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Introduction 

This third volume in the series introduces you to vacuum 
tubes, transistors, and the ways in which these devices are 
put to work. Although all of the topics discussed provide back-
ground information for further study, many of them also have 
direct practical applications in circuit design and analysis. 
After studying this volume, you will have expanded your 
knowledge of electrical fundamentals to include the basic 
devices and circuits that make radio, television, radar, com-
puters, and countless other areas of electronics technology 
possible. With this knowledge you will be better able to un-
derstand how electronic equipment works. 

WHAT YOU WILL LEARN 

Nearly all modern electronic equipment depends on semi-
conductor devices for its operation. Other equipment uses 
vacuum tubes. In this volume you will learn about both vac-
uum tubes and transistors. 
Vacuum tubes depend on the behavior of electrons in an 

electric field for their operation. This subject is discussed 
along with the ways in which electrons are emitted into the 
electric field. You will learn about the Edison effect and how 
the diode (two-element) tube operates. You will see how the 
addition of more elements to the tube makes it useful in a 
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variety of applications. Tube parameters (numbers that indi-
cate the usefulness of a tube) are explained in detail. The text 
shows how the operation of vacuum tubes can be described and 
studied by means of graphs. The meaning of the term ampli-
fication is explained, and the most common types of vacuum-
tube amplifiers are shown. You will learn about the classifi-
cation of amplifiers according to the way the vacuum tubes 
in the amplifiers are operated. Several methods of coupling 
(connecting) more than one amplifier stage are discussed. 
The coverage of semiconductor devices begins with an ex-

planation of what a semiconductor is. You will learn about 
the pn junction and how the semiconductor diode and the 
transistor depend on the operation of this junction. As with 
tubes, the operation of transistors can be described in terms 
of parameters and graphs. You will learn about these aids and 
how to work with them. You will be shown how transistors 
amplify and how they are connected in amplifier circuits. 
Methods of coupling transistor amplifier stages are explained. 
You will learn how power supplies work. Such terms as rec-

tifier, filter, pulsating de, regulated power supply, and others 
are explained. 

Also, you will learn how pulses are generated and amplified. 
Some of the applications of pulse circuits are discussed. Finally 
you will learn about field-effect transistors, unijunction tran-
sistors, triacs, diacs, SCRs, and integrated circuits. 

WHAT YOU SHOULD KNOW BEFORE YOU START 

Before beginning your study of tube and transistor circuits, 
you should have a good understanding of the basic principles 
of ac and de circuit operation. (Such knowledge can be ob-
tained from Volume 2 of this series.) All new terms are 
carefully defined. Enough math is used to give precise inter-
pretation to important principles, but if you know how to add, 
subtract, multiply, and divide, the mathematical expressions 
will give you no trouble. 

WHY THE TEST FORMAT WAS CHOSEN 

During the past few years, new concepts of learning have 
been developed under the common heading of programmed in-
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struction. Although there are arguments for and against each 
of the several formats or styles of programmed textbooks, the 
value of programmed instruction itself has been proved to be 
sound. Most educators now seem to agree that the style of pro-
gramming should be developed to fit the needs of teaching the 
particular subject. To help you progress successfully through 
this volume, a brief explanation of the programmed format 
follows. 
Each chapter is divided into small bits of information pre-

sented in a sequence that has proved best for learning pur-
poses. Some of the information bits are very short—a single 
sentence in some cases. Others may include several para-
graphs. The length of each presentation is determined by the 
nature of the concept being explained and the knowledge the 
reader has gained up to that point. 
The text is designed around two-page segments. Facing 

pages include information on one or more concepts, complete 
with illustrations designed to clarify the word descriptions 
used. Self-testing questions are included in most of these two-
page segments. Many of these questions are in the form of 
statements requiring that you fill in one or more missing 
words; other questions are either multiple-choice or simple 
essay types. Answers are given on the succeeding page, so you 
will have the opportunity to check the accuracy of your re-
sponse and verify what you have or have not learned before 
proceeding. When you find that your answer to a question 
does not agree with that given, you should restudy the infor-
mation to determine why your answer was incorrect. As you 
can see, this method of question-answer programming insures 
that you will advance through the text as quickly as you are 
able to absorb what has been presented. 
The beginning of each chapter features a preview of its 

contents, and a review of the important points is contained 
at the end of the chapter. The preview gives you an idea of 
the purpose of the chapter—what you can expect to learn. 
This helps to give practical meaning to the information as 
it is presented. The review at the completion of the chapter 
summarizes its content so that you can locate and restudy 
those areas which have escaped your full comprehension. And, 
just as important, the review is a definite aid to retention and 
recall of what you have learned. 

11 



HOW YOU SHOULD STUDY THE TEXT 

Naturally, good study habits are important. You should set 
aside a specific time each day to study in an area where you 
can concentrate without being disturbed. Select a time when 
you are at your mental peak, a period when you feel most 

alert. 
Here are a few pointers you will find helpful in getting the 

most out of this volume. 

1. Read each sentence carefully and deliberately. There are 
no unnecessary words or phrases ; each sentence presents 
or supports a thought which is important to your under-
standing of electricity and electronics. 

2. When you are referred to or come to an illustration, stop 
at the end of the sentence you are reading and study the 
illustration. Make sure you have a mental picture of its 
general content. Then continue reading, returning to the 
illustration each time a detailed examination is required. 
The drawings were especially planned to reinforce your 
understanding of the subject. 

3. At the bottom of most right-hand pages you will find 
one or more questions to be answered. Some of these con-
tain "fill-in" blanks. Since more than one word might 
logically fill a given blank, the number of dashes indi-
cates the number of letters in the desired word. In an-
swering the questions, it is important that you actually 
do so in writing, either in the book or on a separate sheet 
of paper. The physical act of writing the answers pro-
vides greater retention than merely thinking the answer. 
Writing will not become a chore since most of the re-
quired answers are short. 

4. Answer all questions in a section before turning the page 
to check the accuracy of your responses. Refer to any of 
the material you have read if you need help. If you don't 
know the answer even after a quick review of the related 
text, finish answering any remaining questions. If the 
answers to any questions you skipped still haven't come 
to you, turn the page and check the answer section. 

5. When you have answered a question incorrectly, return 
to the appropriate paragraph or page and restudy the ma-
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terial. Knowing the correct answer to a question is less 
important than understanding why it is correct. Each 
section of new material is based on previously presented 
information. If there is a weak link in this chain, the 
later material will be more difficult to understand. 

6. In some instances, the text describes certain principles 
in terms of the results of simple experiments. The infor-
mation is presented so that you will gain knowledge 
whether you perform the experiments or not. However, 
you will gain a greater understanding of the subject if 
you do perform the suggested experiments. 

7. Carefully study the review, "What You Have Learned," 
at the end of each chapter. This review will help you 
gauge your knowledge of the information in the chapter 
and actually reinforce your knowledge. When you run 
across statements you don't completely understand, re-
read the sections relating to these statements, and re-
check the questions and answers before going to the 
next chapter. 

This volume has been carefully planned to make the learn-
ing process as easy as possible. Naturally, a certain amount 
of effort on your part is required if you are to obtain the maxi-
mum benefit from the book. However, if you follow the point-
ers just given, your efforts will be well rewarded, and you will 
find that your study of electricity and electronics will be a 
pleasant and interesting experience. 
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Vacuum Tubes 

In this chapter you will 

what you learn how an electric field 
influences the motion of 

will learn electrons. You will be able 
to name the elements of a 

diode tube and to explain how the diode operates. You 
will also learn how graphs are used to show the relation-
ship existing between voltage and current in a diode. 

ELECTRONS IN AN ELECTRIC FIELD 

The electron is a negatively charged particle. Under the 
proper conditions, an electron can be moved by placing it un-
der the influence of an electric field. Such a field is formed 
when a difference of potential, or voltage, exists between two 

METAL PLATES 

BATTERY 

ELECTRIC FIELD 

ELECTRON 

Fig. 1-1. Electron movement in an electric field. 
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points. If free to move in this field, the electron will move 

toward the more positive point. 

Electron Movement in a Vacuum 

It is difficult to control the motion of electrons through a 
medium such as air because the electrons collide with the air 
molecules. For this reason electrons can move more easily in 
a vacuum. 
Many electrons moving in the same direction in an electric 

field form an electron stream. The number of electrons pass-
ing a given point in a given period of time is called current. 
The unit of current is the ampere. When 6 quintillion, 240 
quadrillion electrons pass a point in a circuit each second, a 

current of 1 ampere is said to be flowing. This number of 
electrons is called a coulomb. Therefore, 1 coulomb per sec-
ond is 1 ampere. 

Resistance Between Two Conducting Plates 

Consider two plates placed a specified distance apart in 
a vacuum, and assume electrons are able to leave one of the 
plates. A difference of potential between the plates will cause 
a certain amount of current to flow. If the value of the volt-
age is known and the current can be measured, the resistance 

can be calculated by using Ohm's law. 
One terminal of a 6-volt battery is connected to one of the 

plates, and the other terminal is connected to the other plate 

ELECTRON 
STREAM VACUUM 

ELECTRON 
FLOW 

PLATES 

AMMETER 

E = 6 VOLTS 

I = 2 AMPERES 

E 6 VOLTS  
R — — = 3 OHMS 

I 2 AMPERES 

6 VOLT 
BATTERY 

Fig. 1-2. Resistance measurement between two plates. 
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I = 8 MILLIAMPERES I = 2 MILLIAMPERES 

Fig. 1-3. Variation of current with plate spacing. 

through an ammeter (a current-measuring meter). An elec-
tron stream flows through the vacuum between the plates, and 
the ammeter measures a current of 2 amperes. Using Ohm's 
law, 6 ( volts) divided by 2 (amperes) gives 3 ohms. 

Three factors determine the resistance between a set of 
plates: 1. Distance between the plates. 2. Voltage difference 
between the plates. 3. Temperature of the plates. 

Distance Between the Plates—Fig. 1-3 shows two sets of 
plates with the same voltage applied between the plates of 
each set. The plates in one are twice as far apart as the plates 
in the other. The plates that are d distance apart allow four 
times as much current to flow as the plates D distance apart. 

Q1-1. What is the resistance across the d set of plates? 

Q1-2. What is the resistance across the D set of plates? 

Q1-3. Connect the battery so that the electrons move in 
the direction shown below. 

ELECTRON 

VACUUM 

Q1-4. An electron moves readily in a   

Q1-5. Which way will an electron move in the field shown 
below? 

• 

ELECTRON 

—15 VOLTS 

VACUUM 

20 VOLTS 
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I = 2 MILLIAMPERE 

Your Answers Should Be: 

A1-1. The resistance is 750 ohms. 

E  6 volts  
R — I — 8 milhamps = 750 ohms 

A1-2. The resistance is 3,000 ohms. 

E  6 volts  
R =  I = 2 milliamps = 3'000 ohms 

A 

A1-3. The battery should be connected as shown. 

A1-4. An electron moves readily in a vacuum. 

A1-5. The electron must move away from the more nega-
tive 20-volt plate and move toward the less nega-
tive 15-volt plate. 

Voltage Across the Plates—Fig. 1-4 shows that as the volt-
age across the plates is increased, the current increases. Note, 
however, that although the voltage doubles (from 4 volts to 
8 volts), the current more than doubles (from 2 milliamperes 
to 6 milliamperes). 
The resistance of the 4-volt circuit is 2,000 ohms. The re-

sistance of the 8-volt circuit is 1,333 ohms. It can be seen that 
as the voltage between the plates increases, the resistance be-
tween the plates decreases. 

l 6 MILLIAMPERES 

Fig. 1-4. Current depends on voltage between plates. 
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Temperature of the Plates—Electrons are agitated, or "ex-
cited," by heat. This agitation causes an increase in electron 
velocity (movement), and the increase in velocity makes it 
easier for the electrons to leave the plate. Thus, as the plate 
that emits the electrons is heated, more current flows. 

THE CATHODE AND ELECTRON EMISSION 

Since they are bound to the nucleus of an atom, electrons 
are difficult to move. To flow through an electric field, elec-
trons must bé freed from their atoms. Such electrons are called 
free electrons. 
An electrode from which electrons are emitted is called a 

cathode. One method of generating free electrons is to expose 
certain materials to light. These materials are called photo-
sensitive. If a metal is coated with a photosensitive material 
and then exposed to light, electrons will be emitted. This type 
of emission is called photoelectric emission. 

Certain materials emit electrons readily when heated. This 
is called thermionic emission. 

HEAT SENSITIVE 
COATING 

LIGHT 

(A) Thermionic. 

METAL 
PLATE 

SPECIAL 
PHOTO SENSITIVE 

COATING 

(B) Photoelectric. 

Fig. 1-5. Electron emission. 

Q1-6. As the distance between the plates decreases, the re-
sistance between the plates (increases, decreases). 

Q1-7. As the voltage between the plates decreases, the re-
sistance between the plates (increases, decreases). 

QI-8. As the temperature of the emitting plate is de-
creased, the resistance between the plates (in-
creases, decreases). 
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Your Answers Should Be: 

A1-6. As the distance between the plates decreases, the 
resistance between the plates decreases. 

Al-7. As the voltage between the plates decreases, the re-
sistance between the plates increases. 

A1-8. As the temperature of the emitting plate is de-
creased, the resistance between the plates increases. 

The Heater 

Thermionic emission is the method most commonly used 
to supply free electrons. The element used to supply the heat 
for the cathode is called the heater. The heater is a very thin 
filament of wire through which electric current is passed. If 
coated with a heat-sensitive material, the filament then serves 
as a cathode and is called a directly heated cathode. 

CURRENT 
FLOW 

HEAT-SENSITIVE 
COATING 

Fig. 1-6. Directly heated cathode. 

The indirectly heated cathode is made of a good emitting 
material shaped like a tube or cylinder, open at both ends. A 
filament is placed inside, but not touching, the cathode. No 
heater current passes through the cathode. 

FILAMENT 

20 

BATTERY 

CATHODE 

Fig. 1-7. Indirectly heated cathode. 



ATTRACTING THE EMITTED ELECTRONS 

The free electrons perform useful work if they are moved 
through an electronic circuit. An element called a plate is used 
to attract the electrons emitted from the cathode. The plate, 
made of metal, and the cathode are connected to a source of 

potential which makes the plate positive with respect to the 
cathode. Therefore, the negative electrons flow to the plate 
(often called anode). 

CATHODE 

II 

PLATE 

MI CURRENT FLOW 

" PLATE 
VOLTAGE 

F LAMENT 
VOLTAGE 

Fig. 1-8. Positive plate attracts electrons from cathode. 

Q1-9. An electrode from which electrons are emitted is 
called a   

Q1-10. Electrons are emitted from a substance that has 
been exposed to light. This process is called 
  emission. 

Q1-11. The method most commonly used to generate free 

electrons is called   emission. 

Q1-12. A heated filament coated with a material that will 
emit electrons very readily is called a(an) 

  cathode. 

Q1-13. A heated cathode through which no heating cur-
rent passes is called a(an)   
  cathode. 

Q1-14. The element that attracts electrons emitted from 
the cathode is called the   
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Your Answers Should Be: 

A1-9. An electrode from which electrons are emitted is 

called a cathode. 

A1-10. Electrons are emitted from a substance that has 

been exposed to light. This process is called photo-
electric emission. 

A1-11. The method most commonly used to generate free 
electrons is called thermionic emission. 

A1-12. A heated filament coated with a material that will 

emit electrons very readily is called a directly 
heated cathode. 

A1-13. A heated cathode through which no heating cur-
rent passes is called an indirectly heated cathode. 

A1-14. The element that attracts electrons emitted from 
the cathode is called the plate. 

DEVELOPMENT OF THE DIODE 

In one of his experiments with the electric lamp, Thomas 

A. Edison placed a small metal plate inside the evacuated en-
velope surrounding the filament. This plate was not touching 
the filament. By placing a galvanometer (a very sensitive am-
meter) between the positive side of the filament and the plate, 

PLATE 
Fig. 1-9. Circuit for demonstrating 

FILAMENT Edison effect. 

CURRENT FLOW 

Edison noted a current was flowing through the seemingly 
open circuit between the filament and the metal plate. This ac-

tion is known as the Edison effect. 
In 1904 Ambrose Fleming improved the plate by forming 

it into a tubular shape and using it to completely surround 
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the filament. This two-element tube was called a diode. Flem-
ing's experiments with the diode proved that current flowed 
through it in only one direction—from cathode to plate. Flem-
ing tried an experiment similar to that shown in Fig. 1-10. 

GALVANOMETER 

(A) Current flow. 

GALVANOMETER 

(B) No current flow. 

Fig. 1-10. Circuit for demonstrating undirectional conduction of a diode. 

In the figure showing Edison's experiment, notice that the 
sides of the filament connected to the galvanometer and to the 
plate are at the same positive potential (the voltage of the 
battery). Therefore, current cannot flow between these two 
points. However, the side of the filament connected to the 
negative terminal of the battery is negative with respect to 
the plate. As a result, electrons emitted from this side (nega-
tive) of the filament are attracted to the plate and cause a 
small current through the galvanometer. 

In Fleming% experiment, a similar situation existed when 
the galvanometer was connected to the positive side of the fila-
ment. However, when the galvanometer is connected to the 
negative side of the filament, the plate and that side of the fila-
ment are at the same potential. But the plate is more negative 
than the positive side of the filament. Therefore, no current 
flows through the galvanometer. 

Q1-15. A two-element tube is called a   

Q1-16. The apparent flow of current between a filament 
and a plate is called the   • 

Q1-17. Diode current flows only from to 

• 
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Your Answers Should Be: 

A1-15. A two-element tube is called a diode. 

A1-16. The apparent flow of current between a filament 
and a plate is called the Edison effect. 

A1-17. Diode current flows only from cathode to plate. 

THE CATHODE 

The directly heated cathode is a "coated" filament. The fila-
ment is often made of tungsten coated with thorium (this is 
called thoriated tungsten). The thorium acts as a good emitter 
of electrons when it is heated. The electrons emitted by the 
thorium are replaced by the tungsten. Fig. 1-11 shows how the 
filament battery sends current through the filament, heating 
it and causing it to emit electrons. 

ICURRENT FLOW 

PLATE 

FILAMENT 

PLATE 

CATHODE 

HEATER 

II 

(B) Indirectly heated. 

CURRENT 
FLOW 

(A) Directly heated. 

Fig. 1-11. Types of cathodes. 

The indirectly heated cathode consists of a metal cylinder 
heated by a filament placed inside, but not touching it. This 
type of cathode is usually coated with barium or strontium 
oxide, which serves as the electron-emitting material. 

THE PLATE 

In the diode, the element that collects the electrons is called 
the plate. This element is usually constructed so that it com-
pletely surrounds the cathode. 
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A pictorial representation of a diode with an indirectly 
heated cathode is shown in Fig. 1-12. Current flowing through 
the heater heats the cathode. The cathode emits electrons 
which flow to the plate and through the battery back to the 
cathode. Fig. 1-12 also shows the actual construction of a di-
ode with a directly heated cathode. 

PLATE 
CURRENT 

PLATE 

HEATER 

CATHODE 

HEATER 
CURRENT 

PLATE 

GETTER 

FILAMENT 
PINS 

FILAMENT 

GLASS 
ENVELOPE 

BASE 

SOCKET 

(A) Indirectly heated cathode. (B) Directly heated cathode. 

Fig. 1-12. Diode construction. 

Because of the gases retained in the metal parts, it is very 
difficult to completely evacuate a vacuum tube. For this rea-
son, a part called the getter is provided. The tube elements 
are brought up to a red heat after the air has been pumped 
from the tube. This releases the trapped gases, and then the 
getter is caused to burn quickly by an electromagnetic field 
surrounding the tube. The getter absorbs the gases released 
by the heat and, in the process, deposits a silver coating on 
the inside of the glass envelope. 

Q1-18. In a diode, the element that emits electrons is 
called a   

Q1-19. A separate filament circuit is used to provide heat 
for the   heated cathode. 

Q1-20. A   is used to remove gases retained in 
the metal parts of a diode. 
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Your Answers Should Be: 

A1-18. In a diode the element that emits electrons is called 
a cathode. 

A1-19. A separate filament circuit is used to provide heat 
for the indirectly heated cathode. 

A1-20. A getter is used to remove gases retained in the 
metal parts of a diode. 

TUBE CHARACTERISTICS AND 
EFFECTIVE RESISTANCE 

Three factors affect the amount of current through a diode. 
They are the temperature of the cathode, the voltage between 
the plate and cathode, and the space charge. 

Temperature of the Cathode 

The hotter the cathode becomes, the more electrons it emits 
per unit time. There are practical limits to this, however. If the 

o o 

o o 

o o 

MALLER 
VOLTAGE 

O 0 0 

O 0 0 

O 0 0 

O 0 0 

O 0 0 

111i 

LARGER 
VOLTAGE 

Fig. 1-13. Current flow is affected by plate voltage. 

temperature of the cathode is increased too much, the filament 
will burn out. Also, if the voltage is too high, the diode will 
be destroyed. In addition, there is a limit to the maximum rate 
at which a cathode can emit electrons. 

Plate Voltage 

As the positive voltage of the plate increases with respect 
to the cathode, current flow through the tube increases. 

There is also a limit to the tube current that can be obtained 
by increasing the plate voltage, because the plate cannot at-
tract more electrons than the cathode emits. 
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IL) 0 

0 0 

0 0 

uF 
SAME VOLTAGE 

Fig. 1-14. Current flow is affected by tube-element spacing. 
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Suppose that the voltage on the plate remained the same 
but the plate was moved closer to the cathode. How would this 
affect the current through the diode? Under these conditions 
the current would increase. 

Q1-21. Supply the missing meter pointer (approximate 
position) in the figure below. 

3 VOLTS 3 VOLTS 

Q1-22. If resistors RA and Ri, in the two circuits below are 
identical, which resistor will have the higher tem-
perature? 

