with 
the field-effect transistor. 

(v) The circuit shown in Fig. 17. 
This circuit makes use of an 
insulated-gate field-effect 
transistor. There will be no 
current flow in the circuit. In 

(s) 
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(w) 

the circuit shown in Fig. 16 
there will be some small re-
verse current which has some 
slight effect on the input re-
sistance of the transistor. 
The i-f frequency is deter-
mined by the difference be-
tween the frequency of the in-
coming signal and the fre-
quency of the local oscillator. 

(x) I-F amplifiers operate at a 
fixed frequency and therefore 
the circuit is usually some-
what simpler and can be better 
shielded than an rf amplifier 
which must be adjustable over 
a frequency range. 
To introduce a small amount 
of degeneration which may 
prevent the stage from going 
into oscillation. 
The collector is connected to 
a tap to prevent the compara-
tively low output resistance 
of the transistor from loading 
the parallel-resonant circuit 
made up of L3 and C4. 

(aa) Neutralization is obtained by 
taking a signal from the emit-
ter and feeding it through C2 
into L2. L2 inverts the signal 
so that the signal fed to the 
base will be out-of-phase with 
the signal fed back to the base 
through the collector-to-base 
capacity. The emitter is left 
unbypassed so that a signal 
voltage for neutralization will 
be developed across R2. 

(ab) The video i-f amplifier in a 
television receiver will have 
a much wider bandwidth than 
the sound i-f amplifier in a 
radio receiver. In order to get 
this wider bandwidth, the video 
i-f amplifier is operated at a 
much higher frequency. 

(ac) A capacitor is not necessary 
at the high frequencies used 
in video i-f amplifiers. There 

(Y) 

(z) 

is already enough capacity in 
the tube and in the circuit 
wiring to provide the capacity 
necessary to form a parallel-
resonant circuit along withthe 
primary winding of T2. 

(ad) R3 is used to load the parallel-
resonant circuit consisting of 
L3 plus the transistor and dis-
tributed capacity in the cir-
cuit. The resonant circuit is 

loaded giving wider bandwidth. 
(ae) C3 is the neutralizing ca-

pacitor. A signalvoltage is fed 
through it to neutralize the 
voltage fed through the collec-
tor—to—base capacity of the 
transistor. 

(af) C5 is a neutralizingcapacitor. 
It is used to feed energy from 
the plate circuit back into the 
grid circuit to cancel out the 
energy fed from the plate cir-
cuit to the grid circuit through 
the interelectrode capacity of 

the tube. 
(ag) The filament of the transmit-

ting tube is quite heavy and 
does very little heating or 
cooling as the ac current goes 
through its cycle. Operating 
the filament on ac does not 
introduce hum into the circuit. 

(ah) The tank circuit consisting of 
the coil and the capacitor in 
the plate circuit of the rf power 
amplifier smooth the current 
pulses from the tube into a 
pure sine wave. 

(ai) The tetrode tube provides a 
higher power gain, and a 
properly designed tetrode am-
plifier usually does not re-
quire neutralization. 

(aj) The emitter-base junction of a 
transistor Class C power am-
plifier is reverse biased. 

(ak) Ri and Ci. 
(al) They are used to tune out the 

emitter lead inductance. 
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Lesson Questions 

Be sure to number your Answer Sheet B203. 

Place your Student Number on every Answer Sheet. 

Most students want to know their grade as soon as possible, so they 
mail their set of answers immediately. Others, knowing they will finish 
the next lesson within a few days, send in two sets of answers at a time. 
Either practice is acceptable to us. However, don't hold your answers too 
long; you may lose them.Don't hold answers to send in more than two sets 
at a time, or you may run out of lessons before new ones can reach you. 

1. What type of load will be found in the plate circuit of most rf ampli-
fiers? 

2. If a 1000-KHz signal is modulated by a 3000-cycle audio signal, what 
will the frequencies of the sidebands be? 

3. In the circuit shown to the right 
what type of resonant circuit is the 
circuit marked A; what type is the 
resonant circuit marked B? 

4. Which type of rf amplifiers are found in radio and TV receivers, volt-
age amplifiers or power amplifiers? 

5. Why are triode rf amplifiers frequently used intelevision receivers? 

6. What is the purpose of C4 in the circuit shown in Fig. 14? 

7. What purpose do L1 and C1 in the circuit shown in Fig. 15 serve? 

8. What characteristic of the junction-type field-effect transistor makes 
it ideally suited for use as an rf amplifier? 

9. Why is the suppressor grid of a pentode tube, used as an i-f amplifier, 
often connected to ground rather than the cathode of the tube? 

10. How is bias developed for the Class C transistor power amplifier 
shown in Fig. 28? 



I 

FEAR LEADS TO FAILURE 
No matter how hard a person may work for suc-

cess, there is nothing which can help him if he is 
always doubting his own ability-if he is always 
thinking about failure. 

To be ambitious for wealth yet always expecting 
to be poor is like trying to get past a vicious dog 
when afraid of the dog and uncertain of your ability 
to make friends with him-in each case, fear of 
failure is almost certain to result in failure.Success, 
on the other hand, is won most often by those who 
believe in winning. 

Never doubt for a moment that you are going to 
succeed. Look forward to that success with just as 
much assurance as you look forward to the dawn of 
another day, then work-with all that's in you-for 

success. 
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WIDE-BAND AMPLIFIERS 

A wide-band amplifier is an amplifier 
designed to amplify a wide range of signal 
frequencies. The amplifiers you studied in 
earlier lessons were designed to amplify 
only a limited range of frequencies. For 
example, a low-frequency voltage ampli-
fier such as found in a typical radio 
receiver or in the sound portion of a 
television receiver, is designed to amplify 
only frequencies from about 100 Hertz 
up to about 10,000 Hertz. Even in a high 
fidelity amplifier or a high fidelity radio 
receiver, the low-frequency voltage ampli-
fier is designed to amplify only frequen-
cies from about 10 Hertz up to about 
30,000 Hertz. Amplifiers of this type are 
entirely unsatisfactory for use as video 
amplifiers in a television receiver. Here, 
we need a special wide-band amplifier 

that can amplify all the signals in a TV 
picture from only a few cycles per second 
(a few Hertz) all the way up to several 
megacycles per second (several mega-
hertz). Furthermore, the amplifier must 
be able to amplify all these signals equally 
well and must not shift the phase of any 

signal more than or less than the phase of 
the other signals. 

In your earlier lesson on low-frequency 
amplifiers you learned that the response 
of a resistance-capacitance coupled ampli-
fier is limited by three things. The low-
frequency response is limited by the 
reactance of the coupling capacitor. In 
amplifiers that use vacuum tubes, when 
the coupling capacitor has a reactance 
that is equal to or greater than the 
resistance of the grid resistor in the 
following stage, the gain of the amplifier 
begins to drop to such a low level that 
considerable frequency distortion results. 
You will remember that we have fre-
quency distortion in an amplifier when 
signals of different frequencies do not 
receive the same amount of amplification. 
In transistor amplifiers we have the same 
problem when the reactance of the cou-
pling capacitor becomes equal to or 
greater than the input resistance of the 
following stage. This input resistance is 
equal to the input resistance of the 
transistor itself (which is usually quite 
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low) in parallel with any resistance con-
nected between the base and the emitter. 

The high-frequency response is limited 
by the shunt capacities in the circuit. At 
high frequencies the shunt capacities in 
the circuit have a low enough reactance 
to have an appreciable effect on the gain 
of the amplifier. In a vacuum tube ampli-
fier, the shunt capacities reduce the effec-

tive value of the plate load resistance. In a 
transistor amplifier they reduce the effec-
tive collector load resistance. In both 
cases the gain of the amplifier drops so 

that it no longer gives satisfactory results. 
Both the low-frequency and the high-

frequency response are limited by phase 
shift. You will remember that the current 
flowing through a capacitor leads the 
voltage across it by 90 degrees. Thus, as 
the capacitive reactance in the circuit 
becomes appreciable, there is an appre-
ciable phase shift. This means that both 
low-frequency and high-frequency signals 
are shifted in phase with reference to 
middle-frequency signals. In TV receivers 
and in other electronic devices, this phase 
shift can appreciably affect the perform-
ance of the equipment. 

In this lesson we are going to learn 
what steps are taken to improve both the 
low-frequency response and the high-

frequency response of resistance-coupled 
amplifiers so that they can be used as 
wide-band amplifiers. 

Another thing we are going to investi-
gate in this lesson is the method used to 
describe the performance of an amplifier. 
For example, a manufacturer may say 
that an amplifier is flat from 100 Hertz to 
100 KHz. This means that the gain of the 
amplifier is constant from 100 Hertz to 

100 KHz. In other words, if the voltage 
gain is 100 at 100 Hertz it will be 100 at 
all frequencies between 100 Hertz and 
100 KHz. 
An amplifier that is flat from 100 

Hertz to 100 KHz is quite a good 
amplifier. Usually it is impossible to 

design an amplifier that has exactly the 
same gain over a wide range of frequen-
cies. The gain may be a little higher or a 
little lower at some frequencies than it is 
at others. The exact variation in gain that 
can be tolerated depends largely on what 

the amplifier is to be used for. Therefore, 
manufacturers must have a method of 
describing how much the gain of the 
amplifier varies. To do this they use a-
unit called the decibel (db). Since the 

decibel is such a useful unit and since you 
will encounter it in all branches of elec-
tronics, we will learn something about it 

now before going ahead with our study of 
wide-band amplifiers. We will then be 

able to use the decibel in describing 
amplifier performance so you can see 
how it is used by manufacturers, engi-
neers, and technicians. 



Logarithms and Decibels 

The decibel is a logarithmic ratio. In 
other words, it is a ratio that is based on 
logarithms. Therefore, before we can 
understand what a decibel is, we must 
first learn something about logarithms. 

There are two important types of 
logarithms in use today. One is called a 
"common" logarithm and the other a 
"natural" logarithm. Common logarithms 
are based on the number 10. This is the 
type of logarithm that we will study and 
use now. 

THE THEORY OF LOGARITHMS 

The basic idea of logarithms comes 
from the fact that any number can be 
expressed as the "power" of another 
number. The "power" of a number is the 
product of a number multiplied by itself 
a given number of times. The first power 
of a number is the number itself; the 
second power is that number multiplied 
by itself; the third power is that number 
multiplied by itself twice, etc. 

This is easiest to understand by taking 
an example. In the system of common 
logarithms, we express all numbers as 
powers of 10; so we will use 10 as our 
example. The number 10 itself is equal to 
10 to the first power. This can be written 
101. 100 is equal to 10 X 10. This is 10 
to the second power, and can be written 
102. Similarly, 1000 is equal to 10 X 10 
X 10, which is 10 to the third power, and 
can be written 103. The number 10,000 
is 10 to the fourth power. Since 10 X 10 
X 10 X 10 is equal to 10,000 it can be 

written 104. 
Now, as we have said, 100 is 10 to the 

second power; the logarithm of 100 is 
simply the power to which 10 must be 
raised to give us 100. Ten must be raised 
to the second power (102) to give us 100. 
Therefore, the logarithm of 100 is 2. 
Similarly the logarithm of 1000 is 3, and 
the logarithm of 10,000 is 4. The 
logarithm of 10 is I. 

This is not very complicated when a 

number is an exact power of 10. But let 
us consider the numbers between 10 and 

100. It is a little more difficult to see how 
a number between 10 and 100 can be 
expressed as a power of 10. Actually, this 
is quite difficult to work out mathemati-
cally, but it can be done. Fortunately all 
these values have been worked out and 
are available in tables called logarithm or 
"log" tables. If you want to know the 
logarithm of a number, you must refer to 
the table. For example, the logarithm of 
the number 2 is .301. This means that if 
it were possible to multiply the number 
10 by itself .301 times, the product 
would be 2. This can be written le ° . 
The exponent, or power, .301, is called 
the logarithm. 
Now let's take the number 20. The 

logarithm of 20 is 1.301. Notice now that 
the logarithm is divided into two parts - 
one part to the left of the decimal point, 
the other to the right of the decimal 
point. The part to the left is called the 
"characteristic" and the part to the right 

is called the "mantissa". 
In the logarithm of a number, the 

"characteristic," is 1 less than the number 
of figures to the left of the decimal point 
in the original number. In other words, 

any number between 10 and 99 would 
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have a logarithm with a characteristic of 
I. The important rule to remember here 
is that the characteristic is always one 
number smaller than there are whole 
numbers in the original number. Thus if 
the logarithm of a number is exactly 
three, the number itself is exactly 1000 
because 1000 has four places to the left 
of the decimal. 

The chart shown in Fig. 1 gives the 
characteristics of the numbers you are 
likely to encounter. 

For numbers from: 

1 to 9 

10 to 99 

100 to 999 

1,000 to 9,999 

10,000 to 99,999 

100,000 to 999,999 

Characteristic 

0. 

1. (10 1) 

2. (102) 

3. (10 3) 

4. (104) 

S. (105) 

Fig. I. The characteristics of numbers 
from 1 to 999,999. 

A table of logarithms is shown on 
pages 6 and 7. As you can see, it shows 
only the mantissas. When you are looking 
up a logarithm, you must supply the 

characteristic from the information in 
Fig. 1. Notice that the table does not list 

an infinite number of mantissas because 
logarithms repeat themselves. For ex-
ample, the mantissa of a logarithm will be 
the same for the number 2 as it is for the 
number 20, or 200 or 2000. The only 
difference in the logarithm will be in the 
characteristic. For example, the logarithm 
of the number 2 is .301. The logarithm of 
20 is 1.301 and the logarithm of 200 is 
2.301. The logarithm table would simply 
give you a value for the number 2. If the 
number is 20 or 200 or 2000, you must 
remember to add the correct character-
istic in front of the mantissa. Similarly 
the mantissa of the logarithm of 21 
would be the same as the mantissa of the 
logarithm of 210, the difference would be 

in the characteristic. The log of 21 is 
1.322 and the log of 210 is 2.322. 