VI 

20 200 
VCLS VOLTS 

DC OC 

Q1-23. Moving the plate away from the cathode ( in-
creases, decreases) the current flow through the 
diode. 
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A1-21. The needle should indicate that there is more cur-
rent flow in the plate circuit of the diode. As the 
arm of the potentiometer in the filament circuit is 
positioned farther to the left, more current flows 
in the filament circuit. The filament gets hotter and 
emits more electrons, and more current then flows 
in the plate circuit. 

A1-22. With a higher plate voltage (200 volts), V2 con-
ducts more current than V1, and the current 
through RR is more than the current through RA. 
Therefore PRB is greater than I2RA, and RB is hot-
ter than RA. 

A1-23. Moving the plate away from the cathode decreases 
the current flow through the diode. 

Space Charge 

A condition called "space charge" plays an important part 
in the operation of a vacuum tube. In Fig. 1-15 heat acts as 
the driving force to push electron number 1 into the space 

ARROWS 7 INDICATE 
REPELLENT 

FORCE 
BETWEEN 1 ELECTRONS 

0\ 

4ARROWS INDICATE 
REPELLENT 

FORCE 
BETWEEN 
E4CTRONÎ,  

o 

CATHODE CATHODE 

(A) Electrons begin leaving cathode. (B) More electrons leave cathode. 
Fig. 1-15. Forming a space charge. 

around the cathode. Initially, the electron has much energy. 
However, most of this energy is used up in breaking away 
from the cathode. The electron moves very slowly out into 
the space around the cathode and soon stops moving. Since 
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the cathode has lost one of its electrons, it now has more 
positive charges (protons) than electrons. 
As a result, the electron is attracted back to the now posi-

tive cathode. However, heat is still driving other electrons 
from the cathode. As electron number 1 heads back toward 
the cathode, it encounters electrons 2 and 3. Since they are 
also negative, they repel electron number 1, preventing it from 
returning to the cathode. The attempt of these electrons to 
return to the cathode is blocked by electrons 4, 5, and 6, and 
so on. As the electrons move out into space, they form a cloud 
of negative charges. The larger this cloud becomes, the more 
opposition it offers to additional electrons leaving the cathode. 

ARROWS INDICATE 
REPELLENT FORCE 
BETWEEN ELECTRONS 

e 
e 
e 
e 
e 
e 
e 
e 
e 

!etl SPACE 
\liZCHARGE 

CATHODE 

Fig. 1-16. Emission saturation. 

Finally, a point is reached where, when a sufficient quan-
tity of electrons has been emitted, the cloud has enough nega-
tive charge to force newly emitted electrons back to the cath-
ode. From then on, for every electron emitted by the cathode, 
one will be returned to the cathode. This condition of equilib-
rium is called emission saturation. The cloud of electrons 
around the cathode is called the space charge. 

Q1-24. The cloud of electrons that forms around the cath-
ode is called the   

Q1-25. The condition of equilibrium of the electron cloud 
around the cathode is called   
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AI-24. The cloud of electrons that forms around the cath-
ode is called the space charge. 

A1-25. The condition of equilibrium of the electron cloud 
around the cathode is called emission saturation. 

HOW THE SPACE CHARGE 
AFFECTS CURRENT FLOW 

When a plate is placed in a vacuum tube, it does not receive 
electrons directly from the cathode. Instead, it takes them from 

the side of the space charge nearest the plate. 

SPACE CHARGE 

CATHODE EMITS ELECTRON 
I SPACE CHARGE °o c°) 0 I 

RETURNS ELECTRON o o 0 

o o 0 

-4--0- O o O 

O o 0 

o o 0 

O o 0 

o  o o 0   

PLATE REMOVES ELECTRON. 
CATHODE REPLACES ELECTRON 

CATHODE CATHODE 
SPACE CHARGE SPACE CHARGE 
EQUILIBRIUM PLATE EQUILIBRIUM 

Fig. 1-17. Two equilibrium conditions in a diode. 

Each time the plate removes one electron from the space 

charge, the overall negative charge is decreased. Another elec-
tron must then be placed in the space charge to take its place. 
Thus, equilibrium ( state of balance) in the space charge is 
maintained. Note there are now two conditions of equilibrium 
being maintained. One is when the electrons are emitted by 

the cathode into the space charge and are then returned to the 
cathode. The other condition of equilibrium is when the plate 
removes an electron from the space charge and the cathode 
replaces this electron. 

30 



Space-Charge Equilibrium 

A state of equilibrium is set up between the plate, the cath-
ode, and the space charge. This is shown in Fig. 1-18. Elec-
trons are emitted from the cathode into the space charge from 
which the plate draws some electrons (plate current). The re-
maining or surplus electrons not required by the plate are 
returned to the cathode. The quantity returned is the differ-
ence between the amount of electrons originally emitted by 
the cathode and the amount going to make up the plate current. 
The result of all this is that the space charge is maintained 
at a constant size. In other words, it reaches and stays in a 
state of equilibrium. 

This cloud of electrons making up the space charge pro-
vides a steady source of electrons for the plate current. This 
reservoir permits short periods of greater plate current flow 
than could be supplied directly from the cathode. 

A 

H 

o 

E 

RETURNED 
ELECIRONS 

c.000 

0 0 0 0 

=c ---ot 

EMITTED 
ELECTRONs 

SPACE 
CHARGE 

0 0 0 0 

PLATE 
CURRENT 

Fig. 1-18. Equilibrium in a diode. 

Q1-26. The space charge is a substantial (negative, posi-
tive) charge between cathode and plate. 

Q1-27. The field that repels the electrons emitted by the 
cathode lies between the and the 

Q1-28. The field that removes electrons from the space 
charges lies between the     and 
the  

Q1-29. The plate exerts its force directly on the   
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A1-26. The space charge is a substantial negative charge 
between the cathode and the plate. 

A1-27. The field that repels the electrons emitted by the 
cathode lies between the cathode and the space 
charge. 

A1-28. The field that removes electrons from the space 
charge lies between the space charge and the plate. 

A1-29. The plate exerts its force directly on the space 
charge. 

Current-Flow Control 

In Fig. 1-19, the applied plate voltage is 100 volts. This re-
sults in a plate current of 18 mA (milliamperes). The cathode 

CATHODE 

52 mA 

70 mA 
::). 

SPACE 
CHARGE 

 111111111 

100 VOLTS 

18 mA 
l e> 

PLATE 

Fig. 1-19. Plate 100 volts positive. 

emits enough electrons to produce a current of 70 mA, but the 
space charge prevents some of them from reaching the plate. 
The 52-mA surplus is returned to the cathode. 

If the plate voltage is increased to 200 volts, the plate cur-
rent becomes 50 mA, and the current returned is 20 mA. 
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Fig. 1-20. Plate 200 volts positive. 



In Fig. 1-21, the plate voltage has been increased to 400 
volts, and the plate current becomes 69 mA. Note that in each 
of these cases the sum of the plate current and the current 
returned to the cathode is equal to the current emitted by 
the cathode. 

CATHODE 

I mA 
<1 

70 mA 
E> 

'SPACE 
CHARGE 

mA 

 111111111 
400 VOLTS 

Fig. 1-21. Plate 400 volts positive. 

PLATE 

When the plate voltage is increased to 450 volts, the plate 
current equals the cathode emission. This is illustrated in the 
figure below. 

70 mA 70 mA PLATE 
CATHODE 1). SPACE . 1> 

CHARGE.. ' , 

450 VOLTS OR MORE 

1111111111+ 

Fig. 1-22. Plate 450 volts or more positive. 

Any further increase in the plate voltage will result in re-
ducing the space charge. Then the voltage on the plate acts 
directly on the cathode and forces the cathode to emit more 
electrons than it is designed to emit. This results in rapid de-
struction of the emitting material and reduced life of the tube. 

Q1-30. Draw a diagram showing the conditions of equilib-
rium in a diode. 

Q1-31. The number of electrons returned to the cathode 
plus the     equals the number 
of electrons emitted by the cathode. 

Q1-32. If the emitted electrons produce a current of 90 mA 
and the returned electrons produce a current of 30 
mA, the plate current is mA. 
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A1-30. Your diagram should be similar to the one on 
page 32. 

A1-31. The number of electrons returned to the cathode 
plus the plate current equals the number of elec-
trons emitted by the cathode. 

Al.-32. If the emitted electrons produce a current of 90 
mA and the returned electrons produce a current 

of 30 mA, the plate current is 60 mA. 

GRAPH OF PLATE VOLTAGE VERSUS 
PLATE CURRENT 

The most important fact to remember about a diode is how 
much current it will pass with a given amount of plate voltage. 
This type of information is summarized by a graph of plate 

voltage versus plate current. 

80 
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200 VOLTS 
50 mA 

100 VOLTS 
18 mA 

lamb el•M 

\ 
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50 100 150 200 250 300 350 400 450 500 

PLATE VOLTS 

Fig. 1-23. Graph of plate voltage versus plate current. 



Each point on the graph represents a plate current for a 
particular plate voltage. For instance, the current for a plate 
voltage of 100 volts is found by drawing a vertical line from 
the 100-volt point on the horizontal axis to the curve. This lo-
cates point A. A horizontal line through point A passes through 
the 18-mA point on the vertical axis. Thus the graph shows 
that a current of 18 mA flows through the diode when the plate 
voltage is 100 volts. The current corresponding to any value 
of plate voltage can be found in the same way. 

The graph can also be used to determine the plate voltage 
necessary to cause a certain amount of current to flow. Assume 
that you wish to know the value of plate voltage required to 
cause a current of 50 mA. First find the 50-mA point on the 
vertical axis. A horizontal line through this point intersects 
the curve at point B. A vertical line through point B passes 
through the 200-volt point on the horizontal axis. Therefore, 
a plate voltage of 200 volts is required to produce a current 
flow of 50 mA. 

A graph similar to the one shown here can be prepared for 
any type of diode tube. Of course, a graph for one type of 
tube usually cannot be used to find voltage and current values 
for another type of tube. 

Notice the knee of the curve at around 400 volts. Increasing 
the voltage in this area changes the plate current very little. 
Therefore, this must be the point where practically all of the 
emitted electrons are being attracted to the plate. 
You have just seen how to use a graph of plate voltage ver-

sus plate current. The illustration in Fig. 1-24 shows a circuit 
that can be used to obtain data for such a graph. 

Q1-33. In a graph of plate current versus plate voltage, 
the voltage is shown along the   
axis. 

Q1-34. In a graph of plate current versus plate voltage, 
the current is shown along the axis. 

Q1-35. The part of the curve where all of the emitted elec-
trons are attracted to the plate is called the _ _ _ _ 
of the curve. 

Q1-36. A graph for one type of tube usually (can, cannot) 
be used for another type of tube. 
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A1-33. In a graph of plate current versus plate voltage, 
the voltage is shown along the horizontal axis. 

A1-34. In a graph of plate current versus plate voltage, 
the current is shown along the vertical axis. 

A1-35. The part of the curve where all of the emitted elec-
trons are attracted to the plate is called the knee 

of the curve. 

A1-36. A graph for one type of tube usually cannot be 
used for another type of tube. 

PLOTTING A PLATE-VOLTAGE, 
PLATE-CURRENT CURVE 

To plot a plate-voltage, plate-current curve, the arrange-
ment in Fig. 1-24 can be used. Each time the position of the 

FILAMENT 7=7 
BATTERY - CATHODE 

v01, TME TER 

PLATE 

MILLIAMMETER 

VARIABLE 
RESISTOR 

 11111E1- PLATE VOLTAGE BATTERY 

Fig. 1-24. Circuit to obtain data for graph. 

arm of the variable resistor is changed, read the voltage and 
the current. After recording several of these readings, plot a 
graph similar to the one in Fig. 1-23. 

EFFECT OF PLATE VOLTAGE ON 
EFFECTIVE RESISTANCE 

Remember the effective resistance between conducting plates 
in a vacuum? This same opposition exists between the cathode 
and plate of a vacuum tube and is called de plate resistance, R. 
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Calculating DC Plate Resistance 

Assume that the graph in Fig. 1-25 has been obtained by 
taking voltage and current readings on a diode tube. 

80 

70 

60 

20 

10 

200 VOLTS 
50 mA 

100 VOLTS 
18 mA 

C 

400 VOLTS I 
69 mA 

450 VOLTS 
70 mA 

50 100 150 200 250 300 350 400 450 500 
PLATE VOLTS 

Fig.. 1-25. Points for calculating dc plate ,resistance. 

To see how the de plate resistance varies with plate voltage, 
calculate R at each of the points marked on the graph. The cal-
culations yield the following results: 

Point A : 100 volts  5,555 ohms 18 mA 

Point B: - 200 volts 4 000 ohms 
50 mA ' 

. 400 volts  Point C: 5 800 ohms 

69 mA ' 

. 450 volts 
Point D: 70 mA  = 6,429 ohms 

Q1-37. To obtain data for a graph of plate current versus 
plate voltage,   readings are taken as 
the   is varied. 

37 



Your Answer Should Be: 

A1-37. To obtain data for a graph of plate current versus 
plate voltage, current readings are taken as the 
voltage is varied. 

Variations of DC Plate Resistance 

In going from point A to point B (see Fig. 1-25), the plate 
voltage increases and the de plate resistance decreases. How-
ever, in going from point B to point D, the resistance increases 
as the voltage increases. This happens because points C and 
D are on the knee of the curve. The portion of the curve be-
tween points A and B is almost (but not quite) a straight line. 
It is often called the linear part of the curve. Normally, in the 
linear part of the curve, Rp decreases when the plate voltage 

is increased. 

APPLICATIONS 

Because of the unidirectional current characteristic of the 
diode, it can perform many valuable functions. In Fig. 1-26, 

INPUT SIGNAL 

11 DIODE 
DETECTOR 

Fig. 1-26. Detection. 

OUTPUT SIGNAL 

the diode is used as a detector. A typical tv picture signal is 
shown. It is passed through a diode detector which selects only 
the positive half of the signal. 
A diode can also eliminate undesired portions of a signal. 

This is called limiting, or clipping. In Fig. 1-27, another type 
of tv signal is shown; it is the composite video signal. For 
certain applications, only the two sync pulses are needed. 

COMPOSITE 
VIDEO SIGNAL 

fr11----11L 
SYNC PULSES 
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Fig. 1-27. Clipping. 
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The composite video signal is sent through a diode sync sepa-
rator which clips the video and leaves the sync signal. 

COMPOSITE VIDEO SIGNAL COMPOSITE VIDEO SIGNAL 
• 20 j-

vo! 

PEDESTAL 

DIODE 
CLAMP 

Fig. 1-28. Clamping. 

JL 

Another use for a diode is to maintain a special voltage 
level for a signal—this is called clamping, or DC restoration. 
Fig. 1-28 shows a composite video signal whose pedestal is 
riding at positive 20 volts. The diode clamp causes this pedestal 
to ride at negative 50 volts. 

AC 

DIODE 
RECTIFIER 

Fig. 1-29. Rectification. 

PULSATING DC 

In Fig. 1-29, an ac signal is shown entering a diode recti-
fier and leaving as pulsating de. This step in changing ac to dc 
is called rectification. It is the basis for all electronic power 
supplies. 

irm 
GAT I  -L 
OPEN II 

DIODE 
GATE 

Fig. 1-30. Gating. 

In gate-circuit action, several signals must be present at 
the same time for an output to be obtained. In Fig. 1-30 you 
see one signal which opens the gate at regular intervals. How-
ever, the only time there is an output is when two signals are 
present at the same time. 

Q1-38. A diode circuit used to pass one-half of a signal is 
a  

Q1-39. A diode circuit used as a sync separator is a 

Q1-40. A   changes ac to pulsating dc. 
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A1-38. A diode circuit used to pass one-half of a signal 
is a detector. 

A1-39. A diode circuit used as a sync separator is a clip-
per. 

A1-40. A rectifier changes ac to pulsating dc. 

WHAT YOU HAVE LEARNED 

1. Electrons move most easily in a vacuum. 
2. Electrons move from negative to positive in an electric 

field. 
3. Electrons are emitted from the cathode of a diode tube 

and are attracted to the plate. 
4. Some cathodes emit electrons due to the action of light 

and others due to the action of heat. 
5. Cathodes may be either directly or indirectly heated. 
6. A space charge consisting of a cloud of electrons exists 

between the cathode and the plate. 
7. Equilibrium normally exists in a diode between the cath-

ode and the space charge and between the cathode, space 

charge, and plate. 
8. The relationship of plate voltage and plate current in a 

diode can be shown by a graph. 
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2 

Multielement Tubes 

what you You will learn about tri-
odes, tetrodes, and pen-

will learn todes. You will be shown 
schematic symbols for 
these tubes and the short-

hand notations used to identify the various voltages and 
currents associated with amplifiers. You will learn about 
the three tube parameters (amplification factor, ac plate 
resistance, and transconductance) and about bias. You 
will also learn how to use a tube manual to obtain infor-
mation about vacuum tubes. 

THE TRIODE 

In 1907 Lee De Forest took out a patent on a Fleming valve 
containing a third element. Because of its gridiron-like con-
struction, this element was called a grid. This three-element 
vacuum tube is called a triode. 
De Forest's experiments proved that the triode could do 

something that had never been done before—it could make 
small signals larger. The process of making strong signals out 
of weak signals is called amplification. The triode is often used 
as an amplifier. 

PLATE 

GRID 

CATHODE 

HEATER 

Fig. 2-1. Typical triode. 

41 



ELLIPTICA 
HELIX 

THE GRID 

Through the years, grids have been constructed in many 
different ways. Some of these are improvements on the basic 
design, and others are for new applications. All of the grids 
have one thing in common—they are always placed between 
the cathode and the plate. 

IRREGULAR CIRCULAR 
HELIX HELIX 

Fig. 2-2. Typical grids. 

LADDER 
TYPE 

The Grid Introduces a Third Electric Field 

Adding a grid between the cathode and the plate introduces 
another electric field in the triode. The effect of this additional 
electric field is shown in Fig. 2-3. 

CATHODE IZERO VOLTS 

GRID NEGATIVEI 

SPACE 
CHARGE 17  

GRID REPELS ELECTRONS 
LEAVING SPACE CHARGE 

I PLATE 

Fig. 2-3. Effect of the grid in a triode. 

The direction of this field is determined by the polarity of 
the voltage applied to the grid. For reasons which will become 
evident later, the grid is operated with a small negative volt-
age (relative to the cathode) applied to it. The effect of this 
voltage is to repel electrons which would otherwise leave the 
space charge and flow to the plate. 

Plate Voltage Accelerates Electrons 

As plate voltage is applied to the triode, electrons leave 
the space charge and head for the plate. As they travel toward 
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the plate, they gain momentum. As they approach the grid, 

the negative voltage on this element slows them down. Some, 

in fact, are even turned back to the space charge. However, 

due to the mesh-like construction of the grid, many of the elec-

trons pass between the wires and continue on to the plate. 

CATHODE J 
IZERO VOLTAGE) 

SOME ELECTRONS MOST ELECTRONS 
RETURN TO THE PASS THROUGH 
SPACE CHARGE GRID TO PLATE 

e PLATE A-
O  )   SPACE (POSITIVE) 
Ete4  

CHARGE oe ' 
e 

GRID 
(NEGATIVE) 

Fig. 2-4. Electron movement in a triode. 

Distance Between the Grid and Cathode 

This factor of triode construction affects the electron flow 

in the following manner. The slower the electrons move, the 

easier it is to stop them and return them to the space charge. 

Therefore, a grid placed near the space charge (before the 

electrons have gained much momentum) is better able to stop 

the electrons than one placed farther away (where the elec-

trons have had a chance to gain momentum). In other words, 

the closer the grid is to the cathode, the more control it will 
have on electron flow to the plate. 

WILL CLOSE 
SPACIN SPACING 

ajr----1›.: II) ir—  e II L  
a > 1-  

a 

LARGE SMALL 
CURRENT CURRENT 

Fig. 2-5. Effect of cathode-grid distance on plate current. 

Q2-1. A three-element tube is called a   

Q2-2. What are the names of the elements of a triode? 

Q2-3. The process of making small signals larger is called 

Q2-4. The negative grid tends to   electrons 
from reaching the plate. 
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A2-1. A three-element tube is called a triode. 

A2-2. The names of the three elements of a triode are the 
plate, the grid, and the cathode. 

A2-3. The process of making small signals larger is called 
amplification. 

A2-4. The negative grid tends to prevent electrons from 
reaching the plate. 

Spacing Between the Grid Wires 

This factor of construction affects the flow of plate current 
in a rather obvious manner. Closely spaced grid wires tend to 
concentrate the electric field. Therefore, the grid is better able 
to turn back the electrons when the grid wires are closely 
spaced. That is, the electrons have less chance of passing 
through the grid wires. 

WIDE GRID 
SPAIING 

1:1 e> E 

t 
LARGE 

CURRENT 

CLOSE GRID 
SPACING 

/ 
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o A 

8 I 
SMALL 
CURRENT 
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Fig. 2-6. Effect of wide grid spacing 
on plate current. 

Fig. 2-7. Effect of close grid spacing 

on plate current. 



Negative Voltage Applied to the Grid 

As the grid is made more negative with respect to the cath-
ode, its repelling effect becomes greater. Therefore, the more 
negative the grid, the less the plate current will be. 

SMALL VOLTAGE LARGE CURRENT 

LARGE VOLTAGE 

F1111111111-1 

1=* 

SMALL CURRENT 

Fig. 2-8. Effect of grid voltage on plate current. 

Q2-5. The grid is separated (negative, positive) with re-
spect to the cathode. 

Q2-6. The farther the grid is from the cathode, the (more, 
less) the plate current is. 

Q2-7. The wider the spacing between the grid wires, the 
(more, less) the plate current is. 

Q2-8. Which meter, MI or M2, measures more voltage? 

Q2-9. The more negative the grid, the ( mo •e, less) the 
plate current. 
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A2-5. The grid is operated negative with respect to the 
cathode. 

A2-6. The farther the grid is from the cathode, the more 
the plate current is. 

A2-7. The wider the spacing betwen the grid wires, the 
more the plate current is. 

A2-8. Mo measures more voltage. The plate voltages are 
the same. The grid voltage of V. is less negative 
than that of V,. Therefore, Vo conducts more, caus-
ing a larger voltage drop across R, than across R1. 
Meter Mo thus measures more voltage than M,. 

A2-9. The more negative the grid, the less the plate cur-
rent. 

EFFECT OF THE GRID 
ON TRIODE PLATE CURRENT 

The plate and cathode in a triode are essentially the same 
as those used in a diode. You know that increasing the voltage 
on the plate increases the plate current. The grid can also be 
used to increase plate current. However, since the voltage on 
the grid is a small negative voltage as opposed to the large 
positive voltage on the plate, the grid is made less negative to 
increase the plate current. Making the grid less negative is 
the same as making it more positive. Thus, there are two ways 
of varying the plate current. However, one of these ways pro-
vides more efficient control than the other. Since the grid is 
nearer to the cathode, its effect on the electrons is much greater 
than that of the plate. 
Look at Fig. 2-9. In the upper left corner is a tube whose 

grid voltage is —10 volts and whose plate voltage is +150 volts. 
This results in a current flow of 20 mA. When the plate volt-
age is increased to +200 volts, the plate current is 30 mA, a 
10-mA increase. 
Now look at the tube in the upper right corner of Fig. 2-9. 

Again the plate voltage starts at +150 volts and the grid volt-
age starts at —10 volts, resulting in a plate current flow of 
20 mA. But this time the plate voltage is kept at + 150 volts 
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and the grid voltage is varied from —10 to —8 volts. The plate 
current changes 10 mA as before, from 20 mA to 30 mA. Thus, 
to change the plate current 10 mA, either the plate voltage 
can be changed 50 volts or the grid voltage changed 2 volts 
(for the tube in this example). In most cases, this is done by 
varying the grid voltage. 

A , 
 SAME! GRID 

VOLTAGE 

E 
+150 V 

E 
+200 V 

20 mA 

PLATE 
CURRENT 

30 mA 

I 
1 
I 

+150V — 10 V 

--I 
SAME PLATE 
VOLTAGE 

o 
o 
o 
o 

—8V 

L 
L 

Fig. 2-9. Relative effects of changes in grid and plate voltage. 

The constant use of the terms plate voltage, grid voltage, 
and filament voltage has led to the use of some simple short-
hand notations, as shown in Fig. 2-10. 

Fig. 2-10. Letter designations for 

triode voltage supplies. 
= 

g ...... 
-.7--

Q2-10. List the following resistors in order of decreasing 
wattage rating. 

R1 = R2 = R3 
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A2-10. R29 R3e R1. Since all of the resistors have the same 
resistance, the one through which the most current 
flows requires the highest wattage rating. All that 
is necessary is to determine which tube has the 
highest plate current. V, and V., both have plate 
voltages of 200 volts, but V., has a grid voltage that 
is less negative than V1 by 10 volts. Therefore V2 
conducts more heavily than V1. The grid voltages 
of V, and V3 are the same, but the plate voltage of 
V3 is 10 volts higher than the plate voltage of V1. 
For this reason, V3 also conducts more heavily 
than V,. Thus, V1 has the least plate current; its 
resistor needs the lowest wattage rating. Note that 
both V2 and V:, have had a change of 10 volts (with 
respect to V1)—V2 +10 volts to the grid and V3 
+10 volts to the plate. Since the grid has more ef-
fect on the plate current and since the voltage 
changes were the same, V2 must conduct more 
heavily than V3. Thus R2 requires a higher watt-
age rating than R2. 

TUBE CHARACTERISTICS 

You have already learned that three factors affect the 
amount of current passing through a diode. These are the 
temperature of the cathode, the voltage on the plate (with 
respect to the cathode), and the space charge. The plate cur-
rent of a triode is also affected by all of these factors and, 
in addition, one more—the voltage on the grid with respect 
to the cathode. 
Remember the diode characteristic called de plate resistance 

(Rn) Increases in plate voltage cause decreases in Rp ( in the 
linear part of the curve). Do changes in grid voltage affect 
the 11„ of a triode in a similar fashion? To find out, plot a curve 
of grid voltage versus plate current. The circuit shown in the 
figure on the next page can be used to obtain the information 
for this curve. The method used to obtain this information is 
also explained in the paragraphs that accompany the illus-
tration. 
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Grid-Voltage, Plate-Current Characteristic 

Note that the filament voltage is not shown in Fig. 2-11, 
but it must be supplied. The plate-supply voltage (Eb) is 250 

11 PLATE CURRENT 
ly 

PLATE 
-= PLATE SUPPLY 

VOLTAGE VOLTAGE 
(Epl Eb = 250 V 

COMMON REFERENCE 

Fig. 2-11. Circuit to obtain data for triode characteristic curve. 

volts, but any voltage may be used as long as it is correct for 
the tube you have selected (you may determine this voltage 
from a tube manual). The plate-supply voltage will be held 
constant throughout this test. Adjust Rg until some plate-
current flow is indicated on ammeter A. Read the value of 
this current and the grid voltage and record these values. 
Continue to change the grid voltage and read the two meters 
until you have obtained about five pairs of readings. Plot the 

data on a graph. You should obtain a graph similar to that 
shown in Fig. 2-12. 

11 6 
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Fig. 2-12. Triode plate current versus grid voltage. 
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Q2-11. Determine R1, for each of the points on the graph. 
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Your Answers Should Be: 

A2-11. For each of the selected grid voltages, R, should 

be: 

cg RP 
—7 21.4K 
—10 53.2K 
—12 147K 
—14 833K 

Sample Calculation: 

D  Eb 250 V  
-"" — I, 4.7 mA 
R„ = 53.2K 

First find the point at which a vertical line through 
the desired grid voltage intersects the curve. Next, 
observe where a horizontal line through this point 
on the curve passes through the vertical axis. Read 
the plate current at this point. Use this value along 
with the value of Eb to calculate R. 

Shorthand Notations 

Below is a list of some of the shorthand notations used to 
represent the various voltages and currents associated with 
a triode. 

Eb = the plate-supply voltage. 
e, = the instantaneous total plate voltage. 
Ib = the average total plate current. 
E, = the control-grid supply voltage. 
cg = the instantaneous total grid voltage. 

Note that capital letters are used to indicate source or aver-
age values and small letters are used to indicate instanta-
neous values. 

FAMILIES OF CURVES 

When discussing the characteristics of a diode, it was only 
necessary to plot one curve to completely describe the behav-
ior of the tube. However, with the addition of a grid, another 
variable must be added to cover the operating conditions. In 
plotting the curve of grid voltage versus plate current, one 
of the tube voltages must be maintained constant or the re-
sult will be meaningless. In plotting the grid-voltage, plate-
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current curve, the plate voltage was maintained constant at 
250 volts. Plot the curve again for plate voltages of 200 and 
300 volts. These curves make up a family of curves to de-

scribe the operation of the triode almost as thoroughly as the 
one curve described the operation of the diode. To improve 

on the coverage given by these curves, just add additional 
curves at other plate voltages. This group of curves is called 
the grid family of characteristic curves. 

Grid Family of Curves 

Fig. 2-13 shows a grid family of characteristic curves. Three 
of the curves were determined previously—the ones for El, 

equal to 300, 250, and 200 volts. Note the points at which the 
plate current is zero. The grid voltage that is sufficiently nega-
tive to stop the flow of plate current is called the cutoff volt-
age. Note that the higher the value of Eb, the more negative 
the cutoff voltage is. 

12 

—1 

GRID VOLTAGE (Eg) 

Fig. 2-13. Grid family of characteristic curves. 
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Q2-12. A group of curves that describes the operation of a 
tube is called a of 

  curves. 

Q2-13.   letters are used to indicate source or 
average values; letters are used to indi-
cate instantaneous values. 

Q2-14. The   voltage is held constant for each 
curve in a grid family of characteristic curves. 
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Your Answers Should Be: 

A2-12. A group of curves that describes the operation of a 
a tube is called a family of characteristic curves. 

A2-13. Capital letters are used to indicate source or aver-
age values; small letters are used to indicate in-
stantaneous values. 

A2-14. The plate voltage is held constant for each curve 
in a grid family of characteristic curves. 

Interpreting the Curves 

Suppose that R, was calculated for the points shown in Fig. 
2-13. When ei, is 300 volts, R9 is 60K; when ep is 100 volts, Ri, 
is 20K. These results seem to show that as the plate voltage de-
creases, R9 decreases. Why was this wrong conclusion reached? 
The plate voltage was changed at the same time the grid volt-
age was changed. Note, however, that the plate current re-
mains the same. You will soon see that even though this method 
of collecting information does not give the correct information 
about how the R9 of a tube varies with plate voltage, it does 
offer very useful information. This information is one of three 
measures of the usefulness of a tube known as tube param-
eters. 

TUBE PARAMETERS 

In referring to vacuum tubes, the term parameter is defined 
as a measure. It is usually a combination of more than one 
measure (often a ratio). A parameter is normally fairly con-
stant for the item it describes. 

Suppose you wish to describe a bar of steel. You might say 
that it is 6 feet long, but this can change (you might cut some 
of it off). Its weight may be 30 pounds; this would also change 
if the bar were cut. Length and weight are not parameters 
because they do not remain constant. How about the density 
of the steel (its weight per cubic foot) ? This does not change 
as you change the dimensions of the steel. Therefore, density 
is a parameter of the steel. 

Suppose you were told that two cars made a trip of 80 miles. 
It is easy to see that these trips were entirely different in na-
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ture if one was made in an hour and the other was made in six 
days. In the same fashion, what if two cars traveled for four 
hours? What does this mean? Nothing until it is specified that 
one car traveled 80 miles and the other traveled 320 miles. 

The best way to compare the speeds of the two cars is to spec-
ify their speeds in miles per hour (this is a parameter). 
Ri, is not a parameter because it changes as the plate volt-

age and grid voltage change. The parameters used to describe 
vacuum tubes are often called tube constants. They are am-
plification factor, ac plate resistance, and transconductance. 

Amplification Factor 

Amplification factor is the tube parameter that indicates 
the maximum amplification of which the tube is capable. ( In 
actual circuits this maximum is never reached.) The symbol 
for amplification factor is the Greek letter p. (also writ-
ten mu). 

You know that a triode is an amplifier. Just how much can 
it amplify a signal applied to it? The amplification is the ra-
tio of the amplitude of the output signal to the amplitude of 
the input signal. 

4 V INPUT nv => JR IODE 

OUTPUT 20 VOLTS  AMPLIFICATION = - 5 
INPUT = 4 VOLTS 

Fig. 2-14. Amplification. 

In Fig. 2-14, the amplification is 20 volts divided by 4 volts, 
or 5. 

Q2-15. The symbol for amplification factor is _. 

Q2-16. The ratio of the   voltage over the 
 voltage in a triode is called amplification. 
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Your Answers Should Be: 

A2-15. The symbol for amplification factor is it. 

A2-16. The ratio of the output voltage over the input volt-
age in a triode is called amplification. 

Calculating the Amplification Factor 

Imagine that you have just designed a new triode. In order 
to check its characteristics you have collected a grid family 

of curves, such as the one that was illustrated in Fig. 2-13. 
Returning to the erroneous conclusion about the relationship 
between the plate voltage and the de plate resistance, select 
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Fig. 2-15. Ac plate resistance. 
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points 1 and 2 on the graph. In going from point 1 to point 2 
the plate voltage decreases 50 volts. But the plate current re-
mains the same (5 mA). Picture this in steps. Lower the plate 
voltage 50 volts and cause a decrease in plate current. Now 
raise the plate current back to its original value (5 mA in 
this example) by making the grid voltage less negative (from 
—13 to —11 volts). It takes a 50-volt change of plate voltage 
to change the plate current a certain amount, but a grid-
voltage change of only 2 volts is required to return the plate 
current to normal. The ratio of these two voltage changes is 
the amplification factor of the triode. In this case: 

Change in Plate Voltage 50 V = 25 
¡L= 

Change in Grid Voltage 2 V 

AC Plate Resistance 

You have seen how de plate resistance varies for a triode. 
The resistance that a triode offers to changing voltages, such 
as sine waves, is called ac plate resistance, rp. Unlike rtp, r„ 
remains fairly constant for a particular triode; it is a pa-
rameter. 

In Fig. 2-15, the line for a grid voltage of —10 volts inter-
sects the curve for ep = 300 volts at a plate current of 10 mA. 
It also intersects the curve for e = 250 volts at a plate current 
of 4.6 mA. To simplify what is to follow, a new symbol is in-
troduced. The symbol is à, the Greek letter delta. This symbol 
means a "change in" or the "difference between" two succes-
sive values of something. For example, the change in ep from 
300 volts to 250 volts may be written Aep = 50 volts. The ac 
plate resistance is the ratio between Aep and its corresponding 
change in plate current (MO with the grid voltage held con-
stant. In this case, 

eie, 300 — 250 volts 50 volts 
rP = 10 — 4.6 mA 5.4 mA — 9,259 ohms 

Use Fig. 2-15 to calculate r, at —6 volts and —8 volts. Work 
right on the figure. 

Q2-17. For ea = —6 volts, rp = 

Q2-18. For ea = —8 volts, r, = 

ohms. 

ohms. 
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Your Answers Should Be: 

200 — 150 volts 50 volts  
A2-17. r„ — = 10,000 ohms 

7.5 — 2.5 mA 5 mA 
250 — 200 volts _ 50 volts  

A2-18. r„ = 9.0 — 3.5 mA 5.5 mA 9,090 ohms 

(615) 

-18 - 16 - 14 - :2 -10 -8 -6 -4 

E -GRID VOLTAGE (VOLTS) 

Note that these values ( 9,259, 10,000, and 9,090 ohms) 
are all fairly close to each other. When compared to the 
changes in Rp (from thousands of ohms to hundreds of 
thousands of ohms), the ac plate resistance ( rp) may be 

considered almost a constant for a particular triode. 
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Linear Portion of the Curve 

In considering r1, to be a constant, the points used to calcu-
late this parameter must be selected with care. For example, 
suppose the —8-volt point is selected again, but this time the 
plate-voltage curves for 200 and 150 volts are used. The re-
sultant calculation gives: 

200 — 150 volts 50 volts  
r1) —  — 0.5 mA — 3 — 16,700 ohms 3.5 mA 

What makes this value so much different from the others? 
This is due to the selection of the point on the 150-volt curve. 
What's different here? Refer to the curve on the opposite page. 
Notice how it starts out as a gentle curve but soon straightens 
out. Place a straightedge against it and notice that this por-
tion of the curve is practically a straight line. This straight-
line portion is called the linear portion of the curve. When 
points are selected on the linear portion of the curve, the re-
sult is a fairly constant rp. Those selected on the curved por-
tion result in quite different values of r, ( see the previous 
page). This linear portion of the curve plays a great part in 
preventing distortion of signals. 

Tubes Are Like Highways 

It may be helpful to think of vacuum tubes as being like 
highways with electrons for cars. The electrons try to go from 
cathode to plate just as cars try to reach their destination. A 
highway also has a property that can be thought of as resis-
tance. Which offers more resistance to cars, a dirt road or a 
paved road? Think of other factors that affect the "resistance" 
of a highway (curves, hills, intersections, etc.). 
Many kinds of signs give the driver an idea of the "resis-

tance" of the road. As a result they caution him to change his 
speed. But how slow should he go? There are signs that tell 
the exact "resistance" of the highway. A lot of resistance calls 
for a slower speed—a small resistance allows a higher speed. 
In other words, the speed-limit signs tell the driver the amount 
of opposition the highway offers. 

Q2-19. The value of r is (nearly, not) constant when it is 
calculated from points on the linear parts of the 
curves. 
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Your Answer Should Be: 

A2-19. The value of rp is nearly constant when it is calcu-
lated from points on the linear parts of the curves. 
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Transconductance 

The speed limit is based on an estimated safe traveling 
speed for a particular road. In this sense, it is a parameter. 
Notice something about it. Instead of a number increasing as 
resistance increases, the number expressing speed limit of a 
highway decreases as the "resistance" of the highway in-

creases. 
There is a tube constant that describes a tube in much the 

same fashion as a speed limit describes highways. This con-
stant is called transconductance. Transconductance is a mea-
sure of the effect that changes in grid voltage have on plate 
current. The symbol for transconductance is g„,. 
You can find g„, from the grid family of curves in the fol-

lowing manner. Inspect the curve for a plate voltage of 150 
volts. Record the current at grid voltages of —6 and —4 volts. 

Then divide the change in plate current by the change in grid 
voltage to find gr„. 

6.5 — 2.5 mA  4 mA  
g„n,' - =- 2 

Aeg (-4) — (-6) volts 2 volts 

The result is in milliamps over volts. Volts over milliamps 

results in resistance in thousands of ohms (kilohms). The in-
verse of the ohm is called the mho (ohm spelled backward). 
Just as most of the currents in vacuum tubes are in the order 
of thousandths of an ampere (milliamps), so the units of 
transconductance are usually in the order of millionths of a 
mho (micromhos) or thousands of a mho (millimhos). Micro-
mho is often written as ,umho. Returning to the answer in the 
previous calculation, it should be 2 millimhos, or 2,000 ,umhos. 
Transconductance is usually measured in micromhos. 

Q2-20. The transconductance at e„ -= 200 volts is   
. ( Use the graph in Fig. 3-16.) 

Q2-21. The transconductance at e„ = 300 volts is 

Q2-22. Write the equations for each of the three tube con-
stants. 

Q2-23. Transconductance is usually measured in units 
called   
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Your Answers Should Be: 

A2-20. At ep = 200 volts: 
Ai, 7.5 — 3.4 mA  

gm Aes (-6) — ( —8) V 

4.1 mA 
2 volts — 2,050 µmhos 

A2-21. At e, = 300 volts: 
Ai,  10 — 5.5 mA  
Aeg=  (-10) — (-12) V 
4.5 mA 
2 volts — 2,250 µmhos 

A2-22. JL = ,we'eP ( i, constant) 

Ae 
r ,2 (e constant) 
P Alp g 

g. = —4Aeg (e constant) 
P 

A2-23. Transconductance is usually measured in units 
called micromhos. 

Significance of Transconductance 

Transconductance is the parameter most used to describe 
the characteristics of a vacuum tube. For example, a tube with 
a transconductance of 2,000 µmhos would give more amplifi-
cation (at the same plate voltage) than a tube with a trans-
conductance of 1,500 µmhos. Note from answers A19 and A-20 
above that the g. for a particular triode remains fairly con-
stant over the entire grid family of curves, except in the non-
linear portions. 

Tube-Constant Relationships 

All of the parameters (14 gn„ and rp) are obtained from the 
same family of curves. It would appear there must be a rela-
tionship existing between the parameters. That relationship is: 

mA volts  
= gin x r, — 

volts x mA 
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Note how the volts and milliamps cancel. As a result, the am-
plification factor has no units. 
To show this relationship, take the values of r„ found around 

the 200- and 150-volt curves ( 10,000 ohms) and the grn found 
on the 150-volt curve ( 2,000 µmhos). These values of trans-
conductance and ac plate resistance can be substituted in the 
equation, and the value of the amplification factor can be cal-
culated. 

= 10,000 ohms x 2,000 µmhos = 20 

Note how the ohms cancel out the mhos. This is the same value 
calculated earlier for the it of the tube. 
The equations for g,„, and ri, can be used to prove the 

equation for the relationship of the parameters. Start with 
the equation for IL: 

Take the equation r = Ae„ i  , and solve for Aep: 
A„ 

= Aiprp 

Take the equation gm = , and solve for àeg: 

e = 

Substitute equations ( 2) and (3) in equation ( 1). 

Aep _ ài„rp 
= Aeg Aig  

gm 

TUBE MANUALS 

(1) 

(2) 

(3) 

Up until now you have been supplied with data on how 
tubes behave under various conditions. You have also seen 
how to generate this information experimentally. However, 
where can you obtain this information on a particular tube? 
Nearly all manufacturers of vacuum tubes publish manuals 
containing tube data. 

Q2-24. rp = 7.5K; p, = 15; grn = ? 

Q2-25. = 45; gm = 9 millimhos; r =? 
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Your Answers 

A2-24. gin = e 
rP 

A2-25. r P g 

111 

Should Be: 

15  = 2,000 µmhos 
= 7,500 ohms 

45  = 5,000 ohms 
- 0.009 mho 

General Contents of a Tube Manual 

Most tube manufacturers publish a new manual each year, 
but there are those who publish only one manual every three 
or four years and keep it up to date by mailing data sheets 
to subscribers. The manual published by one leading tube 
manufacturer contains the following sections. 

Electrons, Electrodes, and Electron Tubes—This section 
contains the basic theory of vacuum tubes from the electron 
to the cathode-ray tube. It is a very condensed version and is 
intended as a refresher rather than as a textbook presentation. 

Electron-Tube Characteristics — This section contains a 
brief review of the tube characteristics, parameters, and 
curves already covered in this chapter. 

Electron-Tube Applications—In this section you will find 
brief descriptions of many vacuum-tube applications. In this 
particular manual these are divided into the following nine 
categories: amplification, rectification, detection, automatic 
volume or gain control, tuning indication with electron-ray 
tubes, oscillation, deflection circuits, frequency conversion, and 
automatic frequency control. 

Electron-Tube Installation—Under this heading you will 
find various suggestions and precautions to be followed when 
installing electron tubes. 

Interpretation of Tube Data—This section lists the infor-
mation necessary to interpret the data provided in the Tube 
Types section of the tube manual. 

Receiving-Tube Classification Chart—This section provides 
a chart summarizing all of the tubes in the manual. It groups 
them according to tube types and characteristics, as well as 
to physical configuration. 
Tube Types-Technical Data—This section comprises the 

bulk of the manual. It lists all of the tubes in alphanumeric 
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order. A tube is identified by a combination of numbers and 
letters. The first grouping in the identification code is usually 
numeric and may contain as many as three digits. This group-
ing is usually an indication of the filament voltage necessary 
to operate the tube. For example, a 1A3 uses a heater voltage 
of 1.4 volts, a 5U4 uses a heater voltage of 5.0 volts, and a 
117Z3 uses a heater voltage of 117 volts. (For picture tubes, 
the initial digits do not give the heater voltage.) This section 
of the manual is discussed in more detail later. 