Let's take the number 39 and see how 
we would find the logarithm. We know 
that the characteristic will be 1, because 
it is always equal to I less than the 
number of figures in the antilog. (The 
original number is called the antilog.) 

Now, to find the mantissa, refer to the 
log tables. First find the number (39) in 
the N column. Since the number 39 is the 
complete number, follow across to the 0 
column. There you will find 5911, which 
is the mantissa. Since you already know 
that the characteristic is 1, you have the 
complete logarithm of 39, that is, 1.5911. 

If the number for which you wanted 
the logarithm had 3 places, you would 
find the first two in the N column, then 
follow across to the column under the 
third digit. For example, to find the 
logarithm of 399, you would find 39 in 
the N column, and then follow across to 
the 9 column, where you would find 
6010 for the mantissa. Since the number 
399 has 3 places, you know the character-
istic is 2, so the complete logarithm is 
2.6010. 

The last column in the log table is 
labeled P.P.; this is the "Proportional 
Parts" column. This column is used when 
the number has more than three digits. 
For example, the log of 399 is 2.6010. 
The log of 3990 has the same mantissa, 
.6010, but the characteristic is 3, so the 
log is 3.6010. But what about the log of 
the number 3995? It is greater than the 
log of 3990, but less than the log of 
4000. The proportional parts column is 
used to get the log of 3995. We look in 
this column under the heading 5 and get 
6. So to the log of 3990, which is 3.6010 
we add .0006 and get 3.6016, which is 
the log of 3995. The proportional parts 
column only goes up to 5, so if the fourth 
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digit is greater than 5, we add the 
proportional parts of two numbers that 
add up to the fourth digit. For example, 
to express 3998, we take the log of 3990, 
which is 3.6010 and add the proportional 
parts under 3 and 5 (3 and 6) and get 
3.6019, which is the log of 3998. We 
could also take the log of 4000, which is 
3.6021 and subtract the value under the 2 
column and get 3.6019. 

THE DECIBEL 

Many years ago engineers working on 

telephone installations introduced a unit 
of power measurement called the bel. 

This unit of measurement was named for 
Alexander Graham Bell, the inventor of 

the telephone. 
The bel was introduced as a unit of 

measurement because engineers and scien-
tists discovered that the human ear re-
sponds to variations in loudness in an 
approximately logarithmic manner. 

Therefore, it is convenient to have a unit 
that can be used to express the ratio 
between the power of two signals in a 
logarithmic manner. The bel is simply the 
logarithm of the ratio of the power of 
two signals. For example, if we had a 

signal power of 100 watts and another 
signal power of 10 watts, and we wished 
to express the ratio of these two signals in 
bels, we would use the formula: 

P, 
bels = log 

r2 

and substitute 100 watts for P, and 10 
watts for P2, and we would get: 

100 
bels = log 10 

bels = log 10 

Now the log of 10 is 1, so this power 
ratio is equal to 1 bel. In other words, a 
power ratio of 100 watts to 10 watts, 
which is a ratio of 10 to 1, is equivalent 
to 1 bel. Thus a power ratio of 10 watts 
to 1 watt or 1000 watts to 100 watts are 
both power ratios of 10 to 1 so they also 
represent a change in power of 1 bel. 

The bel proved to be too large a unit to 
handle easily, so another unit, one-tenth 
the size of the bel was introduced. This 
unit is called the decibel (abbreviated db). 
Thus the commonly used measuring unit 
is the decibel; the prefix deci means 
one-tenth. A power ratio in decibels is 

defined as: 

Pl 
db = 10 log - 

P2 

which simply means that the ratio of two 
powers expressed in decibels is equal to 

ten times the logarithm of the ratio of the 
two powers. 
You will notice that the above relation-

ship refers to power ratios only. It is 
common in electronics work to refer to 
voltage ratios, especially when calculating 
or discussing the gain of amplifiers. When 
the ratio between two voltages is calcu-
lated in decibels, we must modify the 
decibel equation to take care of the fact 
that the power ratios are proportional to 
the squares of voltage ratios since P = E2 

R. The formula to express voltage ratios 
in decibels is: 

E, 
db = 20 log - 

E2 

It is important to keep in mind that the 
voltage formula can be used only when 
the resistances in the two circuits being 
compared are equal. If we are trying to 

compare voltages developed across resis-
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11 0 

. 

1 2 9 4 5 8 7 8 9 
P. P. 

I . 
i 10 0000 0013 0086 0128 0170 0212 0253 0294 0334 0374 1 81217-21 
11 0414 0453 0492 0531 0569 0607 0645 0682 0719 0755 ; 8111519 
1 12 0792 0828 0864 0899 0934 0960 1004 1038 1072 1106 3 7101417 
13 1139 1173 1206 1239 1271 1303 1335 1367 1399 1430 3 6101316 
i 14 1461 1492 1523 1553 1584 1614 1644 1673 1703 1732 16.91215 
/S 1761 1790 1818 1847 1875 1903 1931 1959 1987 2014 3.181114 
18 2041 2068 2095 2122 2148 2175 2201 2227 2253 2279 la 81113 

I 17 2304 2330 2355 2380 2405 2430 2465 2480 2504 2520 28.71012 
i 18 2553 2577 2601 2625 2548 2872 2695 2718 2742 2765 2-1 7.912 
, 19 2788 2810 2833 2856 2878 2900 2923 2945 2967 2989 2.4.7- 911 

, 
120 3010 3032 3054 3076 3096 3118 3139 3160 3181 3201 2.4.8.811 
21 3222 3243 3263 3284 3304 3324 9345 3365 3385 3404 2 4. 6. 810 
22 3424 3444 3464 3483 3502 3522 3541 3560 3579 3598 2.4.6- 810 
23 I 3617 3636 3655 3674 3692 3711 3729 9747 3766 3784 2-4.1 7-9 
, 24 3802 3820 3838 3856 3874 3892 3909 3927 3945 3962 

( 
2.4.5.7.9 

25 3979 3997 4014 4031 40481 4065 4032 4099 4116 4133 2 3.1 7.9 
28 4150 4166 4183 4200 4216 4232 4249 4265 4281 4298 2 3 8-7-8 
27 4314 4330 4346 4362 4378 4393 4409 4425 4440 4456 2.1 5. 6. 8 
28 4472 4487 4502 4618 4533 4548 4564 4579 4594 4609 2-3 8.8 8 
29 4624 4638 4651 4669 4883 4698 4713 4728 4742 4757 1.3.4.6.7 

30 4771 4786 4800 4814 4829 4843 4857 4871 4886 4900 1.3.4. 6. 7 
91 4914 4928 4942 4955 4969 4983 4997 6011 6024 6038 1.3-4.6.7 
32 5051 5065 5079 5092 6105 5119 6132 5145 6159 6172 1.3.4-5-7 
83 5185 5198 5211 5224 6237 5250 5263 6278 6289 6302 1.1 4-5- 6 
34 5316 5328 6340 6353 6366 5378 6391 5403 5416 6428 1.3. 4.1 6 

35 5441 5453 5465 5478 6490 5502 6514 6527 6539 6651 1.2- 4-1 6 
38 6663 5575 5587 6599 6611 5623 6635 6647 6658 6670 1 2.4. 5. 6 
37 5682 5694 5705 6717 6729 6740 6762 5763 6776 6786 1 2-3- 5.6 
98 6798 6809 6821 6832 5843 5855 5868 5877 6888 5899 I. z 3.16 
89 5911 6922 6933 5944 5955 5966 5977 5988 6999 6010 1.2.3.4 6 

40 6021 6031 6042 6053 6064 6075 6085 6098 6107 6117 1-2- 3.4.5 
41 6128 6138 6149 6160 6170 6180 6191 6201 6212 6222 1.2.3.4.8 
42 6232 6243 6253 6263 6274 6284 6294 6304 6314 6325 1. 2. 3. 4.6 
43 8335 6345 6355 6365 6375 6385 6395 6405 6415 6425 12. 1 t 6 
44 6435 6444 6454 6464 6474 6484 6493 6503 6513 6522 1.2.3-4.5 

45 6532 6542 6551 6561 6571 6580 6550 6599 6609 6618 1.2.3.4.8 
46 6628 6637 6646 6656 6665 6675 6684 6693 6702 6712 1 2.3. 4.8 
47 6721 6730 6739 6749 6758 6767 6776 6785 6794 6803 1.2. 3- 4.8 
48 6812 6821 6930 6839 6848 6857 6866 6876 6884 6893 1.2.3 4.4 
49 6902 6911 6920 6928 6937 6946 6955 6964 8972 8981 1.2.3.4.4 

50 6990 6998 7007 7018 7024 7033 7042 7050 7059 7067 1.2.3.1 4 
61 7076 7084 7093 7101 7110 7118 7126 7135 7143 7152 1.2. 3. 3.4 
62 7160 7168 7177 7135 7193 7202 7210 7218 7226 7235 1.2-2 9.4 
69 7243 7251 7259 7267 7275 7284 7292 7300 7308 7316 1.12.3-4 
54 ' 7324 7332 7340 7348 7356 7364  7372 7380 7388 7396 1.2.2-8.4 



N 0 1 2 3 4 5 8 7 8 9 
P.P. 

1.2.3 4.5 

55 7404 7412 7419 7427 7435 7443 7451 7459 7468 7474 1.2.2.3.4 

56 7482 7490 7497 7505 7513 7520 7528 7536 7543 7551 1 2.2.3.4 

57 7559 7566 7574 7582 7589 7597 7604 7612 7619 7627 1.2.2.3.4 

58 7634 7642 7649 7657 7664 7672 7679 7686 7694 7701 1.1.2 3.4 

69 7709 7716 7723 7731 7738 7745 7752 7760 7767 7774 1 1.2.3 4 

60 7782 7789 7796 7803 7310 7818 7825 7832 7839 7848 1.1.2 3.4 
81 7853 7860 7868 7875 7882 7889 7896 7903 7910 7917 1 1.23 4 
82 7924 7931 7038 7945 7952 7959 7966 7973 7980 7987 t 1 2.3.3 

83 7993 8000 8007 8014 8021 8028 8035 8041 8048 8055 1 1.2.3.3 
64 3062 8069 8075 6082 8089 2096 8102 8109 8116 8122 1.1.2.3.3 

65 8129 8138 8142 8149 8156 8162 8169 8176 8182 8189 1.1 2 3.3 
66 8195 8202 8209 8215 8222 8228 8235 6241 8248-8254 1 1.2.3.3 

87 8281 8267 8274 8280 8287 8293 8299 8306 8312 8319 1.1 2.13 
88 8325 8331 8338 8344 8351 8357 8363 8370 8376 8382 1.1.2.3.3 

89 8388 8395 8401 8407 8414 8420 8426 8432 _ 8439 8445 1 1 2.3.3 

70 8451 8457 8463 8470 8476 8482 8488 8491 8500 8506 1.1.2.2.3 

71 8518 8519 8525 8531 8537 8543 8549 8555 8561 8567 1.1.2.2.3 
72 8573 8579 8585 8591 8597 8603 8609 8615 8621 8627 1.1.2.2.3 

73 8633 8639 8645 8651 8657 8663 8669 8675 8681 8686 1.1 2 2 3 

74 8092 8698 8704 8710 8716 8722 8727 8733 8739 8745 1.1.2 2.3 

75 8751 8756 8762 8768 8774 8779 8785 8791 8797 8802 1.1.2.2.3 

76 8808 8814 8820 8825 8831 8837 8842 8848 8854'8859 1.1.2.2 3 
77 8865 8871 8876 8882 8887 8893 8899 8904 8910 8915 1.1.2.2.3 
78 8921 8927 8902 8938 8943 8949 8954 8960 8905 8971 1.1.2.2.3 

78 8376 8982 8987 893 8998 9004 9009 9015 9020 9025 1 1 2.2.3 

SO 9031 9036 9042 9047 9053 9058 9063 9069 9074 9079 1.1.2 2.3 
81 9085 9090 9096 9101 9106 0112 9117 9122 9128 9133 1.1.2.2.3 

82 9138 9143 9149 9154 9159 9165 9170 9176 9180 9186 1.1 2.23 
83 9191 9196 9201 9206 9212 9217 9222 9227 9232 9233 1.1.2.2.3 

84 9243 9248 9253 9258 9263 9269 9274 9279 9284 928e 1.1.2.2.3 

95 0394 9299 9304 9309 9315 9320 9325 9330 9335 9340 1.1 2 2.3 
86 9345 9350 9355 9360 9365 9370 9375 9380 9385 9390 r 1.2.2.3 
87 9395 9400 9405 9410 9415 9420 9425 9430 9435 9440 0.1.1.2.2 

88 9445 9450 9455 9460 9165 9469 9474 0479 9484 9489 0.1.1.2 2 
89 9491 9499 9504 9309 9513 

.p 
9518 9523 9528 9533 9538 0.1.1.2.2 

0512 9547 9552 9557 9562 9566 9571 9576 9581 9586 0.1.1.2.2 9H) 

91 9590 9595 0600 9605 9609 9614 9619 9624 9628 9633 0.1-1.2.2 

92 9638 9643 9647 9652 9657 9661 9666 9671 9675 9680 o 1.1.2-2 
93 9635 9689 9694 9699 0703 9708 9713 9717 9722 9727 0.1.1.2.2 

94 9731 9730 9741 9745 9750 9754 9759 9763 9768 9773 o 1.1.2 2 

95 0777 9782 9786 9791 9795 9800 9805 9809 9814 9818 0.1 1.2.2 

96 9823 9827 9832 9836 9841 9845 9850 9854 9859 9863 o 1 1.2.2 
07 9868 9872 9877 9881 9886 9890 9894 9899 9903 9908 0.1 1.2.2 

98 9912 9917 9921 9926 9930 9934 9939 9943 9948 9952 o 1.1.2.2 

99  9956 9961 9965 9969 9974 9978 9983 9987 9991 9096 0 1  1.2.2 



tors of unequal value, we must convert 

the voltage to the power developed across 
the resistors and then use the power 
formula. 