Picture-Tube Characteristics Chart—This chart summa-
rizes the physical and electrical characteristics of television 
picture tubes in much the same fashion as the receiving-tube 
classification chart. 

Electron-Tube Testing—This section gives information and 
circuits that describe and illustrate practical tube-tester con-
siderations. 

Resistance-Coupled Amplifiers—This section describes the 
use of the resistance-coupled amplifier and provides charts 
showing the voltages and components necessary to operate 
over 50 different type tubes as resistance-coupled amplifiers. 
Circuits—Here you will find a number of representative 

circuits complete with component values. Some of the circuits 
included are am, fm, and auto receivers; microphone and pho-
nograph amplifiers; a code practice oscillator; and an elec-
tronic volt-ohmmeter. 
Outlines—This section gives the physical dimensions of 

every tube in the manual. There are only a few pages because 
many of the tubes have the same external physical construc-
tion. 
Index—The index for this manual is in a standard alpha-

betical form as used in most publications. 

Q2-26. The first digits in a tube-type number usually rep-
resent the   of the tube. 

Q2-27. Tube manuals usually list tubes in   
 order in the technical-data section. 

Q2-28. (A few, nearly all) tube manufacturers publish 
manuals giving data on the tubes they manufac-
ture. 
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Your Answers Should Be: 

A2-26. The first digits in a tube type number usually rep-
resent the heater voltage of the tube. 

A2-27. Tube manuals usually list tubes in alphanumeric 
order in the technical-data section. 

A2-28. Nearly all tube manufacturers publish manuals 
giving data on the tubes they manufacture. 

MEDIUM-MU TRIODE 6J5 
Metal type 6J5 and glass octal 

type 6J5-GT used as detectors, ampli- 6J5GT 
fiers, or oscillators in radio equipment. 1•1•1411 type: 

These types feature high transconduct- 121307 

ance together with comparatively 
high amplification factor. Outlines 2 and 14C, respectively, OUTLINES SECTION. 
Tubes require octal socket and may be mounted in any position. For typical 
operation as resistance-coupled amplifiers, refer to RESISTANCE-COUPLED 
AMPLIFIER SECTION. Type 6J5-GT is used principally for renewal purposes. 
HEAT. VOLTAGE (AC/DC)  6.3 volt. 
HEAT. Calms.  0.3 ampere 
laagc7 laccaelderrgoiM CAPACITANCES (AppEOZ.). MP 6../54;rm 

Grid to Plate  9.4 38 le 
Grid to Cathode and Heater  3.4 4.2 Pi 
Plate to Cathode and Heater  3.6 5.0 11, 

• Shell connected to cathode. ** Base sleeve and external shield connected to cathode. 

CLASS A, AMPLIFIER 

MO•IITHont Ratings,IDesign-(enter liben): 

PLATE VOLTAGE  300 max volts 
GRID VOLTSGL. P JJJ i J ive-itias value  0 rrisx volts 
PLATE 1/1991PATION  2.5 no: watts 
CATHODE CURRENT  20 Mn Ma 

Pt:AK HEATEA-CATHODC VOLTAGE: 
Heater negative with respect to cathode  90 mar volt. 
Heater positive with reapect to cathode  90 m. volts 

Characteristic: 

Plate Voltage  90 250 volt• 

Groi Volta.  o ..-0 volts 
Amplification Factor  20 20 

6700 7700 ohm. 
300.1 2600 math. 

Grid Volta, ( Approx.) for plate current of 10 aa  -7 -18 volts 
Platt Current  10 9 m• 

Maximum Circuit Value: 

Grid-Circuit He ¡lean,  1.0 op, megohm 

Plate ItcsistancelApprox.i   
Tranwonductanm  

.• 
AVERAGE PLATE CHARACTERISTICS 

Tom 6.M 
,•11.1 NM'S 

ta 

î 

40 .40 to, 344 
  v0LTS 

400 ••• 

Courtesy RCA Corp 

Fig. 2-17. Page from a typical tube manual. 

64 



Technical Data 

A typical technical-data page is shown in Fig. 2-17. These 
data are for a type 6J5 vacuum tube, the type that has been 
used for all the examples concerning tube characteristics and 
parameters. On the left side of the data sheet is a diagram 
showing how each of the elements is connected to the tube 
pins. These connections (pins) are numbered in a clockwise 
direction as you look at the bottom of the tube. In addition, 
there are letters next to these pins that identify the elements 
to which they are connected. These letters are identified in the 
diagram below. 

Key to socket connection diagrams. 

Bottom Views 
• = Gas-Type Tube FA, = Filament Mid- IS = Internal Shield 
BC = Base Sleeve Tap K = Cathode 
BS = Base Shell G = Grid NC = No Connection 
C = External Conduc- H = Heater P = Plate or Anode 

tive Coating Hi. = Heater Tap for RC = Ray-Control 
CL = Collector Panel Lamp Electrode 
DJ = Deflecting Elec- HM = Heater Mid-Tap S = Shell 

trode IC = Internal Connec- TA = Target 
ES = External Shield tion— Courtesy Radio Corporation 

F = Filament Do Not Use of America 

Alphabetical subscripts B, D, HP, HX, P, and T indicate, respectively, 
beam unit, diode unit, heptode unit, hexode unit, pentode unit, and 
triode unit in multi-unit types. 

At the top of the sample page is a short paragraph describ-
ing the important features of and suggested uses for the tube. 
References are made to other portions of the manual where 
additional information about this tube can be found. Below 
this paragraph is a tabular presentation of significant tube 
characteristics. 
Use the sample page to obtain the following information: 

Q2-29. The amplification factor of the 6J5 is   

Q2-30. The 6J5 may be used as a  

  or • 

Q2-31. With a plate voltage of 90 and a grid voltage of 0, 
the gp, is  

Q2-32. With a grid voltage of —8 and a plate voltage of 
250, the rp is   _ _. 
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A2-29. The amplification factor of the 6J5 is 20. 

A2-30. The 6J5 may be used as a detector, amplifier, or 
oscillator. 

A2-31. With a plate voltage of 90 and a grid voltage of 0, 
the gn, is 3,000 µmhos. 

A2-32. With a grid voltage of —8 and a plate voltage of 
250, the r, is 7,700 ohms. 

Characteristic Curves 

At the bottom of the sample page is a family of curves. 
This is not the grid family that you have been using up until 
now. The grid family of curves (also referred to as the trans-
fer-characteristic curves) was obtained by varying e, while 
observing ip with several fixed values of e,. The curve in the 
tube manual is called the plate characteristic curve (also 
called the plate family of curves) and is obtained by observ-
ing ip as ep is varied with e, held constant. 

BIASING 

Grid bias is the difference in de potential between the grid 
and the cathode. Bias determines the operating point of the 
tube. Consider the tube in Fig. 2-18. 

Fig. 2-18. Grid voltage and bias. 

The bias on the tube in Fig. 2-18 is equal to the difference 
between the grid voltage (-8 volts in the figure) and the cath-
ode voltage (0 volts in the figure). Therefore, the bias in this 
case is equal to —8 volts. 
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One way to measure the bias on a tube is to measure the 
voltage on the grid and then the voltage on the cathode (al-
ways with respect to the same common point, or ground). 
Add these voltages as if you were going from the grid to the 
cathode, and observe the polarities of the voltages. For ex-
ample, in Fig. 2-19 you will measure —8 volts from grid to 
ground. The cathode voltage measured will be +4 volts (4 mA 
x 1K). However, in going from grid to cathode, you pass 
through the battery from negative to positive and then through 
the cathode resistor from negative to positive. Thus, you pass 
through a total of —12 volts of bias. 

Fig. 2-19. Measuring bias voltage. 

Q2-33. Use the graph below to find ,u at a plate current of 
8 mA. 

Q2-34. Use the graph to find gm at an E„ of 120 volts. 
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Q2-35. Grid bias is the difference in de potential between 
the __ __ and the  

Q2-36. Bias voltage equals grid voltage if the _ _ _ 
voltage is zero. 
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A2-33. 
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A2-35. Grid bias is the difference in potential between the 
grid and the cathode (not cathode to grid). 

A2-36. Bias voltage equals grid voltage if the cathode volt-
age is zero. 

Biasing Methods 

There are several methods of supplying bias. The funda-
mental method is the application of a steady de voltage to the 
grid of the tube. Other methods will be discussed in the chap-
ter on vacuum-tube amplifiers. 
The bias determines the operating point of the tube. That 

is, with no signal applied to the tube a certain plate current 
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will flow. This current is the static plate current and is con-
trolled by the bias. The bias is nearly always negative. Fig. 2-
20 shows what happens when the bias is positive. 

PL
AT
E 
CU
RR
EN
T 

NONLINEARITY 
DUE TO GRID CURRENT 

FLOW 

GRID VOLTAGE 

Fig. 2-20. Effect of positive grid voltage. 

When the grid voltage is positive, it can remove electrons 
from the electron stream. These are electrons that would nor-
mally be part of the plate current. Thus, increasing the grid 
voltage in the positive region would increase the number of 
electrons taken from the space charge and would also draw 
more and more electrons from the plate current. This would 
result in a nonlinearity at the top of the eg-ir, curve, as shown 
in Fig. 2-20. This is just as objectionable as the nonlinearity 
at the bottom of the curve. 

Q2-37. Bias determines the     of 
the tube. 

Q2-38. When the meters measure the voltages shown be-
low, what is the bias? 

All PA2 BIAS 

0 +6 

-3 +3 

—6 0 
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A2-37. Bias determines the operating point of the tube. 

A2-38. All of your answers should have been —6 volts. In 
each case, as you look from the grid to the cathode, 
you are looking through 6 volts of potential. Thus, 
the grid must be 6 volts negative with respect to 
the cathode. 

MULTIGRID TUBES 

As electronics advanced and became more complex, the de-

sign of the electron tube also progressed. Many of these ad-
vancements have resulted in a need for new kinds of diodes 

and triodes. Others have made it necessary to add other ele-
ments to the triode. 

Feedback in the Triode 

The elements of a triode act like capacitors. This effect is 
called interelectrode capacitance. The capacitances are very 
small, but at high frequencies they become quite objection-
able. This is especially true of the capacitance between the 

grid and plate ( C,„). 

C pk 

Fig. 2-21. Triode interelectrode 
capacitances. 

In the circuit in Fig. 2-22, some of the output signal from 
the triode plate is returned (fed back) to the input grid cir-
cuit through Cgp. The nature of this feedback voltage is such 
that it tends to reduce the input signal on the grid (this is 
called negative feedback). The reasons for this negative feed-
back are demonstrated in the chapter on vacuum-tube ampli-

fiers. At present it is enough to say that as the signal goes 
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Fig. 2-22. Effects of grid-plate capacitance. 
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from grid to plate, it undergoes a phase shift of 180°. Thus, 
the signal fed back from the plate will be going negative when 
the grid signal is going positive. The effect of this is to de-
crease the signal on the grid. 

Fig. 2-22 shows a typical triode amplifier circuit. Later you 
will learn exactly how it operates, but for now observe the 
following. The input signal ( 0.25 volt peak-to-peak) is applied 
to the grid. Since the gain of the amplifier is 20, the output 
should be multiplied by that amount (0.25 x 20), resulting in 
an output of 5.0 volts at the plate. However, at a frequency 
of 2,000 Hz the capacitive reactance of C„ is such that there 
is a feedback voltage of 0.01 volt. Since this is a negative feed-
back, it results in a reduction of the input signal ( 0.25 — 0.01 
---- 0.24). This signal is then multiplied by the amplification 
(0.24 x 20), resulting in an output voltage of 4.8. Thus, the 
gain of the amplifier is 4.8 volts -- 0.25, or 19.2 instead of 20. 
(Of course, reducing the output voltage also reduces the feed-
back voltage slightly.) If the frequency of the input signal is 
increased to 20,000 Hz, would the gain of the triode increase 
or decrease? 

Q2-39. The capacitance between elements of a tube is called 

Q2-40. The most objectionable capacitance in a triode is 
the  capacitance. 

Q2-41. Negative feedback  the gain of an am-
plifier. 

71 



Your Answers Should Be: 

A2-39. The capacitance between elements of a tube is 
called interelectrode capacitance. 

A2-40. The most objectionable capacitance in a triode is 
the grid-to-plate capacitance. 

A2-41. Negative feedback reduces the gain of an amplifier. 

'eedback at Higher Frequencies 

Fig. 2-23 shows the same circuit as before, but the input 
ignal is at a higher frequency. Since the capacitive reactance 
f C., decreases with the change in frequency, there is a 
Teater feedback voltage. In this case it is 0.10 volt. Subtract-

ng 0.10 from 0.25 leaves an input signal of 0.15 volt. Multi-
dying 0.15 volt by 20 gives an output signal of 3.0 volts. The 
:ain is thus 3.0 ± 0.25, or 12. 

FEEDBACK 
0 10 V 

.•-•• 

0.25 V 

_L INPUT 

3 0 V 
OUTPUT 

BI 

Fig. 2-23. Effects of grid-p ate capacitance at a higher frequency. 

retrodes 

To prevent or reduce feedback, the grid-to-plate capacitance 
nust be decreased. To do this, another element is added be-

,ween the grid and the plate. 

SCREEN GRID 

CONTROL GRID 

P2 

Fig. 2-24. Grid-plate capacitances 
in a tetrode. 



This element, called a screen grid, is similar in construction 
to the control grid. The screen grid introduces two capaci-
tances in series—a capacitance between the plate and the 
screen grid and the capacitance between the screen grid and 
the control grid. As a result, the capacitance between the plate 
and the control grid is considerably reduced. The screen grid 
of the tetrode ( so-called because of the addition of the fourth 
element) is wound with a very thin wire. The screen grid usu-
ally operates with a high positive voltage on it. This voltage 
is never higher than that on the plate. 

PLATE CURRENT--

Fig. 2-25. Current flow in a tetrode 

circuit. 

The voltage on the screen grid helps to pull electrons out of 
the space charge. Because of the thin, widely spaced wires, 
most of the electrons are not collected by the screen grid but 
pass through to the plate. Some of the electrons will be at-
tracted to the screen grid, but its current is usually small com-
pared to the plate current. The result of this new construction 
is a tube with high ac plate resistance. A high rp means that 
changes in plate voltage have little effect on the plate current. 
As a result, the tetrode has a high itt, ( in the order of 200 or 300 
as opposed to 20 to 50 for a triode). In addition, the interelec-
trode capacitance is very low, and the tube is more suitable 
for high-frequency applications than a triode. 

Q2-42. The effects of grid-to-plate capacitance (increase, 
decrease) as frequency increases. 

Q2-43. When capacitors are connected in series, the total 
capacitance is (greater, less) than that of the 
smaller capacitor. 

Q2-44. The element added to the triode to make a tetrode 
is the   
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A2-42. The effects of grid-to-plate capacitance increase 
as frequency increases. 

A2-43. When capacitors are connected in series, the total 
capacitance is less than that of the smaller ca-
pacitor. 

A2-44. The element added to the triode to make the tet-
rode is the screen grid. 

Pentodes 

The tetrode is a high-mu tube that can operate at high fre-
quencies. But this type of tube presents another problem. Due 
to the extra grid operating at a high positive voltage, electron 
speed is increased. Some move so fast that they dislodge other 
electrons when they strike the plate. This is called secondary 
emission. Some of these extra electrons are attracted to the 
screen grid. 

CONTROL GRID SCREEN GRID 

CATHODE 

Fig. 2-26. Secondary emission. 

PLATE 

± 

When the screen-grid voltage is equal to or greater than the 
plate voltage, the amount of current drawn by the screen grid 
is enough to disturb the operation of the tube. This problem 
was solved by the development of the pentode. 
To prevent the screen grid from drawing too much current 

due to secondary emission, another element, also grid-like in 
construction, was added to the tetrode. Physically, this extra 
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element is placed between the screen grid and the plate; elec-
trically, it is connected to either the cathode or to ground. 
As far as the plate is concerned, this element is negative. 
Electrons leaving the plate due to secondary emission are 
forced back to the plate by this negative element. Since this 
element helps suppress secondary emission, it is called the 
suppressor grid. 

CONTROL GRID SCREEN GRID SUPPRESSOR 

± 

CATHODE PLATE 

± 

Fig. 2-27. Action of a suppressor grid. 

The addition of the suppressor grid between the plate and 
screen grid also serves to reduce the interelectrode capaci-
tance between the plate and control grid still further. This 
results in a tube with even better high-frequency performance 
than the tetrode. Pentode amplification factors are in the or-
der of 1200 to 1500 (as opposed to 200 or 300 for a tetrode). 

Q2-45. The release of electrons from the plate when it is 
struck by electrons from the cathode is called 

Q2-46. A   tube results when a third grid is 
added to a tetrode. 

Q2-47. The third grid in a pentode is called a 
  grid. 

Q2-48. The amplification factor of a pentode is (higher, 
lower) than that of a triode or a tetrode. 

Q2-49. The suppressor grid of the pentode reduces 
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A2-45. The release of electrons from the plate when it is 
struck by electrons from the cathode is called sec-
ondary emission. 

A2-46. A pentode tube results when a third grid is added 
to a tetrode. 

A2-47. The third grid in a pentode is called a suppressor 
grid. 

A2-48. The amplification factor of a pentode is higher 

than that of a triode or a tetrode. 

A2-49. The suppressor grid of the pentode reduces sec-
ondary emission. 

WHAT YOU HAVE LEARNED 

1. A tube containing a cathode, control grid, and plate is 
a triode. 

2. The voltage on the control grid of a triode has a greater 
effect on plate current than does the plate voltage. 

3. A triode can be used to amplify signals. 

4. The control grid is usually operated negative with re-
spect to the cathode. 

5. There are three tube constants—amplification factor 
(µ), ac plate resistance ( r,,), and transconductance (gm ) . 

6. Tube-constant values can be determined from graphs 
called tube characteristics. 

7. Tube manuals contain information about tubes. 

8. Bias is the difference of potential between the grid and 
cathode. It determines the operating point of the tube. 

9. The screen grid in a tetrode tube reduces undesirable 
grid-to-plate capacitance. 

10. p. and r, are higher for a tetrode than for a triode. 
11. The suppressor grid in a pentode reduces the effects of 

secondary emission. 
12. The amplification factor for a pentode is very high. 

76 



Basic Semiconductor 

Devices 

In this chapter the differ-
vvhat you ence between n- and p-type 

will learn semiconductor material is 
discussed. A semiconductor 
diode will be compared 

with a vacuum-tube diode. You will learn the difference 
between forward and reverse bias. You will also learn 
about the elements of a transistor, and how transistors 
are used as amplifiers. Transistor characteristic curves 
are also introduced. 

WHAT IS A SEMICONDUCTOR? 

Materials can be classed in three groups, according to their 
electrical properties—conductors, semiconductors, and insu-
lators. Metals such as silver, copper, and aluminum have many 

free electrons. This makes it easy for current to flow through 
them. For this reason these metals are called conductors. 

Materials such as glass, rubber, and many plastics have 
practically no free electrons. This makes it very difficult for 
current to flow through them. These materials are known as 
insulators and are used in a variety of applications ranging 
from the covering on conductors to the dielectric in capacitors. 

Materials such as selenium, silicon, and germanium have 
some free electrons—more than an insulator but fewer than 
a conductor. These materials are generally referred to as 
semiconductors. 
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WHY SEMICONDUCTOR MATERIALS 
ARE IMPORTANT 

A diode made of semiconductor material is called a solid-
state diode. Semiconductor materials are also the basic in-
gredients of transistors. Solid-state diodes can replace vac-
uum-tube diodes, and transistors can replace vacuum-tube tri-
odes. Why is this important? Solid-state diodes and transistors 
are smaller, weigh less, and use less power than their vacuum-
tube counterparts. They are also more rugged and last longer 
than vacuum tubes. In addition, they do not require a filament-
supply voltage. 

MINIATURE 
VACUUM TUBE 

TRANSISTOR 

I 

Fig. 3-1. Transistors are smaller than vacuum tubes. 

How do solid-state diodes and transistors work? How can 
a solid substance maintain unidirectional current flow in the 
same manner as a vacuum-tube diode? How can a solid sub-
stance amplify like the triode? To answer these questions we 
must first go back and examine the basic building blocks of 
matter—atoms. 

MATTER, ELEMENTS, AND ATOMS 

Matter is defined as anything that has mass and occupies 
space. Air, water, books, and people are examples. Matter 
consists of one or more materials called elements. Elements 
are substances that cannot be divided into other substances. 
Copper, aluminum, silicon, and germanium are examples of 
elements. The smallest particle of an element is an atom, 
which has all the properties of the element and can take part 
in chemical reactions. 
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The Aluminum Atom 

The aluminum atom has 13 electrons circling in orbits 
around a nucleus of 13 protons and 14 neutrons. The negative 
charges on the 13 electrons are exactly balanced by the posi-
tive charges on the 13 protons. The three valence electrons 
in the outer shell, or ring, are loosely bound to the atom and 
are easily dislodged. These three loosely bound electrons are 
the reason why aluminum is a conductor. Aluminum has a 
valence of minus three. This means that aluminum easily gives 
up the three electrons in its outer ring. 

VALENCE ELECTRONS VALENCE ELECTRONS VALENCE ELECTRONS 

(A) Aluminum (B) Germanium 

Fig. 3-2. Diagrams of atoms. 

(C) Si'icon. 

The Germanium and Silicon Atoms 

The nucleus of the germanium atom is larger than the alu-
minum nucleus. It has 32 protons and 41 neutrons. There are 
32 orbiting electrons. Silicon has 14 orbiting electrons. Ger-
manium and silicon each have four electrons in the outer 
ring. These four electrons make germanium and silicon semi-
conductors. Germanium and silicon atoms can either give up 
these electrons or take on four more to complete its outer ring. 

Q3-1. Copper is a(n)   

Q3-2. Glass is a(n)  

Q3-3. A conductor has many 

Q3-4. Silicon is a(n)   

Q3-5. A substance that cannot be subdivided into other 
substances is called a(n)   

Q3-6. The electrons in the outer shell of an atom are 
known as electrons. 
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A3-1. Copper is a conductor. 