USING THE DECIBEL 

It so happens that the smallest amount 
of change in sound power level that can 
be distinguished by the average human 
ear is 1 decibel on a sine wave signal, or 3 
db on complex waves such as the average 
human voice. 

Because the decibel is such a con-
venient unit for expressing changes in 
sound level, manufacturers of audio 
equipment have for some time used it in 
describing the response of their ampli-
fiers. This practice has generally spread 
into describing the performance of wide-
band amplifiers. 

Let us now see two examples of how 
the decibel can be used to describe an 
amplifier response. In an earlier lesson we 
discussed the so-called half-power points 
and the .707 voltage points in an ampli-
fier. Remember that when the reactance 
of the coupling capacitor used between 
two resistance-capacitance stages becomes 
equal to the resistance in the input of the 
following stage, the voltage gain of the 
amplifier drops to .707 (70.7%) of what 
it is at medium frequencies. At the same 
time, since the voltage drops to .707, the 
current also drops to .707. The power, 
which is the product of E X I, is therefore 
.707 X .707, which is approximately .5 
times what it is at the middle frequencies. 

Thus we called this point the half-
power point. Now let's use decibels to see 
how much of a change this represents. 

Considering first the change in output 
voltage, let's call El, the voltage at the 
middle frequencies, 1; E2, the voltage at 

the low frequency, will then be .707. 
Thus the change in db is: 

E1 
db = 20 log 

E2 

and substituting I for El and .707 for E2 
we get: 

db = 20 log 
i 

.707 

Now when we divide .707 into 1 we get 
the following: 

.7075= 

We get rid of the decimal in the division 
by moving the decimal point in each 
number three places to the right so we 
have 1000 ÷ 707, which is: 

1.414 
701771:7—  

707 
2930 
2828 
1020 
707 
3130 
2828 
302 

Thus we can see that 1 divided by .707 is 
equal to 1.414, plus a remainder. For our 
purposes 1.41 is close enough. Thus we 
have: 

db = 20 log 1.41 

The log of 1.41 is .1492, which we can 
call .15, so we have: 
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db = 20 X .15 = 3 

Hence the change in db is 3 db. This 
means that the voltage gain of the ampli-
fier has changed by 3 db. In this case, at 
the frequency when the reactance of the 
coupling capacitor is equal to the resist-
ance in the input circuit of the following 
stage, the voltage output will have 
dropped 3 db from what it is at the 
middle-frequency range. 
Now let's see what results we get if we 

use the power formula. Remember that 
when the voltage drops to .707, the 
current also drops to .707, and therefore 
the power drops to .5. Thus, using the 
formula: 

P1 
db = 10 log 

P2 

and substituting 1 for P1 and .5 for P2 we 
get: 

db = 10 log 
.5 

and since 1 ÷ .5 = 2, we have: 

db = 10 log 2 

The log of 2 is .301, and 10 times this is 
3.01, or for all practical purposes, 3 db. 
Thus, whether we use the power formula 
or the voltage formula we get the same 
change in db. 

Manufacturers frequently use decibels 
to express the change in power output 
over a given frequency range in a power 

amplifier or the change in voltage output 
in a voltage amplifier. For example, in 
describing a voltage amplifier, the manu-

facturer might say that the voltage gain of 

the amplifier is flat within 3 db from 10 
Hertz to 3 megahertz. This means that 
the voltage gain of the amplifier does not 
vary by more than 3 db above or below 
the middle-frequency gain of the ampli-
fier between the frequencies of 10 Hertz 
and 3 MHz. You know that 3 db repre-
sents a voltage change of .707, or in other 
words, the gain of the amplifier will not 
vary more than 29.3% (100% - 70.7%) 
from what it is at the middle frequencies. 
The gain will be at least 70.7% of the 
middle-frequency gain within the fre-
quency range of from 10 Hz to 3 MHz. 

The manufacturer of a certain power 
amplifier might claim that the power 
output from the amplifier is flat within a 

certain number of db from 50 Hertz to 
1000 Hertz. This means that the power 
output between these frequency limits is 
within the specified number of db of the 
specified power output. 

One of the advantages of using the 
decibel in comparing power ratios is that 
it gives a pretty good picture of how the 
amplifier will sound. For example, if you 
have a 5-watt amplifier that is capable of 
putting out 5 watts of audio power in the 
middle-frequency range, but only 1 watt 
at a frequency of 100 Hertz, you would 
have a power ratio of 5 to I. This 
represents a change of 7 db, which would 
be very noticeable, even though the 
actual difference in power output is only 
4 watts. On the other hand, if you had an 
amplifier capable of putting out 100 
watts of audio power at the middle 
frequencies, and dropped to 50 watts at 
100 Hz, although the change in power is 
actually 50 watts, the power ratio is 2 
and the db change only 3 db. This is a 
smaller change in db than the change 

from 5 watts to 1 watt. This is as it 
should be, because you would notice a 
greater change in going from 5 watts to 1 
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Voltage Ratio DB Power Ratio DB 

1 0 1 0 
1 6.0 2 3.0 
3 9.6 3 4.8 
4 12.0 4 6.0 
5 14.0 5 7.0 
6 15.6 6 7.8 
7 16.8 7 8.4 
8 18.0 8 9.0 

9 19.2 9 9.6 
10 20.0 10 10.0 
20 26.0 20 13.0 
30 29.6 30 11.8 
40 32.0 10 16.0 
50 34.0 50 17.0 
60 35.6 60 17.8 
70 36.8 70 18.4 
80 18.0 80 19.0 
90 39.0 90 1').6 
100 40.0 loo 20.0 

1,000 60.0 1,000 30.0 
10,000 80.0 10,000 10.0 

Fig. 2. Decibel values corresponding to 

voltage and power ratios. 

watt than you would in going from 100 
watts to 50 watts. 

The chart shown in Fig. 2 is a table of 
decibel values corresponding to voltage 
and power gains. This would give you an 
idea of what the voltage ratio or the 
power ratio is for certain db values. 
The decibel is an important unit in the 

electronic field. You should be familiar 
with what it is and how it is used. If you 
plan on doing radio and TV service work 
you do not have to be able to calculate 
either voltage gain or power ratios in 
decibels. However, you should realize 
what the decibel is, and become familiar 
with its use. As a technician you will run 
into it time and time again. Manu-
facturers frequently use it in describing 
the performance of electronic equipment. 
You'll be called on to interpret the 

meaning of characteristics of this type. 
Also an understanding of what a decibel 
is and how it is used will help you in 
evaluating the performance of certain 
types of electronic equipment. By com-
paring an amplifier with the manu-
facturer's specifications, you can decide 
whether or not the amplifier is per-
forming as well as it is supposed to be 
able to. 

If you intend to go into communica-
tions or into industry as an electronics 
technician you should be able to calculate 
both voltage gain and power ratios in 
decibels. The Self-Test Questions that 
follow will give you an opportunity to try 
to perform these calculations; you can 
check your answers with those given. 

SELF-TEST QUESTIONS 

(a) What is a common logarithm? 
(b) What is the part of the logarithm 

to the left of the decimal point 
called? 

(c) What is the part of the logarithm 
to the right of the decimal point 
called? 

(d) What is the characteristic of num-
bers from 100 to 999? 
Write the logarithm of 7. 
Write the logarithm of 700. 
Write the logarithm of 41.7. 
What is the bel? 
What is the decibel? 
If the power output of an ampli-
fier changes from 222 watts to 37 
watts, how many db does this 
change represent? 

(k) If a defect develops in an amplifier 
and the output voltage drops from 
150 volts to 75 volts, what change 
in decibels does this represent? 
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Extending the High-Frequency 

Response of an Amplifier 

A schematic diagram of a typical two-
stage R-C coupled amplifier using vacuum 
tubes is shown in Fig. 3. The first stage, 
VI, uses a triode tube, and the second 
stage, V2, uses a pentode tube. In your 
study of low-frequency amplifiers, you 
learned that the high-frequency response 
of an R-C coupled amplifier is limited by 
shunt capacities in the circuit. You will 
remember that the first tube, VI, has a 
certain capacity between the plate and 
cathode of the tube. This capacity in 

effect is in parallel with the plate load 
resistor R3. You will remember that as 
far as the signal is concerned, R3 is 
connected between the plate of the tube 
and ground. The end of R3 that connects 
to the positive side of the power supply is 
at signal ground potential because the 
output filter capacitor in the power sup-
ply will be so large that at signal frequen-
cies it acts like a short circuit. The 
cathode of the tube is adequately by-
passed by the bypass capacitor C1 so that 

Fig. 3. An R-C coupled amplifier. 

the plate-to-cathode capacity of Vi is in 
effect connected directly between the 
plate of the tube and ground, or in 
parallel with R3. 

There is also another capacity that 
must be considered in the input circuit of 
V2. This capacity is the grid-to-cathode 
capacity of the tube. This capacity will 
depend upon the tube structure and also 
upon the gain of the stage. At high 
frequencies, the coupling capacitor C2 
has such a low reactance that it can be 
ignored so that in effect the output 
capacity of Vi is connected directly in 
parallel with the input capacity of V2. 

In addition to the capacities in the 
tubes V1 and V2, there will be a certain 
amount of stray capacity in the wiring. 
For example, the coupling capacitor C2 
will have a certain capacity to ground, the 
lead connecting C2 to V1 and V2 will 
also have a certain capacity to ground. All 
this capacity is added to the capacity in 
the output circuit of V1 and the capacity 
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in the input circuit of V2, and tends to 
limit the high-frequency response of the 
amplifier. 

EFFECT OF SHUNT CAPACITY 

In Fig. 4 we have shown the equivalent 
circuits of the coupling network used 
between V1 and V2 at middle frequencies 
and at high frequencies. The circuit in A 
is the equivalent circuit of the coupling 
network at middle frequencies. The re-
sistor R3-4 represents the resistance of 
R3 and R4 in parallel. As far as the signal 
is concerned, they are in parallel because 
the reactance of C2 iS so low that the 
capacitor acts like a short circuit. The 
parallel combination of R3 and R4 will 
be almost equal to the resistance of R3 
because R4, which is the grid resistor of 
V2, is many times larger than the plate 
resistor R3. Therefore as far as the load in 
the plate circuit of V1 is concerned, it is 
almost entirely controlled by the value of 
R3. R3 will usually have a resistance 
somewhere between 10,000 and 100,000 
ohms. 114, on the other hand, will be 
considerably larger than this, usually be-
tween .25 and a .5 megohm. The value of 
R4 is limited by the type of tube used for 
V2. Some tubes will develop a negative 
bias due to electrons accidentally striking 
the grid if too large a resistance is used in 
the grid circuit. Other tubes may have a 
small amount of gas present inside of the 
tube; these tubes will develop a positive 
voltage on the grid if too large a grid 
resistor is used. However, in any case, 
even though R4 is in parallel with R3 at 
middle audio frequencies, it has very little 
effect insofar as reducing the plate load is 
concerned because its resistance is usually 
considerably greater than that of R3. 

In Fig. 4B we have shown the equiva-
lent circuit of the coupling network at 
high frequencies. The capacity C is used 
to represent the sum of the output 

Rp 

Rp 

TO GRID 
3-4 OF V2 

® 

R 3-4 -,--

® 

TO GRID 
OF V2 

Fig. 4. Equivalent circuits of coupling 
networks between V1 and V2. "A" 
shows the equivalent circuit at middle 
frequencies and "B" the equivalent 

circuit at high frequencies. 

capacity of VI, the input capacity of V2, 
and the distributed capacities in the 
circuit. Notice that C is connected di-
rectly across R3.4. 

As the frequency of the signal ampli-
fied by the amplifier increases, the capaci-
tive reactance of C decreases. You will 
remember that the capacitive reactance of 
the capacitor is given by the formula: 

Xc= 6.28 X fX C 

From the formula you can see that if 
either f or C increases, the value of the 
capacitive reactance will decrease. 

At some frequency the capacitive re-
actance of C will be equal to the resist-
ance of the parallel combination of R3-4. 
You will remember that we pointed out 
previously that when this happens the 
signal reaching the grid of V2 will 
actually be 70.7% of the signal reaching 
the grid of V2 at middle audio frequen-
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cies. You will remember we called this 
the half-power point; this is the point at 
which the signal reaching the grid of V2 is 
3 db lower than the signal reaching the 
grid of V2 at middle audio frequencies. 
Now let us see the steps we can take to 
increase the frequency at which the signal 
reaching the grid of V2 drops 3 db. 

REDUCING THE SHUNTING EFFECT 

In a practical amplifier that is to be 
designed to amplify signals of widely 
different frequencies, we try to keep the 
response of the amplifier as flat as possi-
ble over the required frequency range. 
This means that we try to design the 
amplifier so that it will give all the signal 
frequencies it must amplify the same 
amount of amplification. If all the signal 
frequencies receive the same amount of 
amplification, we say that the amplifier is 
flat over the range of frequencies it must 
amplify. However, in actual practice it is 
impossible to get an amplifier that is 
exactly flat over a very wide frequency 
range, so we generally have to be satisfied 
with an amplifier whose gain is flat within 
a few db over the frequency range for 
which the amplifier is designed. 
To give a practical example of how the 

high-frequency response of an amplifier 
can be extended, let us see what we can 
do to extend the frequency response of 
an amplifier like the one shown in Fig. 3. 
Suppose that we want to be able to 
amplify signals up to 200 KHz so that the 
gain of the amplifier at 200 KHz is within 
3 db of the gain at the middle frequency. 
If in checking the amplifier we find that 
the gain drops 3 db at 100 KHz, we can 
extend the frequency response of the 
amplifier by reducing the size of the plate 
load resistor R3. 