A3-2. Glass is an insulator. 

A3-3. 

A3-4. 

A3-5. 

A3-6. 

A conductor has many free electrons. 

Silicon is a semiconductor. 

A substance that cannot be subdivided into other 
substances is called an element. 

The electrons in the outer shell of an atom are 
known as valence electrons. 

SEMICONDUCTOR CRYSTALS 

The illustration in Fig. 3-3 shows a typical arrangement of 
germanium (or silicon) atoms. Each germanium atom shares 
its four outer electrons with four neighbor atoms. This shar-
ing of electrons causes a bond which tends to keep the atoms 

Fig. 3-3. Semiconductor crystal lattice. 

together. This electron-pair bond, called a covalent bond, is 
formed because each atom of germanium attempts to com-
plete a full count of eight electrons in its outer ring. Whenever 
several cubic structures combine, the lattice-like effect becomes 
evident. A visible crystal of germanium is composed of many 
millions of these basic crystal lattices. This crystalline semi-
conductor is electrically neutral. 
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INTRINSIC SEMICONDUCTORS 

The crystal just examined is an ideal crystal. It probably 
never exists in nature as such. Because of its purity, this crys-
tal is called intrinsic—intrinsic semiconductors are free from 
impurities. Manufacturing intrinsic germanium and silicon is 
the first step in the production of solid-state diodes and tran-
sistors. 

Conduction in Intrinsic Germanium 

How do electrons flow in germanium and other semiconduc-
tors? The outer shells of the germanium atoms form covalent 
bonds, so these shared electrons are not easily dislodged to 
provide electric current. This is true of all semiconductors. 
The reason for current flow in semiconductors is the addition 
of energy to the material. This energy may be in the form of 
heat, light, or the application of an electric field, such as that 
due to a voltage. Notice that these properties differ for differ-
ent semiconductors. When crystals of germanium are heated, 
for example, the energy level of one of the electrons in a cova-
lent bond is raised. The electron frees itself from the bond 
and can wander through the crystal lattice. Such free electrons 
are then available for conduction when an electric field is 
applied. 

FREE 
ELECTRON 

Fig. 3-4. Covalent bond broken by heat. 

Q3-7. Germanium that is free from impurities is called 
 germanium. 

Q3-8. Germanium atoms are held together in a crystal 
by 

Q3-9. Conduction is produced in intrinsic semiconductors 
by the addition of  
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A3-7. Germanium that is free from impurities is called 
intrinsic germanium. 

A3-8. Germanium atoms are held together in a crystal 
by covalent bonds. 

A3-9. Conduction is produced in intrinsic semiconductors 
by the addition of energy. 

Electron Flow Through Intrinsic Semiconductors 

In Fig. 3-5 you see a few covalent bonds of intrinsic germa-
nium after the material has been heated. Electrons have been 
liberated from each of the bonds shown. A positive voltage is 
applied to the germanium. Since an electron is missing from 
each of the bonds, there is, in effect, a positive charge at each 
covalent bond. This positive charge is called a hole. A free 
electron drifting in the direction of the applied positive voltage 
drifts from hole to hole until it finally reaches the positive 
voltage. 

VOLTAGE 
APPLIED 

o--... o 
ELECTRON FREED 

BY HEAT 

Fig. 3-5. Electron flow through intrinsic germanium. 

.1.1 
VOLTAGE 
APPLIED 

Hole Flow Through Intrinsic Semiconductors 

Examine Fig. 3-6. For each of the four electrons in the outer 
ring of each atom, there is a corresponding proton in the nu-
cleus. When heat is applied ( 1), an electron is liberated and 
starts drifting toward the positive voltage. The electron leaves 
a hole which may be considered to be positive. This hole at-
tracts an electron from the next covalent bond (2), thus leav-
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ing a hole at that point. The effect of this is that the hole has 
moved from point 1 to point 2. In a similar fashion the hole 
will move to points 3, 4, and 5, and will eventually be filled by 
an electron from the applied-voltage source. As long as heat 
continues to liberate electrons at point 1, this action will con-
tinue. 

COVALENT BOND 

\ / 

VOLTAGE 
APPLIED 

Fig. 3-6. Hole flow in intrinsic germanium. 

HOLE 
FLOW 

/ 
• 

VOLTAGE 
APPLIED 

+ 

HOLE 

Doping Intrinsic Germanium 

You have seen how electrons and holes flow through germa-
nium and other semiconductors. This was done by adding heat 
to liberate electrons and create holes. An electric field was set 
up to control the direction of hole and electron flow (also called 
drift). However, for transistors and solid-state diodes, intrin-
sic semiconductors are of little value. There is a more efficient 
way of causing conduction in germanium (or any semiconduc-
tor)—by adding impurities to the intrinsic material. This 
process is called doping. The type of impurity must be care-
fully selected and the amount accurately controlled. Accura-
cies up to one part in ten million are often required. 

Q3-10. The addition of controlled amounts of impurities 
to a semiconductor is called . 

Q3-11. Current flow in a semiconductor consists of the 
movement of and . 
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A3-10. The addition of controlled amounts of impurities 
to a semiconductor is called doping. 

A3-11. Current flow in a semiconductor consists of the 
movement of electrons and holes. 

Types of Impurities 

Two types of impurities can be added to semiconductors. 
One type produces free electrons, and the other type produces 
holes. The electron-producing type of impurity is known as 
n-type (negative type) and the hole-producing type is known 
as p-type (positive type). 

N-TYPE GERMANIUM 

Examine the germanium in Fig. 3-7. Notice that the crystal 
is no longer intrinsic. An n-type impurity atom (arsenic) has 
replaced a germanium atom. Arsenic has five electrons in its 

Fig. 3-7. Germanium doped with arsenic. 

outer ring. Therefore, it can combine with four electrons from 
an adjacent germanium atom. When this covalent bond is es-
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tablished, an extra electron is left unpaired. This electron is 
loosely attached to the arsenic nucleus because the arsenic 
atom now has eight electrons in its outer ring. In order for 
this electron to free itself, it requires only one-seventieth of 
the energy needed to free an electron from a covalent bond. 
Because the arsenic has donated an electron to the crystal, it 
is called a donor atom. The crystal is called n-type germanium 
because of the presence of loosely bound negative electrons. 
To form n-type silicon, phosphorous is used as the donor. The 
extra electrons or current carriers control the resistance of a 
semiconductor material. Obviously, more heavily doped mate-
rials contain more donor atoms and more extra electrons for 
conduction, and thus have less electrical resistance. 
When an electric field is applied to an n-type crystal, most 

of the electron flow is due to donor atoms. Some minor amount 
of additional current flows due to the breaking of covalent 
bonds. The amount of electron flow and hole flow due to break-

N TYPE SEMICONDUCTOR 

HOLE FLOW DUE TO BREAKING COVALENT BONDS 

ELECTRON FLOW DUE TO BREAKING COVALENT BONDS 
Mina 

--************'-'••••••  ELECTRON FLOW DUE TO N TYPE IMPURITIES 

Fig. 3-8. Electrons as majority carriers. 

ing of covalent bonds will be equal. Since most of the flow is 
due to donor electrons, they are called the majority carriers. 
The holes are called the minority carriers. 

Q3-12. The type of germanium containing an impurity 
that produces free electrons is called ger-
manium. 

Q3-13. The free electrons in n-type germanium are called 
  carriers. 

Q3-14. Does hole flow equal electron flow in n-type ger-
manium? Why? 
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A3-12. The type of germanium containing an impurity 
that produces free electrons is called n-type ger-
manium. 

A3-13. The free electrons in n-type germanium are called 
majority carriers. 

A3-14. No. n-type germanium is made by adding an n-
type donor atom, such as arsenic ( some others are 
antimony and boron), to the crystal. Most of the 
current flow in a crystal is due to loosely bound 
electrons from the donor atoms. 

P-TYPE GERMANIUM 

Suppose an aluminum atom replaced a germanium atom in 
a germanium crystal. Aluminum has three electrons in its 
outer ring. In the crystal, the aluminum atom combines with 
four germanium atoms. The aluminum atom establishes a cova-

Ge+ 
-t-

+Ge+ 0 + Ge 

+Ge+ 

HOLE 

C 

ALUMINUM 
'ATOM 

C 

Fig. 3-9. Germanium doped with 

aluminum. 

lent bond with three of its neighbors. In place of the fourth 
covalent bond there is a combination of an electron and a hole. 
This hole acts as a strong positive charge and tends to attract 
electrons from nearby covalent bonds. When an electron leaves 
a neighboring bond, it leaves a hole which is then filled by an 
electron from another covalent bond. Thus, holes wander 
through p-type germanium just as electrons wander through 
n-type germanium. 
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Because the aluminum atom is capable of accepting an elec-
tron, it is called an acceptor atom. The crystal is known as p-
type germanium because of the presence of positive holes. 
When an electric field is applied to the crystal, aluminum ac-
ceptor atoms accept more electrons to fill holes than are al-
lowed to flow freely. Therefore, the majority current carriers 
are holes, and the minority carriers are electrons. To form p-
type silicon, boron may be used as the donor. 
To sum up, n-type semiconductor material has extra elec-

trons donated by the impurity (donor) atom, while p-type 
semiconductor material has excess holes contributed by ac-
ceptor impurities. The more heavily the material is doped, the 
lower its electrical resistance will be. 

P TYPE SEMICONDUCTOR 

ELECTRON FLOW DUE TO BREAKING COVALENT BONDS 

HOLE FLOW DUE TO BREAKING COVALENT BONDS 

HOLE FLOW DUE TO P TYPE IMPURITIES 

Fig. 3-10. Holes as majority carriers. 

THE TRANSISTOR 

The transistor controls the flow of majority carriers through 
the semiconductor crystal of which it is made. The transistor 
can be compared to a triode. In fact, it is convenient to think 
of the transistor as a solid-state triode. 

Q3-15. The hole left by an electron has a   
charge. 

Q3-16. An electric field causes electrons to flow to the 
  terminal while holes flow to the 
  terminal. 

Q3-17. The majority carriers in p-type germanium are 
the   

Q3-18. P-type atoms are also called   atoms. 

Q3-19. The transistor can be compared to a   
vacuum tube. 
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A3-15. The hole left by an electron has a positive charge. 

A3-16. An electric field causes electrons to flow to the 
positive terminal while holes flow to the negative 

terminal. 

A3-17. The majority carriers in p-type germanium are 

the holes. 
A3-18. P-type atoms are also called acceptor atoms. 

A3-19. The transistor can be compared to a triode vac-

uum tube. 

The symbols for the triode and the transistor can be com-
pared in Fig. 3-11. Each has three elements, one of which acts 
as a source of current. In the triode, this element is called the 
cathode; in the transistor, this element is called an emitter. 
(The arrow in the symbol points in the direction of hole move-
ment.) Both the transistor and triode vacuum tube have a con-
trol element. In the triode, it is called the grid, and in the tran-
sistor it is called the base. The tube and transistor each have 
a current collector, called the plate in the triode and the col-

lector in the transistor. 

PLATE 

GRID 

CATHODE 

Fig. 3-11. Comparison of transistor and triode tube. 

In a similar fashion, a solid-state diode may be compared to 
a vacuum-tube diode. Here there are only two elements. 

COLLECTOR 

BASE 

EMITTER 

PLATE 

ANODE 
min 

CATHODE CATHODE --

Fig. 3-12. Comparison 
of diodes. 



SEMICONDUCTOR DIODES 

Early radios used crystal diodes to detect radio signals. 
These diodes allowed current to flow in one direction but not 
in the other. This unidirectional current capability is the dis-
tinguishing feature of the diode. 
A solid-state diode consists of a section of p-type semicon-

ductor material joined to an n-type section. The activity oc-

CONNECTION 
WIRE 

Fig. 3-13. Diagram of a solid-state diode. 

CONNECTION 
WIRE 

curring at the junction of the materials is responsible for the 
unidirectional property of the diode. The contacting surface 
is called the pn junction. 

PN JUNCTION 

Although an n-type semiconductor has an excess of free elec-
trons, it is electrically neutral. This is because each donor atom 
becomes positively charged when it gives up an electron. Thus, 
for every freed electron in the crystal there is a positively 

charged donor atom. Therefore, the crystal is only negative in 
the sense that the freed electrons are the most mobile particles. 

Q3-20. The ability of a diode to conduct current in only 
one direction is called a   
capability. 

Q3-21. N-type semiconductor crystals are electrically 

Q3-22. When p- and n-type germanium are joined to-
gether, the contacting surface is called the _ _ 
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A3-20. The ability of a diode to conduct current in only 
one direction is called a unidirectional capability. 

A3-21. N-type semiconductor crystals are electrically neu-
tral. 

A3-22. When p- and n-type germanium are joined to-
gether the contacting surface is called the pn 
junction. 

Joining P- and N-Type Germanium 

Like n-type germanium, p-type germanium is also electri-
cally neutral. 

DONOR ATOM FREE ELECTRON 

(A) N-type germanium 

ACCEPTOR ATOM HOLE 

(B) P-type germanium. 

Fig. 3-14. Doped germanium is electrically neutral. 

When n-type germanium and p-type germanium are joined, 
some electrons and holes combine at the junction. In the re-
gion of the junction, n-type germanium loses some of its elec-
trons. Thus, it is no longer neutral in this area; it now has a 
positive charge. The electrons it loses combine with holes from 
the p-type germanium at the junction. Thus, the p-type ger-
manium becomes negative. The majority carriers have com-
bined at the junction, leaving charged atoms (ions) in the 
area near the junction. A potential difference ( in the order of 
several tenths of a volt) exists between the n- and p-type ger-
manium ions. If more electrons try to move from the n-type 
to the p-type, they are stopped by the negatively charged ions 
in the p-type germanium near the junction. In a similar fash-
ion, holes from the p-type are prevented from crossing the 
junction by the buildup of positively charged ions in the n-type 
germanium near the junction. The net effect of this action is 
to set up a barrier voltage that prevents further combination 
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of electrons and holes. The area in which this voltage exists 
is called the barrier region. 

PN JUNCTION 

N-TYPE GERMANIUM ION▪ S ION- S P TYPE GERMANIUM 

-I- -I- + + -I- + — — — — — 

COMBINED 
HOLES AND ELECTRONS r+ 

BARRIER REGION 

BARRIER VOLTAGE 

Fig. 3-15. Action in a pn junction. 

Reverse Bias 

You know that a diode passes current more readily in one 
direction than in the other. Let's consider the effect of the 
barrier region on current flow through a semiconductor diode. 
Suppose that the positive terminal of a battery is connected 
to the n-type germanium of a diode and the negative terminal 
to the p-type germanium. 
The positive terminal of the battery attracts electrons from 

the pn junction, and the negative terminal of the battery at-
tracts holes from the pn junction. This results in more posi-
tive ions (donor atoms that have lost their free electrons) in 
the n-type germanium in the vicinity of the pn junction and 
more negative ions (acceptor atoms that have lost their holes) 

Q3-23. The area at the junction is called the  

• 
Q3-24. At the junction, n-type germanium is 

 charged. 

Q3-25. The     prevents complete 
combination of all of the holes and electrons. 

Q3-26. The barrier voltage is in the order of   

— — — — — — — • 
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A3-23. The area at the junction is called the barrier re-
gion. 

A3-24. At the junction, n-type germanium is positively 
charged. 

A3-25. The barrier voltage prevents complete combina-
tion of all the holes and electrons. 

A3-26. The barrier voltage is in the order of tenths of a 
volt. 

in the p-type germanium in the same area. This action creates 
a wider barrier region and results in a larger barrier voltage. 

ELECTRON 
LEAVES 

N TYPE 
GERMANIUM 

BARRIER REGION 

I 
P TYPE 

GERMANIUM 

BARRIER 
VOLTAGE 

HOLE 
LEAVES 

Fig. 3-16. Reverse-biased diode. 

The action continues until the barrier voltage equals the re-
verse bias (battery voltage). No current flows because these 
voltages are equal and opposite. This condition is called equili-
brium. 

Forward Bias 

Now suppose the battery leads are reversed. Instantly, elec-
trons are attracted to the positive terminal of the battery. An 
electron flow is set up in the N-type germanium and moves 
toward the pn junction. When an electron reaches the junc-
tion, it combines with a hole. The n-type germanium is now 
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PN JUNCTION HOLE AND ELECTRON 
N•TYPE GERMANIUM I P•TYPE GERMANIUM COMBINE 

ELECTRON 
ENTERS 

ELECTRON FLOW HOLE FLOW 
FORWARD BIAS 

ELECTRON 
LEAVES 

Fig. 3-17. Forward-biased diode. 

positive and may accept an electron from the negative battery 
terminal. Similarly, the p-type becomes negative when a hole 
combines with an electron at the barrier. Thus, it gives up an 

electron to the positive battery terminal. A solid-state diode 
symbol is shown in Fig. 3-18. 

CURRENT FLOW 11111 

SYMBOLS CATHODE 
COMPARED 

SEMICONDUCTOR DIODE 
CR1 

N ANODE OR PLATE 

VACUUM TUBE DIODE 

Fig. 3-18. Diode symbols. 

Q3-27. Equilibrium due to reverse bias occurs when the 
  voltage equals   voltage. 

Q3-28. Connect the diode to 
the battery so the di- 0-1111-0 
ode is reverse biased. 

Q3-29. Conduction is due to _ _ _ _ flow in p-type germa-
nium and  flow in n-type germanium. 
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A3-27. Equilibrium due to reverse bias occurs when the 
barrier voltage equals battery voltage. 

A3-28. For the diode to be reverse-biased, the positive 
terminal of the battery must be connected to the 
cathode, and the negative terminal of the battery 
must be connected to the anode. 

CATHODE 

ANODE 

A3-29. Conduction is due to hole flow in p-type germa-
nium and electron flow in n-type germanium. 

DIODE CHARACTERISTICS 

You have learned how a solid-state diode operates. Now 
some of its important characteristics will be examined. These 
are the current-voltage, resistance, temperature, and capaci-

tance characteristics. 

-
 

IA
MP
ER

ES
 
I
 

I
 
 

50 

40 

30 

20 
AVALANCHE 
BREAKDOWN 

1 I° FORWARD BIAS 

-•- VOLTS 501 40 30 20 10 
Jr- I 1 

I 2 3 4 5 vous 4-__ 
REVERSE BIAS 

I 

1 

c. 
4 › 
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Fig. 3-19. Current-voltage characteristic curve. 
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Current-Voltage Relationships 

The graph in Fig. 3-19 shows the amount of current that will 
flow through a typical diode when various voltages are applied. 
The positive-voltage region is the area in which the diode is 
forward-biased. The reverse-bias region is to the left of the 
origin. Remember that the diode will not conduct in the re-
verse direction. This is true on the graph up to almost 40 volts 
of reverse bias. Above this value, small currents in the order 
of a few microamps start to flow. This current flow is due to 
the minority carriers. When the reverse bias reaches about 
45 volts there is a sharp increase in reverse current. This is 
called avalanche breakdown. 

Resistance 

The resistance of solid-state diodes varies with the applied 
voltage. Resistance is high for low forward-bias voltages and 
is low for high forward-bias voltages. For reverse biases, the 
resistance is very high until avalanche breakdown occurs. 

Temperature 

Solid-state diodes have a negative temperature coefficient. 
This means that as the temperature increases, the resistance 
of the diode decreases. Within certain limits the effects of re-
sistance changes due to temperature change are not detri-
mental to the operation of the diode. However, when a very 
high temperature is reached, the resistance of the diode de-
creases so much that the current through the diode may be 
high enough to permanently damage the crystalline structure. 
This action is called thermal runaway and presents a serious 
problem in circuit design. 

Q3-30. The condition in which the current through a 
reverse-biased, solid-state diode sharply increases 
is called 

Q3-31. The resistance of a solid-state diode varies with the 

Q3-32. Solid-state diodes have a   tempera-
ture coefficient. 
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A3-30. The condition in which the current through a 
reverse-biased, solid-state diode sharply increases 
is called avalanche breakdown. 

A3-31. The resistance of a solid-state diode varies with 
the applied voltage. 

A3-32. Solid-state diodes have a negative temperature 
coefficient. 

Capacitance 

Two conductors separated by a dielectric constitute a ca-
pacitor. Thus, a solid-state diode is a capacitor in which the 
barrier region serves as the dielectric. At low frequencies the 
effects of this capacitance need not be considered. At high fre-
quencies, however, this capacitance of about 3 to 5 picofarads 
becomes an important factor. 

SEMICONDUCTOR-DIODE DATA 

Most electronic parts catalogs have several pages devoted to 
semiconductor diodes. An example of some of the data you will 
see in such a catalog is shown in Table 3-1. Notice that diodes 
are designated 1N34, 1N58, etc. Just as with vacuum tubes, 
manufacturers have agreed to call diodes having the same 
characteristics by the same type number. 
The table shows some of the characteristics for the 1N34A, 

1N58A, and 1N914A. Peak inverse voltage ( piv) is the reverse 
bias at which avalanche breakdown occurs. The ambient tem-
perature range is that range of temperatures over which the 
diode will operate and still maintain its basic characteristics. 
Forward current values are given for both the average current 

Table 3-1. Semiconductor Diode Characteristics 

Type 

Peak 
Inverse 
Volts 

Ambient 

Temperature 
Range—°C 

Forward 
Peak 
mA 

Current 
Average 
mA 

Capacitance 
pF 

1 N34A 

1N58A 
1N914A 

60 
100 
75 

—50 to + 75 
—50 to + 75 
—65 to +200 

150 
150 
100 

50 

50 
150 

1.0 
1.0 

1.0 
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(current at which the diode is usually operated) and the peak 
current (current which, if exceeded, will damage the diode). 
The only difference between the first two diodes (which are 
germanium types) is in the peak inverse voltage. Therefore, 
the 1N34A could be substituted for the 1N58A in applications 
involving signals of less than 60 volts peak-to-peak. 

TRANSISTORS 

Understanding how the semiconductor pn junction operates 
was the first step in understanding how a transistor operates. 
As you will see, a transistor is a semiconductor device with 
two pn junctions. The two junctions are in the form of a sand-
wich made up of two types of material (n and p). This sand-
wich can form either an npn or pnp transistor. 

NPN Transistors 

By sandwiching a very thin piece of p-type germanium be-
tween two slices of n-type germanium, an npn transistor is 
formed. A transistor made in this way is called a junction 
transistor. The symbol for this type of transistor showing the 
three elements (emitter, base, and collector) is given below. 
The three elements correspond to the cathode, grid, and plate, 
respectively, of a vacuum-tube triode. 

EMITTER COLLECTOR BASE 

N TYPE P TYPE N-TYPE 

N P N 

Fig. 3-20. Npn transistor symbol. 

Q3-33. The capacitance of a solid-state diode must be con-
sidered at ___ _ frequencies. 

Q3-34. The three elements of a transistor are the 
, and   
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A3-33. The capacitance of a solid-state diode must be con-
sidered at high frequencies. 

A3-34. The three elements of a transistor are the emitter, 
base, and collector. 

PNP Transistors 

By placing n-type semiconductor between two slices of p-
type semiconductor, a pnp junction transistor is formed. A 
pnp point-contact transistor can be made by fusing two "cat-

whiskers" to a large n-type base. 

BASE 

COLLECTOR 

EMITTER 

JUNCTION 
TRANSISTOR 

EMITTER 

EMITTER 
P-TYPE 

PNP 

BASE 

-1 P TYPE N TYPE P TYPE 

BASE 

COLLECTOR 
P TYPE 

Fig. 3-21. Pnp transistor symbol. 

POINT CONTACT 
TRANSISTOR 

COLLECTOR 

The symbol for the pnp transistor is almost identical to that 
of the npn transistor. The only difference is the direction of 
the emitter arrow. In the npn transistor it points away from 
the base, and in the pnp it points toward the base. Electrons 
always flow against the direction of the arrow. Electron flow 
is from n-type to p-type semiconductor. If the arrow points 
toward the base, the electron flow is in the opposite direction 
—from base to emitter. Thus, the emitter must be p-type semi-
conductor and the transistor is pnp. The reverse is true for 

npn transistors. 
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TRANSISTOR OPERATION 

Several questions have probably come to mind by now. How 
can a solid-state material amplify? Is there a difference be-
tween a junction and point-contact transistor or between a 
pnp and an npn transistor? One of these questions can be an-
swered immediately. Junction and point-contact transistors 
are almost identical in operation. Therefore, all discussion will 
be directed to junction transistors, but it is understood that 
it applies to both types. 

Biasing 

The pn junction establishes a barrier voltage in solid-state 
diodes. In the junction transistor, two such pn junctions are 
established, each with its own barrier voltage. If these pn 
junctions are properly biased, the transistor can be made to 
operate as an amplifier. The proper method for biasing an npn 
transistor is discussed next. 

NPN 
EMITTER TRANSISTOR COLLECTOR 

EMITTER COLLECTOR 
CLRRENL CURRENT 

Fig. 3-22. Bias for npn transistor amplifier. 

FORWARD BIAS 

Fig. 3-22 shows an npn transistor biased properly to oper-
ate as an amplifier. Addition of certain resistors (which you 
will see later) would complete the picture. 

Q3-35. A transistor is a single semiconductor crystal with 
_ _ _ pn junctions. 

Q3-36. A transistor can perform the same function as a 

Q3-37. P-type semiconductor material sandwiched be-
tween two pieces of n-type material forms an 
_ _ _ transistor. 
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A3-35. A transistor is a single semiconductor crystal with 
two pn junctions. 

A3-36. A transistor may perform the same function as a 
vacuum-tube triode. 

A3-37. P-type semiconductor material sandwiched be-
tween two pieces of n-type material forms an 
npn transistor. 

In the arrangement in Fig. 3-22, a forward bias is applied 
between the base and the emitter. This results in emitter cur-
rent. A reverse bias is applied between the collector and the 
base. This results in a flow of collector current that is nearly 
equal to the emitter current. The reason for this seeming con-
tradiction is that the base is very thin—less than one-thou-

sandth of an inch. 
Before continuing, it is time to learn a few more shorthand 

notations used when referring to transistors: 

B—Base 
E—Emitter 
C—Collector 
Ib—Base current 
Ie—Emitter current 
le—Collector current 
Veb—Voltage from emitter to base 
Veb—Voltage from collector to base 

Note: 
these are all 

average values 

Current Flow in a Biased Transistor 

Fig. 3-23 shows the electron and hole flow in a biased npn 
transistor. With the emitter-base junction forward-biased, 
electrons in the emitter drift into the base to combine with 

the holes in the base. For each combination an electron enters 
the emitter from V eb. At the same time, an electron leaves the 
base (creating another hole) and returns to V eb. Thus, there 
is electron flow in the emitter and hole flow in the base. 

Since the base-collector junction is reverse-biased, very lit-
tle current will flow through it. This current is produced by 
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minority carriers—hole flow in the n-type collector and elec-
tron flow in the p-type base—due to Vet,. 
Why is L almost equal to le? Since the base is very thin, 

there is not a sufficient number of holes in the base region 
to combine with the large number of electrons coming from 
the emitter. These excess electrons pass through the base and 
on to the collector due to the presence of V,b. The reason why 
these electrons are not stopped by the collector-base barrier 
voltage is that there is a strong positive voltage attracting 
them. This voltage is due to the series combination of V eb and 
Vb. The major portion of I, is due to the electron flow from 

N P N 
EMITTER BASE COLLECTOR 

FORWARD BIAS 

— 111111 +  

Veb 

SYMBOLS 
ELECTRON FLOW 

REVERSE BIAS 

Vcb 

HOLE FLOW 

Fig. 3-23. Current in a biased npn transistor. 

emitter to collector. Notice that current flow in the base is due 
to both electron and hole flow. Thus, there are current flows 
indicated in both directions. Base current Ib is the difference 
between these two currents. 

Q3-38. The emitter-base junction of a transistor amplifier 
must be  biased and the collector-base 
junction must be   biased. 

Q3-39. Under these conditions collector current is (equal 
to, slightly less than, more than) emitter current. 

Q3-40. This is explained by the fact that not enough 
  exist in the base to combine with all the 
  coming from the  

Q3-41. Identify the following shorthand notations: Ib, It,, 
I„ Yb, and Vet, 
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A3-38. The emitter-base junction must be forward-biased 
and the collector-base junction reverse-biased. 

A3-39. Under these conditions collector current is slightly 
less than emitter current. 

A3-40. This is explained by the fact that not enough holes 
exist in the base to combine with all the electrons 
coming from the emitter. 

A3-41. I,—Base current 
Ie—Collector current 1 All 
L—Emitter current average 
V,,—Voltage from emitter to base values 
Veb—Voltage from collector to base 

Biasing PNP Transistors 

The difference in operation between pnp and npn transis-
tors is that holes are the majority carriers in the pnp tran-
sistor. Proper bias for a pnp unit is achieved by using "nega-
tive" voltage polarities—just the opposite of those used for 
an npn transistor. However, the bias between emitter and 
base is still forward bias and the bias between collector and 
base is still reverse bias. Since the emitter is p-type and the 
base is n-type semiconductor, a battery with its positivè ter-

N 

EMITTER BASE I COLLECTOR 

SYMBOLS 

FORWARD BIAS 

— 
 111111  

Veb 

  c 4.11 

REVERSE BIAS 

-F 

vcb 

HOLE FLOW ELECTRONImili 7l ") eW 

Fig. 3-24. Current in a biased pnp transistor. 

minal connected to the emitter will forward-bias the emitter-
base junction. In a similar fashion, a battery whose negative 
terminal is connected to the p-type collector will reverse-bias 
the collector-base junction. 
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When so biased, the transistor conducts. The emitter, being 
a p-type semiconductor, releases holes to combine with elec-
trons in the base. For each combination an electron in the 
emitter enters the positive terminal of the bias battery. This 
leaves a hole to migrate toward the base. At the same time, an 
electron from the negative terminal of the battery enters the 
base. Notice that electrons, and not holes, flow in the exter-
nal circuit. 

Because the base is thin, many more emitter holes exist than 
base electrons. The excess holes are drawn to the negative bat-
tery terminal connected to the collector. 

HOW A TRANSISTOR AMPLIFIES 

Recall how the control grid in a vacuum-tube triode has a 
much greater control of plate current than the plate. A tran-
sistor is capable of amplification because of a similar arrange-
ment. The base in the transistor acts to control current through 
the transistor in much the same fashion as the grid controls 
current in the triode. 

Consider another arrangement of the transistor. This ar-
rangement is similar to the one showing a properly biased npn 
transistor. The only difference is that the reverse bias between 
collector and base is provided by Vee in series with but oppos-
ing Vb., and V„ is large compared to Vbe. Thus, V„ replaces 
V eb in series with Vbe. This is called a grounded-emitter circuit. 

8 

Ak'P N 

FORWARD BIAS REVERSE BIAS 

Vce 

T-111111/111 

Fig. 3-25. Grounded-emitter circuit. 

tie 

Q3-42. Bias polarities for a pnp transistor are the 

  of those for an npn transistor. 

Q3-43. The base in a transistor has an action similar to 
the _ _ _ _ in a triode. 
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A3-42. Bias polarities for a pnp transistor are the oppo-
site of those for an npn transistor. 

A3-43. The base in a transistor has an action similar to 

the grid in a triode. 

Triode Amplifier Versus Transistor Amplifier 

The grounded-emitter circuit shown in Fig. 3-25 is the most 
common arrangement for a transistor amplifier. Let's compare 
it with the most common triode circuit, the grounded-cathode 
amplifier. You can see from Fig. 3-26 where this amplifier gets 

its name. 

CURRENT GAIN FORMULA 

VOLTAGE GAIN FORMULA 

.1EP 
VOLTAGE GAIN = — 

AEg 

alc 
CURRENT GAIN = — = 

III 
Vce 

Fig. 3-26. Basic amplifiers. 

Compare the two circuits shown in Fig. 3-26. The triode is 
composed of a cathode (K) that emits electrons; a plate, or 
anode ( P) that collects the electrons; and a grid ( G) that 
controls the flow of electrons to the plate. The transistor is 
composed of an emitter (E) that supplies electrons, a collec-
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tor (C) that collects the electrons, and a base (B) that con-
trols the flow of electrons. The transistor base is very thin, 
and the vacuum-tube grid has a fine-wire construction. Each 
of these elements, therefore, allows accelerated electrons to 
pass through. However, each has great control over the num-
ber of electrons that actually reach the collector of electrons 
(the plate or collector). 
The gain of a triode is determined as follows. The change 

in plate voltage necessary to produce a change in plate current 
is compared with the change in grid voltage that produces the 
same change in plate current. In the transistor the forward 
bias (Vb.) serves the same function as the negative bias in 
the triode. Instead of a voltage gain, however, a current gain 
will be measured. The symbol for current gain is the Greek 
letter p (beta). To obtain this current gain, L. and Ib recorded 
for a particular Vbe. Voltage Vbe is changed and the new 
and Ib recorded (Vee is held constant). Current gain is then 
calculated by dividing the change in I. by the change in Ib. 
Beta is often called hfr. 
Another parameter of the transistor (beta is a parameter 

like mu in the triode tube) is alpha (a). Alpha is the ratio 
of the change in collector current to the corresponding change 
in emitter current, when the collector voltage is constant (com-
mon base circuit). Another symbol for a is hfb. It has been 
shown that under most biasing methods the collector current 
is slightly less than the emitter current (due to the base draw-
ing some of the current from the emitter). Therefore the ra-
tio of AI, and AI,. must be less than one. For example, if the 
collector current changes 4.8 mA and the emitter current 
changes 5 mA, then the base current must change 0.2 mA. 
Calculate alpha as follows: 

AI, 4.8 mA 
a = — 0.96 

AI,› 5.0 mA 

Q3-44. A   transistor configura-
tion corresponds to a grounded-cathode triode am-
plifier. 

Q3-45. The numerical value of alpha is _ _ _ _ _ _ 

Q3-46. If Ib is 100 ¿LA when I,. is 1.0 mA, and ib is 50 ILA 
when I,. is 0.5 mA, what is p? 
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A3-44. A grounded-emitter transistor configuration cor-
responds to a grounded-cathode triode amplifier. 

A3-45. The numerical value of alpha is less than one. 

A3-46. 
n — M — e 1.0 mA — 0.5 mA 0.5 mA . 10 
' M b 100 µA — 50 itA — 50 µA 

Transistor Amplification 

How can a current gain (a) of less than one result in am-
plification? The answer is that a power gain is realized. The 
reason for this can be found in the values of the input and 
output impedances (resistances) of the transistor. The input 
resistance of the forward-biased, emitter-base junction is low. 
The output impedance of the reverse-biased, collector-base 
junction is very high. Consider the formula for power: 

P = PR 

If you compare the input and output circuits of the tran-
sistor in terms of their power consumption, you will see that 
there is a power gain. Consider a transistor with an emitter-
base resistance of 100 ohms and a collector-base resistance of 
about 1 megohm. Since the collector and emitter currents are 
very nearly the same, the difference in the power produced by 
each will depend largely on the resistance. Thus, the power 
in the collector circuit will be much larger than that in the 
emitter circuit. The transistor is capable of matching low-
resistance circuits to high-resistance circuits and providing 
a power gain. It is this transfer of resistance that gives the 
transistor its name. Contracting transfer and resistor gives 
transistor. 

BASIC TRANSISTOR AMPLIFIERS 

Npn or pnp transistors can also be used as grounded-
collector and grounded-base amplifiers. The three basic tran-
sistor amplifiers can be compared with the three basic vacuum-
tube amplifiers—the grounded-cathode, grounded-grid, and 
grounded-plate. 
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Common-, or Grounded-, Base Amplifier 

Shown in Fig. 3-27 are an npn, common-base amplifier and 
its vacuum-tube equivalent, the grounded-grid amplifier. The 
base and grid are grounded. The input signal is applied to 

INPUT 

INPUT 

(A) Grounded base. 

OUTPUT 

OUTPUT 

(B) Grounded grid. 

Fig. 3-27. Comparison of amplifiers. 

the emitter in the common-base circuit, and to the cathode 
in the grounded-grid circuit. The output signal is taken from 
the collector and the plate. The input and output signals of 
these amplifiers have the same polarity; that is, they are in 
phase. The common-base circuit is used mostly as a voltage 
amplifier. It has these characteristics: 

1. The input impedance is low, about 60 to 100 ohms. 
2. The output impedance is high, about 0.5 to 1.1) megohm. 
3. Current gain (a) is less than one. 
4. Voltage gain is medium, about 150. 
5. Power gain is medium, about 450. 
6. No phase reversal occurs. 

Q3-47. Phase shift in a grounded-base amplifier is _ _ 

Q3-48. The voltage gain in a grounded-base amplifier is 

Q3-49. In a grounded-base amplifier, the input impedance 
is _ _ _, and the output impedance is _ _ _ 
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A3-47. Phase shift in a grounded-base amplifier is zero. 

A3-48. The voltage gain in a grounded-base amplifier is 
medium. 

A3-49. In a grounded-base amplifier, the input impedance 
is low, and the output impedance is high. 

Common-, or Grounded-, Emitter Amplifier 

Fig. 3-28 shows a common-emitter amplifier and its vacuum-
tube equivalent, the grounded-cathode amplifier. The emitter 
and cathode are grounded. The input signal is applied to the 
base and the grid, respectively, and the amplifier output is 
taken from the collector and the plate, respectively. A phase 

INPUT 

INPUT 

(A) Grounded emitter. 

OUTPUT 

OUTPUT 

(B) Grounded cathode. 

Fig. 3-28. Comparison of amplifiers. 

V 

reversal of 180° occurs between the input and the output. This 
phase reversal will be explained in the chapter on triode am-
plifiers. The common-emitter amplifier has these character-
istics: 

1. Input impedance is low, about 700 to 1000 ohms. 
2. Output impedance is high, about 50,000 ohms. 
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INPUT 

INPUT 

3. Current gain (/3) is about 50. 
4. Voltage gain is high, about 500. 
5. Power gain is very high, about 800. 
6. Phase reversal occurs. 

Common-, or Grounded-, Collector Amplifier 

The figure shows a common-collector amplifier and its 
vacuum-tube equivalent, the grounded-plate amplifier. Notice 
that the collector and plate are not at de ground, but at ac 

ground, due to the large capacitor bypassing the battery. The 
input signal is applied to the base and grid, respectively. The 

(A) Grounded collector. 

OUTPUT 

OUTPUT 

(B) Grounded plate 

Fig. 3-29. Comparison of amplifiers. 

output signal is taken from the emitter and cathode, respec-
tively. This circuit is also called an emitter follower, and its 

equivalent is called a cathode follower. The characteristics of 
the emitter-follower amplifier are summarized on the next 
page. 

Q3-50. A common-emitter amplifier produces a phase shift 
of  

Q3-51. The voltage gain of a common-emitter amplifier is 
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A3-50. A common-emitter amplifier produces a phase 
shift of 180°. 

A3-51. The voltage gain of a common-emitter amplifier 
is high. 

Emitter-Follower Characteristics 

The gain of an emitter-follower and a cathode-follower cir-
cuit is always less than one. These circuits are usually used to 
match impedances between two circuits. The common-collector 
amplifier has these characteristics: 

1. Input impedance is very high, about 300K to 600K. 
2. Output impedance is low, about 100 ohms. 
3. Current gain is about 50. 
4. Voltage gain is less than 1. 
5. Power gain is low, about —250. ( The negative sign means 

that power is consumed by Iti,.) 
6. No phase reversal occurs. 

TRANSISTOR CHARACTERISTICS 

The performance of transistors, like solid-state diodes, is 
affected by temperature. A change in temperature varies the 
junction resistance. From the study of diodes you learned that 
the pn junction has a negative temperature coefficient. This 
changes the junction bias and the current flow across the junc-
tion and therefore affects transistor performance. For this rea-
son, manufacturers list operating temperatures for their tran-
sistors. 

TRANSISTOR CHARACTERISTIC CURVES 

Do you remember how to obtain information from the family 
of curves associated with the vacuum-tube amplifier? Transis-
tors have similar curves. Fig. 3-30 shows the family of curves 
for both a pentode amplifier and an npn-type transistor con-
nected as a common-emitter amplifier. Notice the correspon-
dence between Ii, and Ic, Ei, and Ve, and Eg and 'b. 

110 



16 

4 

o 

50 

E 
17, 

40 

a 30 
o 

.2, 20 
o ‘.› 

10 

O 

0 V 

—0.25 

E I CHARACTERISTIC CURVES P P 

It  
—0.5  

GRID VOLTAGE 

  —1.5  

  —2.0  
-r 

 —25 

—30 

O 100 200 300 
PLATE VOLTAGE-Ep 

lb = —.0 8 .rnA . Vc-Ic .CHARAOTERiSTIC CURVES 

1 

0.6 

BASE CURRENT 

___....... um 

0.2 

—0.1 

4 
2 3 4 5 6 

COLLECTOR VOLTS-Vc 

Fig. 3-30. Characteristic curves. 

Q3-52. The emitter follower is best used for what pur-
pose? 

Q3-53. The common-base circuit is most used as a 

Q3-54. The   circuit may best be 
used as a power amplifier. 

Q3-55. Use the VeI,. curves to obtain beta. 
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A3-52. The emitter follower is best used to match high-
impedance circuits to low-impedance circuits. 

A3-53. The common-base circuit is most used as a voltage 
amplifier. 

A3-54. The common-emitter circuit may be used as a 
power amplifier. 

A3-55. 
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-03 

t 1—i-1-1-L111ft  

BASE CURRENT 

-02 
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M e = —  19 — 12 mA 7 mA  
--  
AIL, 0.2 — 0.1 mA 0.1 mA 70 

Notice that this method is almost identical to the 
method used to obtain parameters from vacuum-
tube curves. 

TRANSISTOR SPECIFICATION SHEETS 

Most transistor manufacturers present transistor informa-
tion on specification sheets. These sheets are the equivalent of 
a tube manual. Fig. 3-31 shows some of the typical data. 
Each manufacturer selects some of his own special electrical 

specifications for presentation on these data sheets. Notice that 

the temperature at which these specifications were obtained 
is mentioned. Many specifications differ at other temperatures. 
The maximum values listed are limiting values. Above these 
values transistor life and performance are impaired. 
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Fig. 3-31. Typical transistor data sheet. 

Q3-56. Transistor data sheets give   and 
  specifications. 
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Your Answer Should Be: 

A3-56. Transistor data sheets give electrical and mechan-
ical specifications. 

WHAT YOU HAVE LEARNED 

1. Semiconductors are materials that are neither good 
conductors nor acceptable insulators. 

2. Transistors and solid-state diodes replace vacuum tubes 
because they are smaller, weigh less, are more rugged, 
use less power, and have a longer useful life. 

3. Intrinsic germanium has no impurities. 
4. When an electron leaves a covalent bond, the space it 

leaves is called a hole. 
5. Holes behave as though they were positively charged 

particles. 
6. Adding impurities to intrinsic semiconductors is known 

as doping. In a semiconductor doped with n-type im-
purities, the electrons serve as majority current car-
riers. In a semiconductor doped with p-type impurities, 
the holes serve as the majority current carriers. 

7. The pn junction establishes a barrier region that pre-
vents recombination of holes and electrons. 

8. Current flows through a forward-biased pn junction but 
not through a reverse-biased pn junction. 

9. Transistors function like valves to amplify signals. 
10. The emitter, base, and collector of a transistor corre-

spond to the cathode, grid, and plate of a triode tube. 
11. The collector-base junction must be reverse-biased. The 

base of the transistor is very thin, so there aren't 
enough majority carriers in the base to combine with 
the majority carriers in the emitter. The excess major-
ity carriers are drawn to the collector by the voltage 
connected to the collector terminal. 

12. Transistor current gain (measured from collector to 
base) is called beta (p) and may be quite large. Another 
current gain (measured from emitter to collector) is 
called alpha (a) and is usually less than one. 
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4 

Power Supplies 

In this chapter you will 
what yo U learn how diodes are used 

to change ac to pulsating 
Will learn dc. You will learn how fil-

ters are used to provide dc 
that is free from the variations of the original ac. You 
will also learn how regulated power supplies provide 
nearly constant dc output. 