If the gain drops 3 db at 100 KHz, this 

means that the capacitive reactance of the 
shunt capacity across the parallel combi-
nation of R3 and R4 must be equal to the 
value of the parallel resistors at a fre-
quency of 100 KHz. You will remember 
that R.4 is much larger than R3. There-
fore, the value of the combination will be 
almost equal to the value of R3 alone. If 
we cut the value of R3 in half, we will in 
effect be cutting the value of R3 and R4 
in parallel, in half. Then the reactance of 
the capacitance will be equal to R3.4 at 
twice the original frequency of 100 KHz. 
Therefore by simply reducing the plate 
resistor R3 in the plate circuit of V1, we 
can extend the gain of the amplifier at 
high frequencies. Of course, what we are 
actually doing is reducing the gain of the 
amplifier at the low and middle frequen-
cies in order to flatten the response of the 
amplifier over a wider frequency range. In 
spite of the fact that this might seem to 
be somewhat of a disadvantage, it is the 
method most widely used to extend the 
high-frequency response of an amplifier. 
If in reducing the amplifier gain by 
reducing the plate load resistance, we find 
that we do not have sufficient gain in the 
amplifier, then we can overcome this 
difficulty simply by adding an additional 
stage. 

In video amplifiers found in television 
receivers, where the frequency response 
must be reasonably flat up to a frequency 
of several megahertz, the plate load resis-
tor R3 may have a resistance of only a 
few thousand ohms. This makes it possi-
ble to obtain a reasonably flat gain over a 
wide frequency range. Suppose for ex-
ample, that the value of R3 is 94,000 
ohms and that the gain of the amplifier 
drops 3 db at 100 KHz. By reducing the 
size of R3 to 47,000 ohms, we can 
extend the 3 db down point to 200 KHz. 
If we reduce the value of R3 to 4,700 
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ohms, then we can extend the 3 db down 
point to 2 MHz. Of course, the gain of 
the amplifier will be much lower at low 
and middle frequencies with a 4700-ohm 
resistor in the plate circuit of V1 than it 

will be with a 47,000-ohm or a 94,000-
ohm resistor in the plate circuit. But the 
gain will be essentially flat from a very 
low frequency up to approximately 2 
MHz with the 4.7K resistor in the plate 
circuit. Where a flat response over a wide 
frequency range is required, reducing the 
size of the plate load resistor in order to 
reduce the shunting effect of the shunt 
capacity is the simplest way of obtaining 
the wide frequency response. When we 
use a very small value of plate load 

resistor, it is so small compared to the 
resistance of the grid resistor in the 
following stage, that we can forget the 
shunting effect of the grid resistor and 
consider the plate load as equal to the 
value of the plate load resistor. In the 
next section dealing with high-frequency 
compensation we will do this. 

In the example we have given, we 
found that by reducing the size of R3 to 
4700 ohms we can extend the 3 db down 
point to 2 MHz. However, in some 
applications we may want to keep the 
gain essentially flat out to 2 MHz or 

Fig. 5. A wide-band amplifier with shunt-peaking coil. 

higher. We cannot reduce the value of R3 
much below 4700 ohms or we'll get very 
little gain from VI. Therefore, we have to 
use another method of extending the 
high-frequency response of the amplifier. 
We can do this by high-frequency com-
pensation. 

HIGH-FREQUENCY COMPENSATION 

A method widely used to improve the 
response of an amplifier at high frequen-
cies is called compensation. By compensa-

tion we mean that we add something to 
the circuit to compensate for other un-
desirable effects. As you might guess, 
since the capacity and capacitive re-
actance are the causes of difficulty at 
high frequencies, to counteract this, we 
add inductance that will introduce induc-
tive reactance into the circuit. 

The coils that are added to the circuit 
to improve the high-frequency response 
are called peaking coils. They are so-
called because they will peak the response 
at some frequency above the maximum 
frequency that could be amplified by the 
amplifier without these coils. There are 
actually three types of circuits that can 
be used. There is a circuit known as shunt 
peaking, one known as series peaking and 
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Fig. 6. Equivalent circuit of coupling network between V1 and V2. 

one that is a combination of shunt and 
series peaking. The combination of shunt 
and series peaking is most widely used, 
but because shunt peaking and series 
peaking alone are somewhat simpler to 
understand than the combination, we will 
look at these two types of peaking-
circuits first. 

Shunt Peaking. Fig. 5 is a schematic 
diagram showing how shunt peaking can 
be added to the R-C coupled amplifier 
circuit shown in Fig. 3. Notice that the 
two circuits are identical except that L1 
has been added in series with R3 in the 
plate circuit of VI. The equivalent circuit 
of the coupling network between V1 and 
V2 with this peaking coil added is shown 
in Fig. 6. 

Notice that in Fig. 6 we see that the 
peaking coil and load resistor are in 
parallel with the capacity C which repre-
sents the output capacity of VI, the 
input capacity of V2, and the distributed 
capacity in the circuit. The idea in back 
of the peaking coil is to select a value of 
inductance so that a parallel-resonant 
circuit is formed at a frequency above the 
frequency at which the gain would drop 3 
db without the peaking coil in the circuit. 
Then, as the frequency of the signal to be 
amplified approaches the 3 db down 
point, without the peaking coil, the 
parallel-resonant circuit begins to take 

over. You will remember that one of the 
characteristics of the parallel-resonant cir-
cuit is that it acts like a high resistance at 
resonance. Therefore instead of the load 
impedance of VI dropping because of the 
shunting effect of the capacity, the load 
impedance actually begins to increase be-
cause of the high resistance of the 
parallel-resonant circuit. This will cause 
the gain of the amplifier to increase 
slightly so that higher frequency signals 
can be amplified with the same gain as 
signals at middle frequencies. 

At first you might think that the 
resistance R3 that is in series with the 
peaking coil, would lower the Q of the 
parallel-resonant circuit so that the circuit 
would not be particularly affected. The 
resistance does in fact lower the Q of the 
resonant circuit, but this is desirable. The 
purpose of L1 is to keep the gain of the 
amplifier flat at higher frequencies. R3 
reduces the resistance of the parallel-
resonant circuit and tends to keep the 
load in the plate circuit of V1 more or 
less constant. If R3 does not lower the Q 
of the resonant circuit sufficiently, then 
we have a situation where the gain rises as 
the combination of L1 and C approach 
resonance. We'll actually have a peak in 
the response at resonance, if the coil is 
not loaded sufficiently, so that the gain in 
the circuit is much higher at this fre-
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Fig. 7. Peaking coils are wound on 1/2  watt 
resistors. 

quency than it is at lower frequencies. 
This is called over compensation, and in 
most cases it is undesirable. A small 
amount of over compensation, however, 
is sometimes used in order to produce 
some desirable effects. For example, a 
small amount of over compensation in 
the video amplifier of a television receiver 
may tend to make the fine detail in the 
picture somewhat sharper. However, ex-
tensive over compensation will cause ring-
ing where oscillation will occur in the 
resonant circuit. In a television picture, 
this would result in fine details being 
repeated. In other words, if there was a 
vertical pole appearing in a certain scene, 
a second or third pole might appear in the 
picture displaced slightly to the right of 
the original pole. 

Peaking coils are often wound on 1/2 

® 

Fig. 8A. Series-peaked wide-band amplifier. 

watt resistors If there is not sufficient 
loading of the resonant circuit to prevent 
ringing or over peaking, a comparatively 
low-resistance resistor is used. This pro-
vides additional loading on a resonant 
circuit. Where the circuit already has 
sufficient loading, the coil can be wound 
on a dummy form which looks like a 1/2 
watt resistor but actually has no electrical 
connection through it. In some cases, 
rather than go to the trouble of getting 
dummy forms on which to wind a coil of 
this type, manufacturers will simply wind 
the coil on a very high value resistance. 

The resistance of the resistor is so high 
that it has no appreciable loading effect 
on the circuit. A number of typical 
peaking coils are shown in Fig. 7. 

Series Peaking. Two circuits using 
series peaking are shown in Fig. 8. The 
series-peaking coil is labeled L1 in both 
circuits. Although L1 is placed in a 
slightly different position in the two 
circuits, the net electrical effect is the 

same. Coil L1 isolates the output capacity 
of V1 from the input capacity of V2. At 
the same time, the value of L1 is selected 
so that it will resonate with the input 
capacity of V2 at a frequency near or 
slightly above the frequency at which the 
gain of the amplifier would drop to 
703% of the mid-frequency gain without 
compensation. 
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Fig. 88. Series-peaked wide-band amplifier similar to that shown in Fig. HA. 

In Fig. 9 we have shown the equivalent 
circuit of the coupling network. Fig. 9A 
shows the equivalent of the circuit shown 
in Fig. 8A. Notice that here we have the 
capacitor labeled Co. This represents the 
output capacity of VI. This capacity is in 
parallel with the plate load resistor R3. 
Since the output capacity of Vi repre-

sents only a fraction of the total capacity 
made up of the output capacity, plus the 
input capacity of V2, plus the wiring 
capacity in the amplifier, the gain of the 
amplifier will not fall off so rapidly. In 

other words, we have effectively reduced 
the capacity that is shunting R3. At the 
same time, by connecting L1 into the 

OUTPUT FROM 
PLATE OF V1 

c 0 3 

OUTPUT FROM 

PLATE OF VI ro 
L 

3 ; 

TO GRID 0 

OF V2 

TO GRID ° 

OF V2 

Fig. 9. Equivalent circuits of coupling network in Fig. 8. 
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circuit (selecting it so that we will reso-

nate it with the input capacity of V2), we 
have formed a series-resonant circuit con-
sisting of L1 and the input capacity of 
V2. You know that in a series-resonant 
circuit there will be a resonant voltage 
step-up at the resonant frequency. There-
fore we will have a resonant voltage 
step-up across Cin at the resonant fre-
quency. This means•that although there 
may be some tendency for the voltage 
across R3 to drop at this frequency 
(because of the shunting effect of the 
output capacity of V1), the resonant 
circuit is able to more than compensate 
for this drop-off in output from VI, so 
that the input voltage of V2 may actually 
be higher at high frequencies than the 
input voltage to V2 at middle frequen-
cies. 

It is usually possible to obtain better 
peaking with a series-peaking coil than 
with a shunt-peaking coil. The input 
capacity of V2 is usually much larger 
than the output capacity of V1, so that 
splitting the two capacities by means of 
the peaking coil results in increased out-
put from V1. At the same time, by using 
the coil with a high Q, a high resonant 
voltage step-up can be obtained so that 
the input signal to V2 will be substan-
tially boosted. The resistor R3, which is 
across the resonant circuit, loads the 
circuit to prevent over compensation. In 
some circuits the peaking coil may be 
loaded by winding it on a resistor to 
reduce the Q of the circuit still further 
when the value of the plate load resistor 
is too high to prevent excessive over 
compensation. As you will remember, 
over compensation results in excessive 
increase in amplification at the high 
frequency to which the circuit is peaked, 
and in most cases this is to be avoided. 

In Fig. 9B we have shown the equiva-

lent circuit for the circuit shown in Fig. 
8B. Here the circuit is somewhat different 
from the circuit shown at A. In this 
circuit the load resistor R3 is across Cin 
at the high frequencies instead of across 
the entire series circuit. Again at high 
frequencies the peaking coil L1 forms a 
series resonant circuit with the input 
capacity in the grid circuit of V2. The 
resonant voltage step-up in the series 
circuit tends to compensate for the drop 
in gain from VI due to the reduced size 
of the plate load. 

In servicing amplifiers where peaking 

coils are used, sometimes you may sus-
pect that a peaking coil is open. If you 
check across the peaking coil with an 

ohmmeter, you should get a resistance 
reading of only a few ohms. If you get a 
resistance reading of several thousand 
ohms it indicates that the coil is open and 
that you are reading through the resistor 
on which the peaking coil is wound. 
Usually when a peaking coil is open, it is 
open right at the end of the coil where 
the coil is connected to the resistor lead. 
If you can find the place where the coil 
connects to the resistor lead, resolder it 
and if the connection is poor this should 
clear up the trouble. If on the other hand, 
it doesn't clear up the trouble, sometimes 
you can find the wire going from the 
resistor lead to the coil and see where it is 
broken. If there isn't enough wire to 
stretch over to make a connection to the 
resistor lead, unwinding one turn of the 
coil will usually enable you to make the 
connection. Taking a single turn off the 
coil will not affect its inductance enough 
to upset its performance in the circuit. 

Shunt-Series Peaking. The most satis-
factory peaking arrangement is a combi-
nation of both shunt and series peaking. 
You'll find this type of peaking is widely 
used in the video amplifiers of television 
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Fig. 10. A shunt-series compensated amplifier. 

receivers and in other amplifiers where a 
wide frequency response is required. The 
schematic diagram of an amplifier using 
series-shunt peaking is shown in Fig. 10. 
This is the same basic amplifier circuit 
that we started with in Fig. 3, but the 
shunt-peaking coil, LI, and the series-
peaking coil, L2, trive been added. 
An equivalent circuit of the coupling 

network is shown in Fig. 11. Notice that 
in the previous case where we used shunt 
peaking alone, the coil L1 forms a parallel 
resonant circuit. However, this time in-
stead of forming a parallel-resonant cir-
cuit with the entire capacity in the 
circuit, it forms a parallel-resonant circuit 
with the output capacity of VI. The 
peaking coil L2 effectively separates the 

OUTPUT] FROM 
PLATE OF V1 Co 

Li 

 FR3 
1. 
L2 

TCIN TO GRID OF  V2 
Fig. 11. Equivalent circuit of coupling 

network in Fig. 10. 

output capacity of V1 from the input 
capacity of V2 . 1.1 forms a series-
resonant circuit with the input capacity 
of V2. 

By using the series-peaking coil 1.2 in 
this way, we have less capacity in the 
plate circuit of VI. This often enables us 
to increase the size of R3 which will 
increase the gain at low and middle 
frequencies. At the same time, by using 
the shunt-peaking coil LI, we can in-
crease the gain of the amplifier at the 
higher frequencies where it would nor-
mally start to fall off. Thus we can 
maintain a constant output voltage from 
Vi over a wider frequency range. 