PURPOSE OF A POWER SUPPLY 

Some source of electrical power is required for the opera-
tion of all electronic equipment. This can be a prime power 
source, such as a battery or a generator. Most electronic equip-
ment, however, cannot make direct use of prime power sources. 
For such equipment it is necessary to convert the output of a 
prime power source into an electrical form suitable for the 
particular piece of equipment. The devices used to do this are 
known as power supplies. 

COMPONENTS OF A DC POWER SUPPLY 

The components of a de power supply are the voltage con-
trol, the rectifier, and the filter. The voltage control serves to 
adjust the output of the power supply so that it is correct for 
the circuits that the power supply feeds. The rectifier serves 
to change the ac voltage into a pulsating de voltage. (A rec-
tifier may be a vacuum-tube diode, a semiconductor diode, or a 
metallic-oxide rectifier.) The filter changes the pulsating de 
into a smooth dc. 
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AC VOLTAGE 
INPUT 

Fig. 4-1. Components of a dc power supply. 

The basic functions of a power supply are to rectify and 
filter. The voltage-control function is actually identical to the 
operation of the power supply. Once you learn to separate the 
rectifier and filter circuits from the power supply, you will see 
that the leftover components are in the voltage-control portion. 

THE RECTIFICATION PRINCIPLE 

The rectification principle is very simple. If it is desired to 
change an ac voltage to a pulsating de voltage, a unidirectional 
current-control device must be used. The diode is such a device. 
Any device that accomplishes this result is called a rectifier. 

o  

o  

UNIDIRECTIONAL 
CURRENT 
CONTROL 

CURRENT FLO'v% 

4mmi 

n n 

Fig. 4-2. Rectification principle. 

LOAD 

This simple principle is shown in Fig. 4-2. An ac voltage is 
applied to a unidirectional current-control device. Current 
flows only during the positive portions of the input signal. 
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Fig. 4-3. Types of rectifiers. 

0 Milvimmi;   + A HALF WAVE o l I  
RECTIFIER 

+8G08._ o 

The output voltage is therefore composed of only the positive 
portion of the input. This output is called pulsating dc. 
The two most common rectifiers in use are the full-wave 

and half-wave. The differences between the two are obvious 
from Fig. 4-3. When an ac voltage is applied to a half-wave 
rectifier, only half of each cycle is made available to the load. 
You will see later that not only is this type of rectification in-
efficient, but it also makes it more difficult to obtain the pure 
de voltages required by some electronic circuits. 
When ac voltage is applied to a full-wave rectifier, the load 

receives current during both half cycles. Notice that the nega-
tive half cycles have been inverted so that all the half cycles 
are positive at the output of the rectifier. This type of pulsat-
ing de is much easier to smooth (filter) than the output of the 
half-wave rectifier. Thus, smaller and less expensive compo-
nents can be used in the filter section. 

Q4-1. An ac voltage is converted into a de voltage by a 

Q4-2. The two major functions of a power supply are to 
 and   

Q4-3. The component of a power supply that changes ac 
voltage to a pulsating de voltage is the 

Q4-4. The component of a power supply that smooths out 
pulsating dc into almost pure de is the   
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A4-1. An ac voltage is converted into a de voltage by a 

rectifier. 

A4-2. The two major functions of a power supply are to 

rectify and filter. 
A4-3. The component of a power supply that changes ac 

voltage to pulsating de voltage is the rectifier. 

A4-4. The component of a power supply that smooths out 
pulsating de to become almost pure de is the filter. 

FILTERING ACTION 

After rectifying the ac voltage, the power supply must then 
filter it. The function of the filter is to smooth out the pulsat-
ing de and provide an almost pure de. You can see in Fig. 4-4 
that the actual output is not quite pure de. The amplitude of 
the ripple is the factor that determines how close the output 

OUTPUT OF 
HALF WAVE 

n RECTIFIER 

/  L imaimw FILTER 0 

e•••••••„/"\.. 

PULSATING DC WITH 
DC RIPPLE 

+ 

 Ps., 
0   FILTER 0 

OUTPUT OF _ 
FULL-WAVE 
RECTIFIER 

Fig. 4-4. Filter action. 

is to de. The higher the amplitude of the ripple voltage, the 
less perfect is the de output. 

VOLTAGE CONTROLS 

Several types of voltage controls are used in power supplies. 
Fig. 4-5 shows the locations they may have in a power supply. 
The types of voltage control can be roughly divided into two 
classes—automatic and manual. Either type serves the same 

function, to supply the correct voltage to the load. 
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The voltage control used at point 1 is the power transformer. 
It may be some sort of variable transformer that can be man-
ually controlled to provide the desired output voltage. Or it 
may be a power transformer with several windings, each of 
which provides a different voltage. 

AC 

Fig. 4-5. Control circuit locations. 

The power transformer in Fig. 4-6 has an input winding 
(1 and 2), a 5-volt filament winding (5 and 6) for the recti-
fier, a 6.3-volt filament winding (7 and 8) for the vacuum 
tubes in the equipment, and two step-up voltage windings to 
supply voltage to the rest of the load. One of these windings 

117 VAC 

3 

150 VAC 

4 

5 VAC 

6 

7 

63 VAC 

8 

100 VAC 

10 200 VAC 

100 VAC 

11 

Fig. 4-6. A power transformer. 

(3 and 4) provides 150 volts ac, and the other ( 9, 10, and 11) 
provides 200 volts ac with a center tap. The use of this center 
tap will be explained later. 

Q4-5. The function of a filter is to pulsating dc. 

Q4-6. Voltage controls can be either   or 
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A4-5. The function of a filter is to smooth pulsating dc. 

A4-6. Voltage controls can be either automatic or manual. 

The type of voltage control used at point 2 ( see Fig. 4-5) 
is capable of making automatic voltage changes. This is ac-
complished by using various types of rectifier circuits that 
may double, triple, or even quadruple the input voltage. 

The type of voltage control used at point 3 can vary the 
output voltage either automatically or manually, and is called 
a regulator circuit. Its main function is to maintain a steady 
output voltage from the power supply. A power supply using 
a regulator is called a regulated power supply. 

o  

Fig. 4-7. Unregulated power-supply action. 

\ 

UNREGULATED 
POWER 
SUPPLY I  140 VDC 

o \ 

-71  

150 VDC 

 o 

Fig. 4-7 shows an unregulated power supply fed by a line 
voltage of 115 volts ac. It provides an output voltage of 140 
volts de to its load. Now suppose the line voltage changes to 
120 volts ac. 
When there is an increase in the line voltage, there is an 

increase in the output voltage. In Fig. 4-7 it happens to be an 
increase of 10 volts dc. Many electronic circuits are not af-
fected by this much change. Others are affected only slightly. 
However, many circuits are disturbed considerably by this 
type of change, and a voltage regulator must be used to cor-
rect it. 
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o  

115 VAC 

/ o  

REGULATED 
POWER 
SUPPLY 

Br \ 1  
120 VAC 

o  

\  

o 

140 VDC 

 o \ , 
REGULATED r 
POWER 140 VDC 
SUPPLY  

Fig. 4-8. Regulated power-supply action. 

 o 

The power supply above has a voltage regulator. When the 
line voltage increases 5 volts, the output voltage remains at 
140 volts dc. Changes in the load current will also change the 
output of a power supply. Voltage regulators are designed to 
prevent changes under these conditions as well. Notice that 
many voltage regulators can be manually controlled, incorpo-
rating an adjustment used for selecting a particular voltage 
output. 

VACUUM-TUBE AND SEMICONDUCTOR RECTIFIERS 

A diode is sensitive to the polarity of an applied voltage. 
A positive voltage applied to the plate, or anode, causes a di-
ode to conduct readily, while a negative voltage applied to the 
same point results in no conduction ( in the case of the vacuum 
diode) or very slight conduction ( in the case of a semiconduc-
tor). It is this unidirectional property that makes a diode 
useful as a rectifier. 

Q4-7. In an unregulated power supply, the output volt-
age   when the input voltage changes. 

Q4-8. The output voltage of an unregulated power sup-
ply (changes, does not change) when the load cur-
rent changes. 

Q4-9. A  is used to keep the 
output voltage of a power supply constant. 

Q4-10. A diode conducts only when its plate, or anode, is 
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A4-7. In an unregulated power supply, the output volt-
tage changes when the input voltage changes. 

A4-8. The output voltage of an unregulated power sup-
ply changes when the load current changes. 

A4-9. A voltage regulator is used to keep the output 
voltage of a power supply constant. 

A4-10. A diode conducts only when its plate, or anode, is 
positive. 

Half-Wave Rectifier Circuits 

A half-wave rectifier converts an ac voltage into a pulsating 
de voltage. It does this by removing either the positive or nega-
tive half cycles from the input voltage. In other words, only 
half of each sine-wave cycle is used to provide power to the 
load. It can readily be seen that this type of supply is relatively 
inefficient. 

• Ti  ,col +, • e_ onA_:--1 a e _  t 
o 

+ 
RL = LOAD 

RESISTOR 
- 

Fig. 4-9. Half-wave rectifier. 

o 

A typical half-wave rectifier with a power transformer in 
the input is shown in Fig. 4-9. Notice the dots at the top of 
each winding of T1. These dots indicate that the transformer 
is wound in such a fashion that the voltage at the ends of the 
windings marked with the dots are in phase with each other; 
when the top of the primary is positive, the top of the second-
ary is also positive. 
When the positive half cycle of the input voltage is applied 

to the primary winding of T1, there is a positive voltage ap-
plied to the anode of semiconductor CR,, causing it to be for-
ward-biased. Diode CR1 then conducts, causing a current flow 
and a voltage drop across the load resistor ( 1t,). During the 
negative half cycle, CRi is reverse-biased and very little cur-
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rent flows. There is very little voltage dropped across RL dur-
ing this half cycle. 
A half-wave rectifier can also be made using a vacuum-tube 

diode. Such a circuit is shown in Fig. 4-10. The small second-
ary winding is a filament winding to supply heating current 
to the filament of VI. (Notice that this winding was not needed 
for the semiconductor diode in Fig. 4-9.) Observe the negative 
voltage output shown at the top of RL. This is obtained by 
connecting the diode so that it permits control to flow down 
through the load resistor (R 1). Therefore, the diode plate is 
connected to the top of RL. The bottom of RL is connected to 
the bottom of T1, and the cathode of V1 is connected to the top 
of T 1. The diode could just as easily be connected in the reverse 
direction to give the opposite polarity at the top of RL. 

FILAMENT VI 
Ti WINDING 

Fig. 4-10. Half-wave vacuum-tube rec ifier. 

In its its operation, this circuit is very similar to the semicon-
ductor half-wave rectifier. On the positive half cycles, a posi-
tive voltage is applied to the cathode of the diode, and the 
diode will not conduct. On the negative half cycles a negative 
voltage is applied to the cathode, and the diode does conduct. 
Current flows down through RL, producing an output of the 
polarity shown. Thus, only negative half cycles appear at the 
output. 

Q4-11. A half-wave rectifier passes current to the load 
during (one half, both halves) of each cycle of ap-
plied voltage. 

Q4-12. A half-wave rectifier can be made using a 
 or diode. 

Q4-13. Output-voltage polarity depends on the connec-
tions to the  . 
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A4-11. A half-wave rectifier passes current to the load 
during one-half of each cycle of applied voltage. 

A4-12. A half-wave rectifier can be made using a semi-
conductor or vacuum-tube diode. 

A4-13. Output-voltage polarity depends on the connec-
tions to the diode. 

Full-Wave Rectifier Circuits 

A full-wave rectifier differs from a half-wave rectifier in that 
it utilizes both halves of the input-voltage cycles for its pulsat-
ing de output voltage. Such a rectifier is shown in Fig. 4-11. 

• 

Fig. 4-11. Full-wave rectifier (positive half cycle). 

Two diodes are employed in this circuit. A special trans-
former is used with its center tap connected to one side of RL 
and to ground. When the dot side of T, is positive with respect 
to the center tap, V, will not conduct. The plate of V, is con-
nected to the other end of T1, which is negative with respect 
to the center tap. Thus V2 will not conduct. The output of the 
circuit is as shown in Fig. 4-11. Compare this output with that 
of the half-wave rectifier. 
On the negative half cycle, the top of T, is negative with 

respect to the center tap, so V, will not conduct. The bottom 
of T, is positive with respect to the center tap, and V2 will 
now conduct. Notice the direction of current flow—through V2, 
to the bottom of T1, out of the center tap, up through RL, and 
back to the cathode of V2. Current flows through R,, in the 
same direction as it did for the positive half cycle. This results 
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in the output half cycles all being positive. The effect is just 
like passing the positive half cycles and inverting the negative 
half cycles. The result is the waveform shown in Fig. 4-12. 

• 

0 e 

00 

Fig. 4-12. Full-wave rectifier (negative half cycle). 

2 

HALF CYCLES 
CONDUCTED BY V1 

_ \ / 
HALF CYCLES 

CONDUCTED BY V2 

Notice the difference between the pulsating de from a half-
wave rectifier and from a full-wave rectifier. The variation 
in the output from the half-wave rectifier has half the fre-
quency of the variation from the full-wave rectifier. 

Full-wave rectifiers are now more often made using semi-
conductor diodes. The circuit in Fig. 4-13 shows this. Although 
the position of RI, on the diagram has been changed, the cir-
cuit is still the same. 

T CR1 

Ag. 4-13 Full-wave semiconductor rectifier. 

Q4-14. A full-wave rectifier uses a transformer with a 

secondary. 

Q4-15. A full-wave rectifier conducts during (one half, 
both halves) of the applied-voltage cycle. 
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A4-14. A full-wave rectifier uses a transformer with a 
center-tapped secondary. 

A4-15. A full-wave rectifier conducts during both halves 
of the applied-voltage cycle. 

Bridge Rectifier Circuit 

There is a type of full-wave rectifier circuit that does not 
require a transformer with a center tap. Instead, it uses four 
diodes. This circuit is called a bridge rectifier circuit. 

Fig. 4-14. Bridge rectifier (positive half cycle). 

On the positive half cycle, current flows through CR :1, up 
through the load resistor, and back through CR1. CR, and 
CR 1 are reverse-biased and act like open switches. 

411MM 

CR3 

CONDUCTED BY 
CR3 & CR 1 

a 
CONDUCTED BY 

CR2 & CR4 

Fig. 4-15. Bridge rectifier (negative half cycle). 

Fig. 4-15 shows the current direction for the negative half 

cycle. 
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The bridge rectifier is usually used in power supplies that 
must deliver a large amount of current. Semiconductor diodes 
for large currents were special selenium or copper-oxide me-
tallic rectifiers in the past, but now silicon rectifiers are usu-
ally used. 

FILTERS 

The filter is the section of a power supply that smooths the 
pulsating de to make it almost pure dc. The types of filters 
most commonly used are shown below. As you see, filters are 
simply circuits made up of resistors, capacitors, and inductors 
in various combinations. The operation of filters depends on 
the ways that L, C, and R affect changing voltages and cur-
rents. 

CAPACITIVE FILITERS L SECTION FILTERS 7, SECTION FILTERS 

(A) Schematic diagrams. 

(B) Capacitance. (C) Chokes. 

Fig. 4-16. Filter circuits and components. 

Q4-16. A bridge rectifier is a type of (full-wave, half-
wave) rectifier. 

Q4-17. What are the three types of filters most commonly 
used? 
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A4-16. A bridge rectifier is a type of full-wave rectifier. 

A4-17. The three types of filters most commonly used are 
the: 1. capacitive filter, 2. L-section filter, and 
3. ir ( pi)-section filter. 

The Capacitive Filter 

Basically, the capacitive filter is simply a capacitor con-
nected in parallel with the load resistance. As the pulsating 
de voltage from a half-wave or full-wave rectifier is applied 
across the capacitor, it charges to the peak applied voltage. 
If there were no load resistance connected across the output, 
the capacitor would remain charged to the peak voltage. 

DISCHARGE 
CURRENT 

0 
_ INPUT FROM 

HALF WAVE 
RECTIFIER 

Fig. 4-17. Capacitive filter action. 

CHARGE 
CURRENT 

O 
OUTPUT 
TO LOAD 

In practice, there is always a load resistance connected 
across the capacitor. Between peaks, the capacitor discharges 
through the load resistance, and the voltage gradually de-
creases. The amount the voltage decreases before the capaci-
tor is charged again by a peak in the pulsating de is called 
ripple voltage. 
The amount of capacitor discharge between voltage peaks 

is controlled by the RC time constant of the filter capacitor 
and the load resistance. If the load resistance is large and 
the capacitance is large, the ripple voltage is small; the pul-
sating de has been smoothed out until it is almost a pure, con-
stant de voltage. 

Variations in the output voltage are not desirable because 
they affect the operation of vacuum-tube or transistor circuits 
receiving the de. The increased ripple voltage caused by re-
duced load resistance is one undesirable feature of the ca-
pacitive filter. 
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A second undesirable feature of a capacitive filter is the 
large charging current. This excessive current flows into the 
capacitor to charge it when the power supply is first turned 
on. This initial current is often called a surge current. Over a 

DISCHARGE 

RIPPLE 
VOLTAGE 

CHARGE 

Fig. 4-18. Capacitive filter charge and discharge. 

period of time, surge currents can cause injury to fuses and 
rectifiers, resulting in eventual burnout. Each surge current 
can cause part of a fuse to melt slightly, for example, until 
it finally burns out. The same thing can happen to the rectifier. 
A small surge of current flows through the rectifier during 
each cycle to recharge the partially discharged capacifor. 
Under certain conditions these charging surges can become 
large enough to damage a diode. The remaining two types of 
filters have components to reduce the effect of ripple-voltage 
variations and surge currents. 

Q4-18. What will happen to the RC time constant of the 
capacitor and load resistance if the load resistance 
is decreased? 

Q4-19. If the load resistance is decreased, the filter capaci-
tor will discharge (more, less) rapidly. 

Q4-20. What will happen to the amount of ripple voltage 
if the load resistance is decreased? 

Q4-21. The large current that flows for a short time 
to charge the capacitor is called a(n)   

Q4-22. If a load resistance is not connected across the 
filter capacitor, what will happen to the output 
voltage? 
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Your Answers Should Be: 

A4-18. If RL is decreased, the RC time constant will be 
shorter. 

A4-19. If the load resistance is decreased, the filter ca-
pacitor will discharge more rapidly. 

A4-20. The amount of the ripple voltage increases as the 
load resistance of a capacitive filter is decreased. 

A4-21. The large current that flows for a short time to 
charge the capacitor is called a surge current. 

A4-22. If a load resistance is not connected across the 
filter capacitor, the capacitor will charge to the 
peak value of the filter input voltage and the out-
put voltage will remain at this value. 

L-Section Filters 

An L-section filter, so-called because its schematic, see Fig. 
4-19, looks like the letter L on its side, reduces surge currents 
by using a current-limiting resistor or inductor. This limiting 
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Fig. 4-19. L-section filter with series resistor. 

resistor or inductor is connected in series with the capacitor. 
A limiting resistor controls surge currents by introducing an 
RC time constant to slow the charging of the capacitor. 
When an inductor is used as the series element, the surge 

currents are reduced in a different manner. The inductor op-
poses a change in current by creating a counter emf. As a re-
sult, the surge current is greatly reduced and the capacitor 
charges more slowly. 
An inductor used in an L-section filter also adds to the filter-

ing action of the capacitor. The inductor reacts to changes in 
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current caused by the ripple voltage the same way it reacts 
to the surge current. The counter emf tends to cancel out the 
effects of the ripple voltage. 
The operation of the L-section filter can also be explained 

in terms of reactance. In a simple capacitive filter, and in an 
L-section filter with a limiting resistor, the filtering action is 
the result only of the reactance of the capacitor (X(.). The ca-
pacitor presents a low reactance to ac and a very high reac-
tance to de. The ac part of the input is therefore bypassed 
through the capacitor, but the de part goes directly to the load. 

o COOD00001  
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Fig. 4-20. L-section filter with series inductor. 

To understand the L-section filter with an inductor, the re-
actance of the inductor must also be considered. The reactance 
is high for ac, but it is nonexistent for dc. The inductor pre-
sents a high reactance to the ac current produced by the ripple 
voltage. The inductor therefore tends to block this current. 
It presents zero reactance to the de and allows it to pass 
readily. The ac that is not blocked by the inductor is mostly 
bypassed by the capacitor. 

Q4-23. In an L-section filter, ac ripple can be blocked by 
a(n)   

Q4-24. In an L-section filter, ac ripple can be bypassed 
by a(n)   

Q4-25. An L-section filter with a limiting resistor is 
(more, less) effective than one with an inductor. 

Q4-26. An inductor has a reactance for ac than 
for dc. 
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A4-23. In an L-section filter, ac ripple voltages can be 
blocked by an inductor. 

A4-24. In an L-section filter, ac ripple voltages can be 
bypased by a capacitor. 

A4-25. An L-section filter with a limiting resistor is less 
effective than one with an inductor. 

A4-26. An inductor has higher reactance for ac than for 
de. 

Pi-Section Filters 

A pi-section (or 7r-section) filter has three elements—a 
shunt input capacitor, a series choke ( inductor), and a shunt 
output capacitor. As the input voltage reaches the first capaci-
tor, the capacitor bypasses most of the ac ripple current to 
ground. This presents a smoother waveshape to the choke. 
The choke presents a high inductive reactance to the ac ripple 

0000Den_,__.° 

T 
C 

(A) With choke. (B) With resistor. 

Fig. 4-21. Pi-section filters. 

 O 

current and tends to block it. To put it another way, the choke 
opposes a change in current, and so it acts to smooth the cur-
rent passing through it. Finally, the second capacitor is de-
signed to bypass to ground any remaining ac components. The 
resulting output is a smooth de voltage. 
To save money, the choke is sometimes replaced with a re-

sistor. This results in less smoothing action. A pi-section filter 
using a resistor depends for some of its effectiveness on the 
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long time constant of the series resistor and the output ca-
pacitor. If this time constant is much longer than the period 
of the ac ripple, the output capacitor will charge and discharge 
very little during any one pulse of the ripple voltage. The wave-
shape will then be smoothed out. However, the resistor also 
consumes power. This is an important consideration in a 
power-supply circuit. 