The series-peaking coil, LI , in addition 
to separating the output capacity of V1 
from the input capacity of V2, also forms 
a series-resonant circuit with the input 
capacity of V2. Therefore, as the output 
signal starts to fall off from VI, the 
resonant circuit made up of L  and the 
input capacity of V2 takes over, and by 
means of the resonant voltage step-up can 
keep the signal fed to the grid of V2 
essentially constant. 

In circuits using both series and shunt 
peaking we can select the values of the 
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4. 12. A series-shunt compensated transistor amplifier. 

peaking coils so the resonant circuits 
resonate at slightly different frequencies. 
Thus it is possible to make one resonant 
circuit take over (usually the parallel-
resonant circuit) when the gain of the 
amplifier first starts to fall off. At a 
frequency above the resonant frequency 
of the parallel-resonant, the series circuit 
becomes resonant and compensates for 
the drop in impedance in the plate circuit 
of V1 above the resonant frequency of 
the shunt-peaking circuit. Thus by using a 
combination of shunt and series peaking 
it is usually possible to get more gain 
from the amplifier over this entire band-
width because we can use a larger value of 
load resistor, and also it is easier to 
extend the high-frequency response of 

the amplifier and maintain the response 
essentially flat over a wider frequency 
range. 

TRANSISTOR AMPLIFIERS 

So far in our discussion we have been 
talking about extending the high-
frequency response of tube amplifiers. 
Essentially the same problems exist in 
transistor amplifiers as exist in tube am-
plifiers. The output capacity of one tran-

sistor, the input capacity of the second 
transistor, and the stray capacity in the 
coupling network coupling the two tran-
sistors together, limits the high frequency 
response of the amplifier. 
A typical two-stage series-shunt com-

pensated transistor amplifier is shown in 
Fig. 12. Notice that we have a shunt-
peaking coil, LI, in the collector circuit 
of Q1. We have a series-peaking coil 
connected between the collector of Q1 
and the coupling capacitor C2. The 
equivalent circuit of the coupling net-

work used between Q1 and Q2 at high 
frequencies, where the capacity of C2 can 
be ignored, is shown in Fig. 13. Notice 
that we have essentially the same circuit 

Fig. 13. The high-frequency equivalent 
of the coupling network used in Fig. 12. 
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as we had in the series-shunt compensated 
vacuum-tube coupling circuit except for 
the resistors Ro and Rin. Ro represents 
the output resistance of Q1 and Rin, the 
input resistance of Q2. In the tube 
circuit, these resistances were so high 
they could be ignored. However, in tran-
sistors, these resistances are low and must 
be considered. 

The peaking coil L2 separates the 
output capacity of Q1 and the associated 
capacity of the circuit from the input 
capacity of Q2 and its associated stray 
capacity. L2 is selected to resonate with 
the capacity in the input circuit of Q2 
and form a series-resonant circuit in order 
to peak the input to Q2 at the frequency 
desired. At the same time, Li forms a 
parallel-resonant circuit in the collector 
circuit of Q1 and helps keep the output 
from Q1 up at higher frequencies. 
We mentioned earlier that the collector 

load resistor, R4, is in parallel with the 
input resistance of Q2. You will remem-
ber from your study of low-frequency 
voltage amplifiers, that in a transistor 
circuit Q2 has a certain base current. This 
lowers the effective input resistance of 
the second transistor amplifier, and since 
this is in effect in parallel with R4, it has 
the effect of lowering the value of the 
collector load resistor in the collector 
circuit of Q1. Therefore we already have 
a comparatively low collector load resis-
tor and there is a limit to how far we can 
reduce this resistor in order to level out 
the response of the coupling network 
over a wide frequency range. You will 
remember that in the vacuum-tube 
coupling network we were able to drop 
the value of the plate load resistor in the 

first stage and in so doing bring down the 
low and middle-frequency gain of the 
amplifier. At the same time, we extended 
the frequency at which the gain of the 

amplifier begins to drop off appreciably. 
Since the collector load resistor is in 
effect already low, we cannot lower it 
much further. Fortunately, since the load 
resistor is low, it takes a higher shunt 
capacity to have an appreciable effect at 
high frequencies. Therefore the transistor 
coupling network tends to give equal 
response at a higher frequency even with-
out the peaking coils in the circuit than in 
the case of a vacuum-tube network. 

The output of Q2 may be connected to 
another amplifier stage, or in a television 
receiver it might be connected to the 
picture tube. Additional peaking will be 
used in the output circuit of this stage in 
order to keep up the high-frequency 
response in this circuit. L3 is a shunt-
peaking coil, and L4 a series-peaking coil 
as in the network between Q1 and Q2. 
We run into an additional problem in 

transistor amplifiers at high frequencies 
that we do not encounter in vacuum-tube 
amplifiers. In a common-emitter circuit 
such as used for Q1 and Q2 in Fig. 12, we 
normally have a 180° phase shift in each 
stage. You will remember that when the 
input signal fed to Q1 drives the base in a 
positive direction, it increases the forward 
bias across the emitter-base junction of 
the NPN transistor. This causes the num-
ber of electrons crossing the emitter-base 
junction to increase and hence the num-
ber of electrons reaching the collector 
will increase. When the number of elec-
trons reaching the collector and flowing 
through Li and R4 increases, this will 
cause the voltage drop across R4 to 
increase. Therefore the voltage at the 
collector will swing in a negative direc-
tion. Thus with the input signal as shown 
in Fig. 14A, the collector voltage swings 
in the opposite direction as shown in Fig. 
14B. We say the two signals are 180° 
out-of-phase. 
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Fig. 14. Phase relationships between 
input and output signals at low, medium 
and high frequencies in common emitter 

amplifiers. 

The base of a germanium transistor is 
usually about one thousandth of an inch 
thick. The base of a silicon transistor is 

about one ten-thousandth of an inch 
thick. It takes the electrons a certain 
length of time to cross the base of the 
transistor. It will take the electrons longer 

to cross the base of the germanium 
transistor because it is thicker than the 

silicon transistor. Therefore consider 
what can happen when the time it takes 
the electrons to travel through the base 
is considered. If the signal applied to the 
base is a low-frequency signal or a 
medium-frequency signal, the time it 
takes the electrons to cross the base 
compared to the time of one cycle is 
relatively short. The output signal will be 
180° out-of-phase with the input signal as 
shown in A and B of Fig. 14. However, at 
high frequencies, the electrons may be 
delayed sufficiently in travelling through 
the base of the transistor to cause a phase 
shift between the output signal voltage at 
medium and low frequencies and the 
output signal voltage at high frequencies. 
As a matter of fact, at some high fre-
quency it will take the electrons so long 
to cross the base that instead of the 
signals being 180° out-of-phase, they will 
be in-phase because the electrons are 
delayed by one half cycle in travelling 
through the base region. When this 
happens, the output voltage in the collec-

tor circuit of Qi will be in-phase with the 
input voltage applied to the base of Qi • 

You will remember that in a transistor 
there is a capacity between the collector 
and the base. A signal is fed from the 
collector of the transistor back to the 
base through this capacity. When the 
output signal is 180° out-of-phase with 
the input signal, the signal fed back to the 
base through the collector-base capacity, 
simply reduces the amplitude of the input 
signal. This is a form of degeneration; the 
output from the transistor would not be 
as high as it would be without this 
feedback signal. However, at high fre-
quencies where the output signal may be 
in-phase with the input signal, the signal 
fed from the collector back to the base 
will be in-phase with the input signal. 
This will reinforce the input signal which 
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in turn produces a higher amplitude 
output signal which in turn builds up the 
input signal still further. Thus the transis-
tor may go into oscillation and the 
output signal fed back to the input circuit 
will take control of the transistor so that 
it begins producing a high-frequency sig-
nal without any input. In circuits where 
there is a possibility of oscillation occur-
ring, some kind of neutralization must be 
employed so that a signal that is 180° 
out-of-phase with the feedback signal, can 
be fed back into the base circuit to cancel 
out the signal fed from the collector back 
to the base through the collector-base 
capacitance. 

FIELD-EFFECT TRANSISTORS 

Both the junction-type and the 
insulated-gate field-effect transistors can 
be used in wide-band amplifiers. The 
problems in an amplifier using field-effect 
transistors are almost identical to those 
encountered in equipment using vacuum 
tubes. The output capacity of the first 
stage plus the input capacity of the 

Fig. 15. Compensated amplifier using field-effect transistors. 

second stage along with stray wiring 
capacity tend to limit the high-frequency 

response of the amplifier. 
A typical two-stage compensated am-

plifier using junction-type field-effect 
transistors is shown in Fig. 15. Notice the 
similarity between this and a vacuum-
tube two-stage amplifier. 

The peaking coil L1 in the drain circuit 
of Q1 is used to form a parallel-resonant 
circuit in the drain circuit, to keep the 
output from Q1 from falling off at high 
frequencies. The series-peaking coil 1.2 is 
used to resonate with the input capacity 
of Q2 to form a series-resonant circuit to 

keep up the amplitude of the high-
frequency signals fed to the gate of Q2. 
In the output circuit of Q2 we have 
shown series peaking used between the 
drain and the following stage. 

In many amplifiers using field-effect 

transistors you will find that series peak-
ing only is used. The one type of peaking 
is frequently all that is required to obtain 
the high frequency response required. 
The value of the resistor R3, in the drain 
circuit of Q1, may be reduced in order to 

23 



increase the frequency at which the ca-
pacity shunting the output of Q1 begins 
to have an appreciable effect on the 
impedance of the drain circuit of Q1. 
You have essentially the same situation as 

you had with the resistor in the plate 
circuit of a tube-type amplifier. Reducing 

the size of the resistor increases the 
frequency at which the reactance of the 
output capacitance becomes equal to the 
resistance of the resistor. 

One of the big advantages of the 
field-effect transistor is that it has a high 

input resistance. Therefore, the input 
resistance of Q2 has little or no loading 
effect on the output resistance of Q1. In 
fact, as far as the performance of the 
circuit is concerned, it is practically iden-
tical to the performance of a two-stage 
vacuum tube amplifier. Field-effect tran-
sistors are able to combine most of the 
advantages of vacuum tubes along with 
most of the advantages of transistors and 
should become increasingly important in 
the future in electronic equipment. 

SELF-TEST QUESTIONS 

(I) Why is the value of the plate-load 

resistor in a wide-band amplifier 
kept low? 

(m) Why is there a limit to the size of 
grid resistor that can be used in a 
vacuum-tube amplifier? 

(n) How does 1.1 in the circuit shown 
in Fig. 5 help improve the high-
frequency response of the ampli-
fier? 

(o) How does the, peaking coil L1 in 
the circuit shown in Fig. 8 help 
improve the high-frequency re-
sponse of the amplifier? 

(p) What do we mean by series-shunt 
peaking? 

Does capacity shunting have as 
great an effect on high-frequency 

response in transistor amplifiers as 
it does in vacuum-tube amplifiers? 

(r) Are there any problems encoun-
tered at high frequencies in transis-
tor amplifiers that are not likely to 
be encountered in vacuum-tube 
amplifiers? 

(s) Are the high-frequency problems 
encountered in field-effect transis-
tors more like those encountered 
in vacuum tubes or like those 
encountered in bipolar transistors? 

(c) 

Extending the Low-Frequency 
Response of an Amplifier 

You will remember that when we 

studied low-frequency amplifiers we 
pointed out that the output from an 
amplifier falls off at low frequencies as 
well as at high frequencies. The low-
frequency response of an amplifier falls 
off for several reasons. One reason is the 

reactance of the coupling capacitor used 
to couple the two stages together in-
creases as the frequency decreases. At 

some low frequency, the reactance of the 
capacitor will become so high that it will 
act like a voltage divider along with the 

input resistance in the second stage of the 
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amplifier. Thus not all of the amplified 
signal produced by the first stage is fed to 
the input of the second stage. 

In Fig. 16 we have shown schematic 

Fig. 16. Basic R-C coupled amplifiers. 

diagrams of three R-C coupled amplifiers. 
The circuit shown in A is made up of two 
vacuum tubes, the one at B has two 
transistors and the one at C has two 
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field-effect transistors. In each case C2 is 
the coupling capacitor between the two 
stages. The reactance of this capacitor 
will at some low frequency become equal 
to the input resistance in the following 
stage. When this happens, only 70.7% of 
the voltage developed in the output of 
the first stage will be fed to the input of 
the second stage. At lower frequencies, 
the amount of signal developed by the 
first stage that reaches the second stage 
will become increasingly smaller. 

In the case of the vacuum-tube ampli-
fier shown in Fig. 16A we can use a large 
value of grid resistance, R4, in the input 
of the second stage. By using as large a 
resistance as possible in this circuit, we 
can reduce to a low value the frequency 
at which the reactance of C2 becomes 
equal to the resistance of R.I. In the case 
of the transistor amplifier shown in Fig. 
16B, however, there is not much we can 
do about increasing the value of the base 
resistor R4. The transistor itself draws a 
certain base current. Thus the transistor 
itself has a low input resistance. There-
fore, this resistance is always in parallel 
with R. and increasing the value of R4 
will have little effect on increasing the 
actual input resistance of Q2. We get 
around the low input resistance of Q2 by 
using a high capacity electrolytic capaci-
tor between Q1 and Q2 as the coupling 
capacitor. Since transistors are operated 
at relatively low voltages we can use a 
capacitor with quite a high capacity, and 
still keep the physical size of the capaci-
tor quite small. 

In the field-effect transistor circuit 
shown in Fig. 16C, once again we can 
increase the value of R4, the resistance 
between the gate of Q2 and the source, to 
as high a value as possible. Since there is 
little or no gate current in a field-effect 
transistor the value of R,s can be made 

quite large and increase the input resis-
tance of the second stage. Thus the 
low-frequency limit of the amplifier can 
be extended to quite a low value. This is 

particularly true in the case of the in-
sulated-gate field-effect transistor, since 
for all practical purposes there is no gate 
current at all in these transistors. 

REDUCING THE EFFECT OF THE 
COUPLING CAPACITOR 

The equivalent circuit of the coupling 
network used between the two stages in 
each of the examples shown in Fig. 16 
can be redrawn as shown in Fig. 17. In 

the case of Fig. 16A, using the two 
vacuum tubes, R3 is the plate load 
resistor of VI, and R4 is the grid resistor 
of V2. In the case of the transistor circuit 
shown in Fig. 16B, R3 is the collector 
resistor of Q1. R4 is the resistor con-
nected between the base of Q2 and 
ground. In the case of the circuit shown 
in Fig. 16C where we've used the field-
effect transistors, R3 is the resistor con-
nected between the drain of Q1 and B+, 
and R4 is the resistor connected between 
the gate of Q2 and ground. 

You can readily see from the circuit 
shown in Fig. 17 that the output voltage 
developed at the output of the first stage 

I 
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Fig. 17. Equivalent circuit of coupling 
network at low frequencies. 
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is fed to the series combination of C2 and 
R4. At high frequencies and middle fre-
quencies, the capacitive reactance of C2 is 
so small compared to the resistance of R4 
that practically all of the signal developed 
at the output of the first stage is fed to 
the input of the second stage. For all 
practical purposes, C2 simply acts like a 
short circuit. 

However, at lower frequencies, the 
reactance of C2 begins to become appre-
ciable and it cannot be ignored. At some 
low frequency, the reactance of C2 will 
become equal to the resistance of R4. 
Since we have equal capacitive reactance 
and resistance in this circuit, we will have 
a current flowing that leads the voltage 
applied by 45°. Furthermore, since the 
voltage across C2 plus the voltage across 
R4 must be equal to the voltage across 
R3, we have a drop in the voltage across 
R4. This means that the voltage applied 
to the input of the second stage decreases 
and at the same time we have a phase 
shift. 

The relationship between the output 
voltage of the first stage which we have 
labeled El, and the input voltage applied 
to the second stage, which we have 
labeled E2, can be seen from the vector 
diagram of Fig. 18. Notice first, that the 
voltage E2 is in-phase with the current I. 
This is as we might expect because in a 
resistance, the voltage and current are 
always in-phase. Therefore the voltage E2 
leads the voltage El by 45°. Notice also 
that the voltage Ec, which is the voltage 
across the capacitor, is equal to the 
voltage E2. The vector sum of the voltage 
E2 and Ec will be equal to the voltage of 
E,. 

Not only is the drop in voltage across 

R4 important, because this will reduce 
the amplitude of low-frequency signals, 
but in many applications, the phase shift 

is just as big a problem. This is particu-
larly true in video amplifiers in television 
receivers. They must be able to handle 
very low-frequency signals without any 
attenuation or phase shift. A phase shift 
will displace the video information in part 
of the picture and cause smearing. There-
fore it is desirable to keep the drop in 
low-frequency response and the phase 
shift as low as possible. 

Obviously one of the simplest ways of 
preventing problems of low frequencies is 
to use a large value of coupling capacitor. 
We do this when we design an amplifier 
to have good low-frequency response. 
However, in most cases, where you are 
interested in the low-frequency response 
of an amplifier, you are also interested in 
the high-frequency response. Large ca-
pacitors also have a higher capacity to 
ground. Thus there is a limit to how large 
a coupling capacitor you can use to 
improve the low-frequency response with-

• 
• 
• 
• 
• 
• 
• 
• 
• 
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Fig. 18. Vector diagram of voltages 
at output of first stage and input of 

second stage. 
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Fig. 19. A two stage amplifier with low-frequency compensation in the plate circuit of VI. 

out running into problems with the high-
frequency response. Therefore while we 
can improve the low-frequency response, 
to some extent, by using a large coupling 
capacitor, there is a limit as to how far we 
can go. 

LOW-FREQUENCY COMPENSATION 

Regardless of how large a coupling 
capacitor and of how large a resistance we 
are able to put into the input of the 

second stage, the reactance of the capaci-
tor will still increase as the frequency 
decreases. In some amplifiers where we 
must amplify very low frequencies of 
only a few Hertz, with essentially the 
same gain that we have in the middle-

frequency range, we usually have to add 
something to the circuit to compensate 
for the fact that the coupling capacitor 

reactance becomes appreciable at these 
low frequencies. 

In Fig. 19 we have shown how an 
additional resistor and capacitor can be 

added in the plate circuit of V1 in the 
amplifier shown in Fig. 16A, to com-
pensate for an increase in the reactance of 

C2 at low frequencies. In this circuit, the 
low-frequency compensating network 
that has been added consists of Rg and 

C4. Let's see how the addition of these 
two components can improve the gain of 
the amplifier at low frequencies. 

OUTPUT 
FROM R3 

• 

R4 INPUT 
TO 
V2 

OUTPUT 
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VI C4 

R3 ""2 
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V21 

Fig. 20. Equivalent circuit of low-fre-
quency compensation network. "A" is 
for middle and high frequencies. "B" 

is for low frequencies. 
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In Fig. 20A we have shown the equiva-
lent circuit of the coupling network 
between V1 and V2 and the low fre-
quency compensation network at middle 
and high frequencies. Notice that we have 
omitted C2 because in the middle-
frequency range, the reactance of C2 is SO 
low that it can be ignored. Also the value 
of C4 is selected so that in the middle and 
higher frequencies its reactance is very 
low. It is so low that the end of R3 that 
connects to the junction of C4 and R8 is 
in effect connected to ground through 
C4. This places R3 and R4 directly in 
parallel. The parallel resistances of these 
two resistors is the plate load of VI. 

As we pointed out previously, in most 
amplifiers where we are interested in 
good low-frequency response we are also 
interested in good high-frequency re-
sponse. You will remember that we are 
going to use a low value plate-load resis-
tor in order to improve the high-fre-
quency response. Therefore, R3 in Fig. 
19 will be a low value resistor. Since at 
the middle frequencies, R3 is in effect in 
parallel with R4, and R4 will be many 
times the value of R3, the plate load is in 
effect R3 alone. For all practical purposes 
we could omit R4 in the equivalent 
circuit shown in Fig. 20A. 

At low frequencies, the reactance of 
C2 becomes appreciable and it cannot be 
ignored. At the same time, the reactance 
of C4 also becomes appreciable so that it 
no longer effectively grounds the one end 
of R3. Therefore, the plate load for V1 
becomes the combination of R3 in-series 
with the parallel combination of R8 and 
C4. In other words, the plate load resist-
ance of V1 increases. When the plate load 
of the tube increases, the voltage de-
veloped in the plate circuit will increase 
and this compensates for the loss in 
voltage across the coupling capacitor C2. 

Not only does the compensating net-
work compensate for the drop in voltage 
fed to the input of the second stage, but 
it also improves on the phase shift that 
occurs at low frequencies. Let's consider 
how this can happen. 

Going back to the equivalent circuit 
shown in Fig. 20A, remember that the 
signal current from the vacuum tube 
develops the voltage across R3, in other 
words, across the plate load resistance. 
This voltage in turn causes a current to 
flow across the coupling capacitor C2 and 
the grid resistor R4 developing a voltage 
across R4. Now consider what happens in 
the equivalent shown in Fig. 20B. The 
signal current from the tube flows 
through the plate load consisting of R3 
in series with the parallel combination of 
R8 and C4. Since the circuit is a capaci-
tive circuit, the voltage developed across 
this circuit will lag the current. Thus we 
have a low frequency signal voltage in the 
plate circuit of V1 that is lagging the 
signal current. This lagging signal voltage 
causes a current to flow through C2 and 
R4. Since the circuit consisting of C2 and 
R4 is capacitive, the current flowing will 
lead the voltage. By the proper selection 
of C4 and R8 we can cause the phase 
shift in this network to equal or compen-
sate for the phase shift in the network 
consisting of C2 and R4. Therefore the 
current flowing through C2 and R4 will 
be in-phase with the signal current sup-
plied by the tube. This means that the 
signal voltage developed across R4 will 
then be in-phase with the signal current 
supplied by the tube at low frequencies. 
Since it is already in-phase with the signal 
current at middle and high frequencies we 
have compensated for the low-frequency 
phase shift. 

Low-frequency compensation can also 
be used in circuits where transistors or 
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Fig. 21. Low-frequency compensation is shown in a transistor amplifier at A, and in a 
field-effect transistor amplifier in H. 

field-effect transistors have been em-
ployed. In the circuit shown in Fig. 21A, 
we have shown low-frequency compensa-
tion in the collector circuit of Q1. Notice 
that once again we have added the resis-
tor R8 in series with the collector-load 
resistor R3 and the additional capacitor 
C4 in the collector circuit. Low-fre-
quency compensation is not as effective 
in transistor amplifiers as in vacuum-tube 
amplifiers. 

In the diagram shown in Fig. 21 B, we 
have added low-frequency compensation 
to the amplifier using field-effect transis-
tors. The additional resistor R8 is added 
in the drain circuit of Q1 along with the 
additional capacitor C4. The operation of 
these low-frequency compensating cir-

cuits is exactly the same as in the case of 
the low-frequency compensating circuit 
in the vacuum-tube amplifier and is 
equally effective. 

LOW-FREQUENCY DEGENERATION 

Going back to the amplifiers shown in 
Fig. 16, in addition to the coupling 
capacitor C2, the bypass capacitors C1 
and C3 may cause a drop in the low-
frequency response. Considering first the 
vacuum-tube amplifier shown in Fig. 
16A, C1 is the cathode bypass for VI. 
The purpose is to maintain the cathode 

voltage on V1 constant. At medium and 
high-frequencies it acts as a bypass capaci-
tor so that the signal current in effect 
flows through it and R2 is effectively 
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bypassed. Therefore the voltage across R2 
remains constant. However, at low fre-
quencies, the reactance of C1 increases. 
As a result, part of the signal current 
flows through R2. This causes a signal 
voltage to appear at the cathode that is 
in-phase with the voltage applied to the 
grid of the tube. This reduces the grid-to-
cathode signal voltage so that the output 
from the stage goes down. This effect can 
be kept at a minimum by using a large 
capacitor, usually an electrolytic capaci-
tor, to provide effective bypassing at low 
frequencies. Another method of elimi-
nating this problem is to eliminate the 
bypass capacitor altogether. This will 
reduce the gain of the stage at medium 
frequencies as well as high frequencies, 
but the degenerative effect of the un-
bypassed cathode is constant at all fre-
quencies. Thus the gain of the stage is 
reduced an equal amount at all frequen-
cies rather than at low frequencies only. 

Exactly the same situation exists in the 
case of the emitter bypass capacitor C1 in 
the transistor amplifier circuit shown in 
Fig. 16B, and the source bypass capacitor 
C1 in the field-effect transistor circuit 
shown in Fig. 16C. These capacitors 
become degenerative at low frequencies 
and will reduce the low-frequency re-

(Y) 

sponse of the stage. By using large elec-
trolytic capacitors the effect can be kept 
at a minimum so that the response of the 
amplifier may be satisfactory down to a 
frequency of only a very few cycles per 
second. Also the bypass capacitor may be 
omitted, as in the case of the tube 
amplifier, introducing a degenerative 
effect at all frequencies so as to level off 
the response of the amplifier. 

SELF-TEST QUESTIONS 

(t) What part is the primary cause of 
poor low-frequency response in a 
two-stage amplifier? 

(u) In addition to a drop in gain at low 
frequencies, what other problem is 
frequently encountered? 

(v) What method is used to improve 
the low-frequency response of 
amplifiers? 
Is low-frequency compensation 
equally effective in vacuum-tube 
and transistor-amplifier circuits? 

(x) Is low-frequency compensation 
effective in improving the low-
frequency response in an amplifier 
using field-effect transistors? 
What do we mean by cathode 
degeneration? 
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Typical Wide-Band Amplifiers 

in this section of the lesson we will 
look at a few typical wide-band amplifiers 
such as you might encounter in electronic 
equipment. We will also discuss printed 
circuit wiring since the trend today in 
modern electronic equipment is to use 
printed circuit wiring. This type of wiring 
is particularly advantageous in wide-band 
amplifiers because the stray capacities in 
the circuit can be kept constant from one 

amplifier to another, and therefore it is 
quite easy to manufacture amplifiers with 
almost identical characteristics. 

In transistorized equipment, as we 
mentioned previously, it is not quite as 
easy to compensate for high-frequency 
losses as it is in vacuum-tube amplifiers. 
Therefore we will look at some circuits 
found only in transistorized equipment 
that get around some of these disadvan-
tages. 

In the preceding section of the lesson 
we discussed low-frequency compensa-
tion. As you will remember, low-fre-

L1 

ig. 22. A typical wide-band amplifier. 

quency compensation is needed primarily 
because the reactance of the coupling 
capacitor between stages increases as the 
frequency goes down. This problem can 
be overcome by the use of direct cou-
pling; in this type of coupling, the capaci-
tor is omitted entirely and hence any 
problems created by it are avoided. We 
will look at direct-coupled amplifiers so 
you will be familiar with this type of 
circuit. 

There is no doubt that television re-
ceivers make more use of wide-band 

amplifiers than any other electronic 
equipment. This is simply due to the fact 
that there are so many television receivers 
manufactured every year. Therefore we'll 
start our study of typical wide-band 
amplifiers with a look at a typical video 
amplifier which is a wide-band amplifier. 

A TYPICAL VIDEO AMPLIFIER 

In Fig. 22 we have shown the sche-
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matic diagram of a typical wide-band 

amplifier such as might be used for video 
amplification in a television receiver. 
Notice that to improve the high-fre-
quency response of the amplifier both 
series and shunt peaking have been used. 
Notice that across the series-peaking coil 
Li, we have a shunt resistor. This is to 
reduce the Q of the coil and prevent 
oscillation, and at the same time broaden 
the response of the series-resonant circuit. 
L2 is a shunt-peaking coil and is used 

to form a parallel-resonant circuit to 
increase the value of the plate load at 
high frequencies. 

Low-frequency compensation is pro-
vided by C4 and R6 connected in the 
plate circuit of VI. This is similar to the 
low-frequency compensating network 
shown earlier. We have shown electrolytic 
capacitors in the cathode circuits of both 
stages as the cathode bypass capacitors. 
You can tell from the schematic when an 
electrolytic capacitor is used because the 
polarity of the capacitor is usually indi-
cated. Notice that the polarity signs 
indicate that the positive side of the 
capacitor is connected to the cathode of 
the tube and the other side to ground. 

L1 

—me..--
Re 

3 

Fig. 23. A transistor wide-band amplifier. 

Electrons flow from ground through the 
cathode resistor to the cathode of the 
tube, and in so doing develop a voltage 
across the bias resistor having a polarity 
such that the cathode end is positive. The 
electrolytic capacitors must be connected 
with this polarity. 

In some wide-band amplifiers, electro-
lytic cathode bypass capacitors may be 
shunted by small paper capacitors or 
ceramic capacitors. You might find a 

bypass cathode capacitor with a capacity 
of about 100 mfd shunted by a .001 mfd 
ceramic capacitor. This is often done 
because electrolytic capacitors are some-
times rather poor bypass capacitors at 
high frequencies. Therefore at low fre-
quencies the electrolytic capacitor acts as 
the bypass capacitor, but at high frequen-
cies where the electrolytic becomes a 
rather inefficient bypass, the ceramic 
capacitor has a low enough reactance to 
bypass the cathode resistor effectively. 

TRANSISTOR WIDE-BAND 
AMPLIFIERS 

A transistor video amplifier using PNP 
transistors is shown in Fig. 23. L1 is the 

2 

7 

a 

33 



series-peaking coil, and it is loaded by R8 
to reduce the Q of the coil and broaden 
the response of the circuit. 1,2 is the 
shunt-peaking coil. 

The coupling capacitor C1 is an elec-
trolytic capacitor; a large value of capaci-
tor is used to provide the required low-
frequency response. Notice that the emit-
ter resistors R3 and R2 are not bypassed. 
In order to prevent low-frequency de-
generation due to the reactance of bypass 

capacitors across the emitter resistors, the 
capacitors are simply omitted. As we 
mentioned previously this introduces de-
generation at all frequencies but tends to 
flatten the gain of the amplifier. 

Feedback Circuits. Transistor ampli-
fiers do not lend themselves to improving 

frequency response by means of peaking 
coils nearly as well as do vacuum-tube 
amplifiers. The same is true of improving 
the low-frequency response; increasing 
the size of the base resistor of the 
second stage in a transistor amplifier 
actually has little effect on the input 
resistance of the stage. The base current 
of the transistor primarily determines the 
input resistance. 

Fig. 24. Improving the frequency response by means of feedback. 

In the case of the equivalent coupling 
circuit for the low-frequency response 
shown in Fig. 17, in a transistor amplifier 
R3 and R4 are actually shunted by other 
resistors that should be considered. R3 is 
shunted by a resistance which is the 
output resistance of Q1, and R4 is 
shunted by a resistance which is the input 
resistance of Q2. The output resistance of 
a transistor in a common-emitter circuit is 

probably around 20,000 ohms whereas 
the input resistance of a common-emitter 
circuit is quite low, usually in the vicinity 
of a few hundred ohms at the most. 

The frequency response of transistor 
amplifiers can frequently be improved by 
means of feedback circuits. Feedback, of 
course, must be degenerative feedback 
and it operates on the principle that as 
the output signal from the amplifier 
increases, the amount of feedback must 
increase. This in turn will tend to reduce 
the overall gain of the amplifier more at a 
frequency where the output is higher 
than it would at another frequency where 
the output signal is low, and hence the 
feedback signal is low. 

In Fig. 24 we have shown the sche-
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Fig. 23. A second feedback circuit. 

matic diagram of a circuit that could be 
used to improve the frequency response 
of a two-stage transistor amplifier. The 
circuit is quite similar to the transistor 
amplifier shown previously except that 
the feedback network consists of C4 and 
R5. This provides negative feedback back 
from the emitter of Q2 back to the base 
of Qi. 

Consider what happens as a signal 
passes through the amplifier. When the 
signal applied to the base of Q1 swings in 
a positive direction, the forward bias 
across the emitter-base junction of Q1 
will be increased. This will cause the 
current through the transistor to increase 
and hence the voltage drop across R3 will 
increase. As the voltage drop across R3 
increases, the signal voltage at the collec-
tor of Q1 will swing in a negative direc-
tion. Thus for a positive input signal we 
have an amplified negative signal in the 

output of Q1. 
The negative signal from Q1 is fed to 

the base of Q2 through the coupling 
capacitor C3. The negative-going signal 
reduces the forward bias across the 
emitter-base junction of Q2. Thus the 

current flowing through Q2 decreases. 
When this happens the voltage drop 
across the emitter resistor R9 will de-
crease. The voltage across R10 is held 
essentially constant by Cs. The decrease 
in signal voltage across R9 is actually a 

negative signal. This negative signal is fed 
through C4 and R5 back into the base of 

Q1 and subtracts from the original posi-
tive signal. 

In this circuit, as the gain tends to rise 
at middle frequencies, the amount of 
signal fed back from the emitter of Q2 to 
the base of Q1 increases thus tending to 
reduce the overall gain of the amplifier. 
On the other hand, if the signal starts to 
fall off at the high frequencies or at the 
low frequencies, any amount of feedback 
will also go down so that the overall gain 
of the two-stage amplifier will tend to 

increase. 
Another example of feedback which is 

used to improve the frequency response 
of a transistor is shown in Fig. 25. Here 
the signal feedback is taken from the 
collector of the second transistor Q2 and 
fed through a resistor-capacitor network 
back into the emitter of the first transis-
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tor Q1. To see how this feedback circuit 
works, let's follow the signal phases 
through the amplifier. 
When a signal drives the base of Q1 in a 

positive direction, current through the 
transistor increases causing a voltage drop 
across the collector-load resistor R3 to 

increase. When this voltage drop in-
creases, the net voltage between the 
collector of Q1 and ground swings in a 
negative direction. Thus in the common-

emitter circuit, we always have the situa-
tion of a 180° phase shift between the 
input and output signals. Now the 
negative-going signal is fed from C3 to the 
base of Q2 and this causes the current 
through Q2 to decrease. When the current 
through Q2 decreases, the voltage drop 
across R9 decreases causing the collector 
of Q2 to swing in a positive direction. 
Once again we have the 180° phase shift 
in the common-emitter circuit so that we 
have a positive-going signal produced in 
the collector circuit of Q2 • 

This positive signal is then fed through 
C4 and R6 into the emitter circuit of Q1. 

The resistors R6 and R5 actually act as a 
voltage-divider network so that the por-
tion of the signal developed across R5 
will be fed into the emitter circuit of Q1. 

Thus when the signal applied to the base 
of Q1 swings in a positive direction we 
also have the emitter of Q1 swinging in a 

positive direction due to the feedback 
signal. This reduces the net base-to-
emitter signal voltage so that the increase 
in current through Q1 will not be as great 
as it would be without the feedback. 

As in the case of the previous ampli-
fier, when the output from Q2 begins to 
increase, the amplitude of the feedback 
signal will also increase and this in turn 
tends to reduce the gain of the amplifier 
to keep the output constant. On the 
other hand, if the output of Q2 begins to 

fall off, then the amount of feedback 
voltage goes down so that the gain of the 
amplifier tends to increase and thus level 
off the overall frequency response of the 
amplifier. 

DIRECT-COUPLED AMPLIFIERS 

All of the problems introduced by the 
coupling capacitor used between two 

stages can be eliminated by using direct-
coupled amplifiers. In the case of a 
vacuum-tube amplifier, the sole purpose 
of the coupling capacitor between the 
two stages is to keep the positive voltage 
applied to the plate of the tube off the 
grid of the following tube. We do this so 
the grid can be operated at dc ground 
potential and the cathode at a small 
positive voltage. In this way bias can be 
obtained for the tube. However, there is 
no reason why we cannot let the grid 
operate at a fairly high positive potential 
and simply operate the cathode at a still 
higher positive voltage. This will mean 
that the cathode will be positive with 
respect to the grid, or in other words, the 
grid will be negative with respect to the 
cathode. 
A circuit where this is done is shown in 

Fig. 26. This type of amplifier is called a 
direct-coupled amplifier. Notice that 
there is no coupling capacitor used be-
tween V1 and V2. The circuit of V1 is 
more or less conventional, but the circuit 
of V2 is somewhat different from the 
amplifiers you have seen previously. No-
tice that the grid of V2 is connected 
directly to the plate of VI. It is obvious 
that with this type of connection we 
don't have to worry about an increase in 
coupling capacitor reactance at low fre-
quencies, because there is no coupling 
capacitor. However, the plate of V1 must 
have a positive voltage applied to it, and 
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Fig. 26. A direct-coupled % aeuum-tube amplifier. 

therefore the grid of V2 will have a 
positive voltage applied to it. By means of 
a voltage divider consisting of R4 and R5, 
we have obtained a positive voltage for 
the cathode of V2, which is slightly 
higher than the positive voltage applied to 
the grid of V2. C2 keeps the cathode of 
V2 at signal ground potential. Thus we 
have the signal applied directly between 
the cathode and grid of V2. C2 can be 
made very large so its reactance is negligi-
ble even at very low frequencies. Even if 
its reactance does start to rise, the value 
of R4 is usually somewhat higher than 
the cathode resistor of a conventional 
R-C coupled stage. Thus the capacitor 
does not have to bypass such a low value 
resistor and more effective bypassing can 
be obtained. 

One disadvantage of this type of ampli-
fier is that aging of one tube appreciably 
affects the operation of the other. For 
example, if the emission of V1 drops, the 
plate current drawn by this tube will 
drop. This means that the voltage drop 
across R3 will decrease, and therefore the 
plate voltage on V1 will increase. This 
increase in voltage might be enough to 
swing the grid of V2 positive with respect 

OUTPUT 

to the cathode. Needless to say, when this 
happens, V2 starts drawing a higher than 
normal current. Fortunately, when the 
tube starts drawing a higher than normal 
current, the voltage drop across R4 in-
creases and this tends to compensate for 
the increase in grid voltage to some 
extent. In some direct-coupled amplifiers 
you will find that the plate-load resistor 
R3 is returned to a lower voltage than the 
plate-load resistor R6. This makes it 
possible to use a lower value resistor for 
R. and thus tends to give better high-
frequency response. You will remember 
that one of the first steps we did in order 
to get good high-frequency response from 
an amplifier was reduce the value of the 
plate-load resistor. This doesn't actually 
bring up the response but it does reduce 
the middle and lower frequencies so that 
we get a constant gain over a wider 
frequency range. 

TRANSISTOR DIRECT-COUPLED 
AMPLIFIERS 

Transistors lend themselves very well 
to direct coupling. An example of several 
transistors used in a direct-coupled circuit 
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INPUT 

Fig. 27. Transistor direct-coupled stages. 

is shown in Fig. 27. The resistors R1 and 
R2 provide a forward bias across the 
emitter-base junction of the NPN transis-

tor Q1. Forward bias across the emitter-
base junction of Q2 is provided by R5 
and R6. 
To see how the amplifier works, let's 

consider what happens when an input 

signal is applied between the base of Qi 
and ground. When the signal swings the 

base of Q1 in a positive direction, current 
through Q1 will increase. This causes the 
voltage drop across R3 to increase. The 
increased voltage drop across R3 increases 
the emitter voltage on Q2 thus reducing 
the forward bias across the emitter-base 
junction of Q2. Hence the current 
through this transistor goes down, and 

the voltage drop across R4 will decrease. 
Therefore the collector of Q2 will swing 
in a positive direction. 

The collector of Q2 is connected di-

rectly to the base of Q3 which is used in 
an emitter-follower circuit. The dc volt-
age developed across R7 is relatively low, 
so the output can be fed directly to the 
base of another amplifier configuration 

OUTPUT 

it 

like Q1 and Q2. Of course, the varying 
signal fed to the base of Q3 will cause the 
voltage across R7 to vary. 

The combination of transistors Qi and 
Q2 is called a differential amplifier. This 
type of amplifier is widely used in inte-
grated circuits that are used in some 
television receivers. The purpose of using 
the emitter follower after Q2 is to reduce 

the dc voltage level. If we simply fed the 

base of a second differential amplifier 
pair from the collector of Q2, the base of 

the following transistor would be at a 
higher potential than the base of Qi 
Thus for each two-stage differential am-
plifier we went through, the voltage 
would be gradually increasing. However, 
by using an emitter follower, the dc 
voltage across the emitter-resistor R7 is 
quite low so that we can get back down 
to a low base voltage such as we had on 
Q1 originally. By using a two-stage differ-
ential amplifier followed it by an emitter 
follower we can cascade groups of these 
stages any number of times to get the 
gain we need, while the operating voltage 
requirements are quite low. 
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PRINTED CIRCUIT BOARDS 

One of the most common problems 
encountered in the early days of tele-
vision, and when manufacturers first 
began to build wide-band amplifiers for 
other uses, was getting consistent results. 
In building a wide-band amplifier, stray 
capacities have an appreciable effect on 
the high-frequency response of the ampli-
fier. One amplifier might have good fre-
quency response up to 5 MHz and the 
next one built by the manufacturer, with 
the same parts and tubes, might have as 
good a response to only 4 MHz (or less). 
Often this is due simply to parts being 
put in slightly different positions and 
wires that were routed slightly different 
by the person who assembled the equip-
ment. 

Problems of this type have been almost 
completely eliminated by the use of 
printed circuit boards in the assembly of 
wide-band amplifiers. In the printed cir-
cuit board the wiring is actually on a 
phenolic or glass epoxy-type base. The 
wiring consists of copper strips that are 
glued to the base. 

In manufacturing a printed circuit 
board the manufacturer starts off with a 
board that may have been made out of a 
phenolic material that is 1/16th of an 
inch thick. This material has a thin sheet 
of copper firmly glued to one side. The 
basic boards are available in sheets that 
are 4' wide by 8' long. The manufacturer 
cuts the desired size board from sheets of 
this type. In manufacturing the board for 
use in wide-band amplifiers, the wiring on 
the board is etched. To do this we simply 
draw the circuit and then transfer it 
photographically to the copper circuit 
board. The board is then placed in an 
etching solution and the undesired copper 
is etched away leaving only the copper 

desired to make the connections between 
the various parts on the board. The parts 
needed are then mounted on the other 
side of the board and connected to the 
copper wiring by inserting the part leads 
through holes that have been drilled or 
punched in the board. The leads to the 
various parts are then soldered to the 
copper wiring. 

The advantage of an etched circuit 
board, of course, is that all parts fall into 
exactly the same place, the wiring falls in 
exactly the same place and hence dis-
tributed and stray capacities remain 
essentially constant from one board to 
the next. Thus assuming we hold the 
parts tolerances to a reasonable value, we 
can expect the frequency-response and 
gain of one amplifier to be essentially the 
same as the next one we manufacture. 

In Fig. 28 we have shown a photograph 
of the circuit board containing the video 
amplifier of the Conar Model 600 Color 
Television Receiver. Notice that the tubes 
and parts are all mounted on one side of 
the circuit board and the wiring which 
interconnects all these components is in 
the form of copper on the other side of 
the board. The use of the printed circuit 
board ensures that video amplifiers of the 
various sets will have essentially the same 
frequency response. 
One of the disadvantages of circuit 

boards is that they sometimes develop 
cracks. This may be due to rough han-
dling of the equipment in which they are 
used. Sometimes the crack is so thin that 
you can't see it; sometimes we refer to 
this as a hairline crack. The crack in the 
circuitry may cause the equipment° to 
perform intermittently. 

Hairline cracks are quite difficult to 
locate, but they usually can be located by 
putting a little pressure on the board in 
various spots. You can do this with some 
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o ® 
Fig. 28. Video amplifier on an etched circuit board. This type of wiring is referred to 

as printed wiring. 

insulated tool; you will find that as you 
push in a certain spot the intermittent 
can be made to occur. Look for a hairline 
break in the copper wiring somewhere 
near this point. If you cannot find it, 
simply flow solder over the copper con-
ductors in the area where you think the 
break is located and then try flexing the 
board again and see if the trouble is 
eliminated. The solder will usually bridge 
right across the crack and eliminate the 
intermittent. 

Sometimes in repairing equipment in 
which a printed circuit board is used 
you'll accidentally pull the copper loose 
from the board. The copper is only glued 
to the board and can be easily knocked 
off by applying too much heat when you 
are replacing a part. In this case, you can 
effect a repair simply by taking a piece of 
wire and soldering the wire in place to 
complete the circuit between the two 
points from which the copper has been 
accidentally removed. Use a short direct 
piece of wire so you do not upset the 
performance of the board. 

Printed circuit boards have added 
much insofar as obtaining consistent per-
formance from wide-band amplifiers is 
concerned. They are not particularly dif-
ficult to work on as long as you make 
repairs quickly and avoid applying ex-
cessive heat or force to the board. Some 
servicemen do not like to work on 
printed circuit boards because it is some-
what more difficult to trace out the 
circuit than with the older style of hand 
wiring, but with a little practice you can 
learn to do this. Since most modern radio 
and TV receivers use printed circuitry it is 
important that you learn to work with 
this type of equipment. 

SELF-TEST QUESTIONS 

(z) What system is frequently used in 
transistor amplifiers to improve 
the overall frequency response of 
the amplifier? 

(aa) How can you repair a "hairline" 
crack in a printed circuit board? 

(ab) How can you repair a printed 
circuit board in which a piece of 
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the copper has been accidentally 
removed? 

(ac) What is the advantage of using an 
emitter follower after a differ-
ential amplifier such as shown in 
Fig. 27? 

(ad) In the direct-coupled amplifier 
shown in Fig. 26, how is the high 
positive voltage on the grid of V2 
overcome? 

(ae) What type of high-frequency com-
pensation is used in the circuit 
shown in Fig. 23? 

(al) What components form the low-
frequency compensating network 
in the amplifier shown in Fig. 22? 

LOOKING AHEAD 

You can look forward to servicing 
many amplifiers in your career as an 
electronics technician. You will find am-
plifiers used in all types of electronic 
equipment. Wide-band amplifiers will be 
found in many different applications. 
Make sure that you understand wide-band 
amplifiers before leaving this lesson and 
going on to the next. A small amount of 
additional time spent on this lesson may 
save you a great deal of time later when 
you start working on equipment of this 
type. 
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Answers to Self-Test Questions 

(a) A common logarithm is a number 

which tells us the power to which 
10 must be raised in order to 
equal a given number. 

(b) The characteristic. 
(c) The mantissa. 
(d) Two. The characteristic will be 

one less than the number of digits 

in the number. Since all numbers 
between 100 and 999 have three 
digits, the characteristic will be 2. 

(e) The logarithm of 7 is .8451. The 
characteristic is 0, so it is simply 
omitted. 

(f) The logarithm of 700 is 2.8451. 
The mantissa is the same as for 
the logarithm of 7 or for the 
logarithm of 70 for that matter. 
The characteristic, which is 2, 
indicates that the number is 
somewhere between 100 and 
999. 

(g) The logarithm of 41.7 is 1.6201. 

We find this logarithm by lo-
cating 41 in the N column of the 
log table and then moving over to 
the column under 7 where we see 
that the mantissa is .6201. 41 has 
two digits in it so we know that 
the characteristic must be 1 and 
therefore the complete logarithm 
is 1.6201. 

(h) The bel is a power ratio. It is 
equal to the logarithm of the 
ratio of one power to another 
power. 

(i) The decibel is one tenth of a bel. 

A decibel is a power ratio and it 
is equal to ten times the loga-
rithm of one power divided by 

another. It is expressed by the 
formula: 

Pi 
db = 10 log --

P2 

(j) 7.782 db. To find the change in 

db we let P, equal 222 watts and 
P2 equal 37 watts. Now we sub-
stitute these values in the decibel 
power formula and we get: 

222 
db = 10 log -

37 

dividing 37 into 222 gives us 6 so 
the change in db equals 

db = 10 log 6 = 10 X .7782 = 7.782 

(k) 6 db. To find the answer we use 
the voltage formula: 

E, 
db = 20 log - 

E2 

and we substitute 150 volts for 
E, and 75 volts for E2 so that we 
have: 

150 
db = 20 log-

75 

= 20 log 2 
= 20 X .301 
= 6.0 db 

(1) To increase the frequency at 
which the reactance of the shunt 
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(m) 

capacities becomes equal to the 
resistance of the plate-load resis-
tor. 
If we use too large a grid resistor 
in a vacuum-tube amplifier, elec-
trons accidentally striking the 
grid and flowing through the re-
sistor may build up an appreci-
able bias in the grid of the tube. 
Another possibility is that the 
tube may have a small amount of 
gas. The gas molecules striking 
the grid will cause a current to 
flow through the grid resistor 
that will place a positive bias on 
the grid of the tube. If we use too 
large a grid resistor this positive 
bias may be high enough to cause 
an excessive current to flow 
through the tube and destroy the 
tube. 

(n) At high frequencies L1 resonates 
with the capacity in the circuit 
and hence tends to increase the 
value of the plate load of VI. 
Thus the effect of the shunting 
capacity is reduced. 
LI is a series-peaking coil. It 
separates the shunt capacity in 
the output of VI from the shunt 
capacity in the input of V2. It 
forms a series-resonant circuit 
with the capacity in the input of 
V2 and hence builds up the volt-
age applied to the grid of V2 at 
high frequencies. 
By series-shunt peaking we mean 
a combination of shunt peaking 
such as shown in Fig. 5 and series 
peaking such as shown in Fig. 8. 
A series-shunt compensated am-
plifier is shown in Fig. 10. 
No. The low output resistance of 
the first stage along with the low 
input resistance of the second 

(o) 

(p) 

(q) 

stage reduces the effective value 
of the collector-load resistor in 
the first amplifier stage. There-
fore it takes a larger shunt ca-
pacity to produce a capacitive 
reactance equal to the resistance 
of the emitter load. As a result, 
the response of a transistor ampli-
fier frequently starts to fall off at 
a somewhat higher frequency 
than the response of a vacuum-
tube amplitier. 

(r) Yes, the time that it takes the 
electrons to cross the base of a 
transistor may become equal to 
the period of one half cycle at 
some high frequency. When this 
happens, instead of getting a 
180° phase shift in the common-
emitter transistor circuit, we get a 
360° phase shift so that the signal 
in the emitter circuit will be 
in-phase with the signal in the 
base circuit. This will cause posi-
tive feedback through the transis-
tor and cause the transistor to go 
into self oscillation. 

(s) More like those encountered in 
vacuum tubes. Because of the 
high input and output resistances 
of the field-effect transistor, the 
field-effect transistor resembles a 
vacuum tube more closely in per-
formance than it does a transis-
tor. Thus series and shunt peak-
ing are quite effective in im-
proving the high-frequency re-
sponse of an amplifier using 
field-effect transistors. 

(t) The reactance of the coupling 
capacitor used between the two 
stages becomes too high. 

(u) Phase shift. 
(v) Low-frequency compensation. 

This usually consists of adding a 
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(z) 

resistance and a capacitance in 
the output circuit of the first 
stage. By selecting the correct 
value of resistance and capaci-
tance, both the gain and the 
phase shift can be improved. 

(w) No, it is more effective in 
vacuum-tube circuits, but can be 
used to some extent in transistor 
circuits. 

(x) Yes. Field-effect transistors have 
characteristics similar to vacuum 
tubes and low-frequency compen-
sation is equally effective in the 
two. 

(y) By cathode degeneration we are 
referring to the reactance of the 
cathode bypass capacitor be-
coming so high that the capacitor 
is no longer an effective bypass. 
This occurs at very low frequen-
cies and causes poor low-
frequency response. It can be 
overcome by omitting the cath-
ode bypass capacitor so that the 
degeneration becomes constant at 
all frequencies. This levels off the 
gain of the amplifier. 
Negative feedback. In a two-stage 
amplifier, a signal is taken from 
the second stage and fed back to 
the first stage to detract from the 
original signal applied to the first 
stage. Thus if the output signal of 
an amplifier tends to increase, the 
feedback increases reducing the 

overall gain of the amplifier. On 
the other hand, if the output 
tends to fall off, the feedback 

signal decreases, allowing the am-
plifier gain to increase. 

(aa) By applying a small amount of 
pressure to the circuit board you 
can frequently isolate the area in 
which the crack exists. Then by 
flowing solder over the copper in 
that area you can frequently 
bridge the gap. 

(ab) You can bridge the copper by 
means of a piece of hookup wire. 
The two ends of the hookup wire 
are simply soldered in place so 
that the wire takes the place of 
the copper that has been acci-
dentally removed. 

(ac) It reduces the dc voltage level in 
the circuit so that the next differ-
ential amplifier pair can be op-
erated at the same dc potential as 
the first. This keeps the power 
supply requirements quite 
modest. 

(ad) The bias network consisting of 
R4 and R5 places the cathode of 
VI at a higher positive potential 
than the grid. Thus even though 
the grid is positive with respect to 
ground, it is still negative with 
respect to the cathode. 

(ac) Both series and shunt peaking are 
used. 

(a0 R6 and C4 • 
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Lesson Questions 

Be sure to number your Answer Sheet B204. 

Place your Student Number on every Answer Sheet. 

Most students want to know their grade as soon as possible so they mail their 
set of answers immediately. Others, knowing they will ftnish the next lesson 
within a few days, send in two sets of answers at a time. Either practice is 
acceptable to us. However, don't hold your answers too long; you may lose 
them. Don't hold answers to send in more than two sets at a time, or you may 
run out of lessons before new ones can reach you. 

1. What is the logarithm of 2000? 

2. Suppose the power output from power amplifier A is increased from 100 to 
200 watts, and the power output from power amplifier B is increased from 
1 to 5 watts. Which change is the larger change in decibels? 

3. Why can the coupling capacitor used between two resistance-capacitance 
coupled stages be ignored at the middle and high frequencies? 

4. What limits the high-frequency response of an R-C coupled amplifier? 

5. What effect does reducing the size of the plate load resistor in an amplifier 
to extend the high-frequency response have on the gain at the middle and 
low frequencies? 

6. Name the two types of peaking used to extend the high-frequency response 
of an amplifier. 

7. Why can we not increase the size of the base resistor R4 in a transistor 
amplifier such as shown in Fig. 16B to improve the low-frequency response 
of the two stage amplifier? 

8. Why is an electrolytic capacitor used as a cathode bypass or an emitter 
bypass sometimes shunted by a paper or a ceramic capacitor? 

9. What method can be used other than peaking coils and low-frequency 
compensation to improve the frequency response of an amplifier? 

10. In the direct coupled transistor amplifier circuit shown in Fig. 27, what 
primary purpose does Q3 serve? 
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REVERE OUR LAWS 

Let every American, every lover of liberty, every well-wisher to his 
posterity swear by the blood of the Revolution never to violate in the 
least particular the laws of the country - Let every man remember that 
to violate the laws is to trample on the blood of his father, and to tear 
the charter of his own and his children's liberty. 

Let reverence for the laws be breathed by every American mother to 
the lisping babe that prattles on her lap; let it be taught in schools, in 
seminaries, and in colleges; let it be written in primers, spelling books 

and in almanacs; let it be preached from the pulpit, proclaimed in 
legislative halls and enforced in courts of justice. And in short, let it 

become the political religion of the nation; and let the old and the 
young, the rich and the poor, the grave and the gay of all sexes and 

tongues and colors and conditions, sacrifice unceasingly upon its altars. 
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