REGULATED POWER SUPPLIES 

Regulated power supplies are those that keep the voltage 
(or current) supplied to the load constant, even if the power-
source voltage fluctuates or the load changes. 

Basically, the voltage-regulator part of a regulated power 
supply is a variable resistance that automatically changes 
as the output voltage changes. (For simplicity, no filter is 
shown in Fig. 4-22.) 

(A) In shunt with power supply. (B) In series with power supply. 

Fig. 4-22. Voltage regulators represented as variable resistors. 

A shunt voltage regulator combines with the resistance of 
the power supply itself, or with an additional resistor, to form 

a voltage divider. As the shunt resistance increases, more 
voltage appears across it as an output to the load. As the 

shunt resistance decreases, less voltage appears across it. 
The series voltage regulator forms a voltage divider in se-

ries with the load resistance. As the series resistance increases, 

less voltage appears across the load resistance. As the series 
resistance decreases, more voltage appears across the load. 

Q4-27. What are the three elements of a pi-section filter? 

Q4-28. A pi-section filter with a resistor gives ( better, 
poorer) filtering action than one with a choke. 

Q4-29. A voltage regulator may be compared to a 
  resistor. 
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A4-27. The three elements of a pi-section filter are a 
shunt input capacitor, a series choke or resistor, 
and a shunt output capacitor. 

A4-28. A pi-section filter with a resistor gives poorer 
filtering action than one with a choke. 

A4-29. A voltage regulator may be compared to a vari-
able resistor. 

The resistance of a shunt voltage regulator increases when 
the output voltage decreases. It decreases when the output 
voltage increases. Thus, it automatically returns the output 
voltage to normal. Similarly, the resistance of a series voltage 
regulator increases as the output voltage increases and de-
creases as the output voltage decreases. 

There are several ways of achieving resistance that varies 
with output voltage. One of these is the gaseous voltage-regu-
lator ( vr) tube. This is a diode filled with a current-conduct-
ing gas. As the voltage applied across this tube increases, the 
gas becomes more ionized, and the resistance of the tube de-
creases. This type of tube can be used as a shunt voltage reg-

ulator. 
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POWER 
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Fig. 4-23. Simple vr-tube voltage regulator. 

The limiting resistor in series with the vr tube is selected 
to limit the current through the tube to a safe value. Gaseous 
voltage regulators keep the output voltage constant to within 
about 1%. They come in a number of specific voltage ratings. 
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To change the constant output voltage, it is necessary to 
change the tube. To obtain higher voltage ratings, vr tubes 
can be connected in series so that only part of the output volt-
age appears across each one. 

The regulated voltage from a vr-tube regulator is fixed 
in value. 

Power-supply voltages can also be regulated by use of zener 
diodes. The zener diode consists of two layers of doped semi-
conductor, usually silicon, one n-layer and one p-layer, with 
the doping a little heavier than for ordinary diodes. The sym-
bol for the zener diode is shown in Fig. 4-24, along with a cir-

POWER REGULATED 
SUPPLY VOLTAGE 

(A) Symbol (B) Schematic diagram. 

Fig. 4-24. Zener-diode voltage regulator. 

cuit showing its use as a shunt regulator. The cathode (n-
layer) connects to the positive of the power supply and the 
anode (p-layer) connects to the negative side. This is the re-
verse of the usual connections for a diode to conduct. The zener 
diode is specifically manufactured to operate in the "break-
down region." When the reverse voltage across it exceeds the 
zener breakdown voltage, large currents can flow in the junc-
tion and the voltage across the diode will remain constant for 
all normal values of diode current. 
The zener diode used as a regulator operates much the same 

as the vr tube—a limiting resistor is used in series with the 
diode to limit the current through the zener diode to safe val-
ues. Zener diodes are available in different voltage ratings. 

Q4-30. The resistance of a shunt voltage regulator de-
creases as the output voltage  

Q4-31. The resistance of a series voltage regulator 
  as the output voltage decreases. 
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A4-30. The resistance of a shunt voltage regulator de-
creases as the output voltage increases. 

A4-31. The resistance of a series voltage regulator de-
creases as the output voltage decreases. 

Where it is desired to vary the value of a regulated voltage 
or to set the voltage at a certain value, a vacuum-tube or a 
transistor can be used. 
A vacuum-tube circuit can be used as a series voltage regu-

lator. The current passing through the tube from cathode to 
plate depends on the grid bias. Another way to say this is that 
the resistance of the tube depends on the grid bias. Therefore, 
by varying the voltage on the grid, the tube resistance can be 
changed as necessary. 
A source for the grid bias is needed. This may be a battery 

or it can be a vr regulator connected to the power source. A 
potentiometer in the grid circuit makes it possible to adjust 
the bias. 

If the voltage of the unregulated power source rises, the 
voltage at the cathode of the triode also increases. This causes 
+ + 

NPN 

DC POWER 
SUPPLY 

Fig. 4-25. Shunt-type voltage regulator. 

REGULATED 
OUTPUT 

an increase in the negative grid bias and reduces the current 
through the tube, effectively increasing the plate resistance. 
The output voltage is thus reduced. If the power source volt-
age drops, the opposite action takes place. This circuit will 
also compensate for changes in load resistance. 
A transistor instead of a tube can be used as a shunt-type 

voltage regulator ( Fig. 4-25). The zener diode establishes a 
reference for the emitter. If the input voltage increases or 
load current decreases, current through the transistor will 
increase and so will current through R.. The increased current 
through R. causes the output voltage to decrease. This reduces 
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UNREGULATED REGULATED 
DC VOLTAGE OUTPUT 

Fig. 4-26. Simple series regulator. 

the base-emitter voltage and thus collector current. The out-
put voltage decreases to its normal value. However, if the 
output voltage decreases, the base-emitter voltage will de-
crease, the collector current will decrease, and the output volt-
age will increase to its normal value. The setting of Ro deter-
mines the output voltage. 
The series regulator transistor circuit is used more often 

than the shunt regulator transistor type of circuit. An exam-
ple of a series regulator circuit is shown in Fig. 4-26. Capaci-
tor C is a filter capacitor. Operation is as follows: If there is 
no load, no collector current flows through the transistor and 
the base is held at a fixed voltage by the zener diode. When 
load RL is connected, collector current flows through the tran-
sistor. There will be a drop of approximately 0.6 volt between 
emitter and base if the transistor is a silicon type and if the 
load current is moderate. The regulated output voltage will be 
equal to the unregulated output voltage minus the 0.6 volt 
emitter-base voltage. If the load current increases, tending to 
decrease the regulated output voltage, the collector current in-
creases and the emitter-base voltage increases slightly repre-
senting an increased forward bias for the transistor. The tran-
sistor then passes more current to the load and the output volt-
age tends to rise. 

Q4-32. In the vacuum-tube series regulator, the current 
passing through the tube from cathode to plate 
depends on the _ _ _ _ _ _ _ _ . 

Q4-33. In the shunt-regulator circuit using a transistor, 
the reference for the emitter is established by the 
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A4-32. In the vacuum-tube series regulator, the current 
passing through the tube from cathode to plate 
depends on the grid bias. 

A4-33. In the shunt-regulator circuit using a transistor, 
the reference for the emitter is established by the 
zener diode. 

WHAT YOU HAVE LEARNED 

1. Power supplies are most often used to convert ac volt-
ages into de voltages. 

2. The components of a de power supply are a voltage con-
trol, rectifier, and filter. 

3. A power transformer provides ac at desired voltage 
values as an input to a power supply. 

4. A diode ( or combination of diodes) is used to convert 
ac into pulsating dc. 

5. There are basically two types of rectifiers—half-wave 
and full-wave. 

6. A bridge rectifier is one type of full-wave rectifier; an-
other type uses two diodes. 

7. The filter smooths out the pulsating de and provides al-
most pure de. 

8. Three of the most commonly used filters are capacitive, 
L-section, and pi-section. 

9. The ac component of the filtered de is called ripple volt-
tage. 

10. Voltage regulators are used to provide fairly constant 
de. 

11. Voltage regulators make adjustments in the power-sup-
ply output voltage by varying the resistance of vacuum 
tubes and/or transistors. 

12. Voltage regulators are connected in series or in parallel 
with the load resistance. 

13. Gas tubes, triodes, and transistors are three common de-
vices used to provide a variable resistance in regulator 
circuits. 
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5 

Vacuum-Tube Amplifiers 

and Oscillators 

You will now learn how 
vvhat you vacuum tubes are used in 

Will learn practical amplifier circuits, 
and receive more practice 
in using tube-characteristic 

curves. You will find out how to develop equivalent cir-
cuits for tubes and learn something about biasing cir-
cuits. You will discover the difference between voltage 
and power amplifiers. The common methods of coupling 
a series of single-tube amplifiers to produce a multistage, 
or cascaded, amplifier will be discussed. You will become 
familiar with the way in which oscillators generate ac 
voltages by the use of positive feedback. 

WHAT IS AN AMPLIFIER? 

Amplifiers are probably the most common circuits in elec-
tronics. They are used everywhere, from radio receivers and 
television transmitters to radar sets and complex computers. 
Everyone knows what a high-fidelity audio amplifier does. 

It takes a very weak signal from a phonograph pickup or tape 
head and increases the amplitude of this signal until it has 
enough strength to drive several large speakers. 

All amplifiers increase the amplitude of an input signal un-
til it is large enough for the intended application. One of the 
main functions of a television receiver is to amplify the ex-
tremely weak signal voltage induced in the antenna enough 
to produce an image on a picture tube. 
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There are many different kinds of amplifiers. Some have 
the main function of amplifying a signal voltage; these are 
voltage amplifiers. Others are power amplifiers for driving 
final loads. Some are designed for low frequencies; these are 
de and operational amplifiers. Others work best in the audio-
frequency (af) range. There are radio-frequency ( rf) ampli-
fiers designed for higher frequency ranges. Some have a very 
narrow passband; they amplify only a narrow range of fre-
quencies. The amplifiers in a radio receiver are an example of 
this type. They are concerned with amplifying sine waves. 
Others, like the video signal amplifiers in television sets, must 
have a fairly wide passband so that complex waveforms are 
not distorted. 

AC SICNAL INPUT 

DC POWER • 
AMPLIF IER 

AC OUTPUT 

VSV 
Fig. 5-1. Basic amplifier principle. 

You can see from Fig. 5-1 that the amplifier does not magi-
cally transform a low-power or low-voltage signal into a larger 
one. You can't get more power out than you put in. Instead, an 
amplifier controls the de power from the power supply accord-
ing to the variations in the ac input signal. 

It is often desirable to have an output that is a reasonably 
good duplication of the input. But due to the limitations of 
tubes and circuits, this is not always possible. When the out-
put does not follow the input exactly, there is distortion. The 
amount of permissible distortion depends on the purpose of 
the output signal. Distortion-free amplifiers are usually com-
plex and costly. 
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Plate-Current Flow in an Amplifier 

Now look at a simple vacuum-tube amplifier (Fig. 5-2). 
This one uses a triode, a tube with three elements—cathode, 
grid, and plate. There is also a heater to keep the cathode at 
emission temperature, but normally it is not considered as an 
active circuit element. 

PLATE 

GRIL 

Ec 

25 V 

CATHODE 

18 

Eg 300 V 

Fig. 5-2. Basic triode amplifier circuit 

RL 50K 

As the cathode is heated to emission temperature, it begins 
to emit electrons into the space around it. A positive voltage 
(E.) applied to the plate of the tube attracts the negative 
electrons. Electrons leave the 300-volt battery from its nega-
tive terminal, flow into the cathode, are emitted, and pass 
into the electron cloud. Then the electrons are attracted to 
the plate and flow through the load resistor back to the posi-
tive terminal of the battery. This is the steady-state de plate 
current ( I.). 
The tube current flows in a loop, as shown, and encounters 

several resistances on its way. These include the small internal 
resistances of the battery, the resistance of the cathode-plate 
path through the tube (plate resistance Rd, and the load re-
sistance (RL). The sum of these three resistances and the 
amount of the battery voltage determine the magnitude of the 
plate current ( I.). Current II; and the battery voltage deter-
mine the dc-power input to the amplifier. 

Q5-1. An amplifier has two inputs: a large 
input and a small   input. 

Q5-2. The output of an amplifier is the  input 
altered so that it resembles the input. 
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Your Answers Should Be: 

A5-1. An amplifier has two inputs: a large dc-power in-
put and a small ac-signal input. 

A5-2. The output of an amplifier is the dc-power input 
altered so that it resembles the signal input. 

Plate-Current Control 

The amplifier circuit diagram shows a small negative volt-
age ( E,.) on the grid. The grid therefore has the effect of 
repelling the negative electrons in the electron cloud sur-
rounding the cathode. Since the grid is closer than the plate 
to the cathode, a small change in grid voltage affects plate 
current as much as a large change in plate voltage. To put 
it another way, a small grid voltage controls a large plate 
current, making amplification possible. 

Voltage Gain 

The grid bias (Eel is adjusted in such a way that it allows 
a small amount of plate current to flow when no input signal 
is present. Now an ac input-signal voltage (eg) is introduced. 
Suppose the de grid bias voltage is —2.5 volts and an ac signal 
that swings 2 volts in each direction (4 volts peak-to-peak) 
is superimposed on it. The graph in Fig. 5-4 shows how the 
plate current and voltage change with the grid voltage for a 
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Fig. 5-3. Amplifier with input signal. 

50K 
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particular type of tube used in the circuit shown in Fig. 5-3. 
The plate current changes from 1.2 to 1.8 milliamperes. This 
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current, flowing through load resistor RL, produces a change 
in voltage drop from 50,000 x 0.0012 = 60 volts to 50,000 x 
0.0018 = 90 volts. The voltage drop with just the de bias ap-
plied (no signal input ) is 75 volts. 
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Fig. 5-4. Graph of amplifier operation. 
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Since the plate-battery voltage is 300 volts, the voltage be-
tween plate and cathode will be 300 minus the load-resistor 
voltage drop (neglecting the small battery resistance). Thus, 
the plate voltage has a quiescent ( no-signal) value of 225 volts, 
and with the 4-volt (peak-to-peak) input signal it swings be-
tween 210 and 240 volts. 
An ac signal with a peak of 2 volts was put into the ampli-

fier, and an ac output with a peak amplitude of 15 volts (% of 
240 — 210 volts) was produced. This ac output voltage has 7.5 
times the amplitude of the ac input voltage. This is a net volt-
age gain of 7.5. 

Q5-3. In Fig. 5-4, the ac input signal is applied to the 
of the tube. 

Q5-4. The output voltage is produced by changes in the 
  flow through the _ ___ re-

sistor. 
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A5-3. In Fig. 5-4, the ac input signal is applied to the grid 
of the tube. 

A5-4. The output voltage is produced by changes in the 
plate-current flow through the load resistor. 

Phase Reversal 

In the amplifier described on the previous pages, the plate 
voltage is the difference between the plate-supply voltage and 
the load-resistor voltage drop. Thus, when the load-resistor 
drop is greatest, the remaining plate voltage is at the lowest 
value. The load-resistor drop is greatest (the plate voltage 
is the lowest) when the grid-signal voltage is at its positive 
peak. When the grid voltage is at its negative peak, the plate 
voltage is at its highest value. This means then that a phase 
difference of 180° exists between the input and output voltages. 

TETRODES AND PENTODES 

As you know, many tubes have more electrodes than the 
three of the triode described so far in this chapter. The tetrode 
(four-electrode) tube has a fourth element, called the screen 
grid, between the control grid and the plate. This tube was 
developed to overcome a particular shortcoming of triodes. 
One of the practical limitations of triode amplifiers is that 

at higher frequencies the interelectrode capacitance becomes 
important. This capacitance exists between cathode and grid, 
between grid and plate, and between cathode and plate, and 
is normally very small. As the input frequency increases, the 
reactances of these capacitances decrease, causing undesirable 
effects. The capacitive coupling from plate (output) to grid 
(input) is especially undesirable. This capacitance can result 
in undesirable feedback, gain reduction, and distortion. The 
screen grid of a tetrode acts as an electrostatic shield between 
the grid and plate. In this way it reduces the undesirable 
plate-to-grid capacitance to a much lower value. 
The pentode has a third grid placed between the screen grid 
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and the plate. This fifth electrode is called the suppressor grid. 
The purpose of the suppressor grid is to prevent a form of re-
verse conduction which occurs in tetrodes. When electrons 
strike the plate with enough velocity, the force dislodges other 
electrons which bounce back toward the screen grid. This sec-
ondary emission is, in effect, a reverse current flow from plate 
to screen grid. 

()4_ 0111 SCREEN 
GRID 

BYPASS 
CAPACITOR 

Ec 
Hi! =4 s-1111117—e-8 III, 17-- --alai + 111111= e—a 1111 

SUPPRESS°, 
GRID 

Ec 

(A) Tetrode. 

E8 

(B) Pentode. 

Fag. 5-5. Amplifiers with multigrid tubes. 

The suppressor grid prevents this current from flowing. It 
is electrically connected to the cathode, making it negative 
with respect to the plate, and thus repels any electrons that 
try to travel from the plate to the screen grid. The suppressor 
grid is actually a fairly coarse screen so that it does not inter-
fere with the main current flow between cathode and plate. 
Although tetrode and pentode characteristic curves differ 

from those of the triode, the basic amplifier action is no dif-
ferent. Throughout this chapter amplifiers will be explained in 
terms of triodes. It should be understood that, according to 
the need, tetrodes and pentodes may also be used as amplifiers. 

Q5-5. The phase difference between input and output sig-
nals in the voltage amplifier just described is  

Q5-6. The basic amplifier action of tetrodes and pentodes 
(is, is not) the same as that of triodes. 
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A5-5. The phase difference between input and output sig-
nals in the voltage amplifier just described is 180°. 

A5-6. The basic amplifier action of tetrodes and pentodes 
is the same as that of triodes. 

BIASING 

The graph in Fig. 5-4 shows the plate current and voltage 
for any given grid voltage for one particular amplifier circuit. 
A point on the curve indicates the de bias voltage applied to 
the grid. This is called the dc operating point, or the quiescent 
point. With every amplifier circuit, this point must be chosen 
correctly in order to have proper operation. For an accurate 
reproduction of the input signal, the grid bias is usually chosen 
so that: 

1. It is greater than the peak value of the signal ; thus, the 
signal-voltage swing never drives the grid positive with 
respect to the cathode. 

2. The entire signal-voltage swing operates over a linear 
(straight) portion of the characteristic curve. 

Both of the above rules are ignored in special types of cir-
cuits. Normally, however, the grid is not driven positive dur-
ing any part of the input cycle. If this happens, the positive 
grid attracts electrons, and a current flows from cathode to 
grid. This causes distortion because, during the part of the 

— DIP DUE TO GRID CURRENT 

Fig. 5-6. Distorted plate-current 

waveform. 

cycle when grid current flows, the amount of current flowing 
to the plate is diminished by the amount of the grid current. 
Therefore, as far as the plate is concerned, there is a dip in 
the waveform, and the waveshape is distorted. Also, the total 
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power developed at the plate is made smaller, resulting in an 
overall power loss. If rule 2 is violated and the tube is oper-
ated on a curved portion of its characteristic curve, the output 

wave will be distorted, as shown in Fig. 5-7. The positive and 
negative halves of the input signal are equal, but because of 
the shape of the curve, the positive and negative halves of the 
output are quite unequal. 
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Fig. 5-7. Distortion due to nonlinear operation. 

Q5-7. What are the two rules for determining a suitable 
de grid-bias voltage? 

Q5-8. The de voltage applied to the grid is called _ _ _ _ 

Q5-9. Indicate on the curve shown below where a suitable 
de operating point might be located. 

PL
AT

E 
C
U
R
R
E
N
T
 

GRID VOLTAGE 

147 



Your Answers Should Be: 

A5-7. The de grid voltage should be greater than the 
highest voltage of the ac signal. The de voltage 
plus the signal voltage should be on a straight-line 
portion of the plate-current-grid-voltage curve. 

A5-8. The de voltage applied to the grid is called grid 
bias. 

A5-9. The de operating point should be located on the 
linear portion of the curve. 
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LOAD LINE 

A convenient way to analyze an amplifier is with a load line 
drawn on the plate-characteristic curves of the tube ( Fig. 5-8). 
These curves relate plate current (Ir) to plate voltage (En) 
for different values of grid voltage (E.). 
The load line is drawn as follows: A point corresponding to 

the value of the plate-supply voltage (EB) is selected on the 
horizontal axis. Another point is marked on the vertical axis 
at a value of Ip equal to the plate-supply voltage divided by 
the effective value of the load resistance. The load line joins 
these two points. 

These points represent the theoretical extremes the tube 
could reach. If the grid voltage is such that no current can 
flow, Ip is zero, and all of voltage EB appears across the tube. 
This is the point on the X axis. If the grid voltage is such that 
the tube conducts so heavily as to have zero resistance, the 
plate current is limited only by the load resistance, and there 
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is no voltage drop between plate and cathode. This is the point 
on the Y axis. This point, of course, is only theoretical. The 
tube is never a perfect conductor, so it can never reach that 
point on its load line. 
EBÍRL Y 

LOAD LINE 

PL
AT
E 
CU
RR
EN
T 

PLATE VOLTAGE 

Fig. 5-8. A load line. 

Changing the plate-supply voltage changes the position of 
the load line. Changing the load resistance changes the slope 
of the load line. 

Q5-10. One end of a load line passes through the point on 
the horizontal axis corresponding to the   
  voltage. 

Q5-11. The other end of the load line passes through a 
point on the vertical axis corresponding to what 
value of plate current? 

Q5-12. How does changing Rp and EB affect the load line? 
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A5-10. One end of a load line passes through the point 
on the horizontal axis corresponding to the plate-
supply voltage. 

A5-11. The other end of the load line passes through a 
point on the vertical axis corresponding to a value 
of plate current equal to the plate-supply voltage 
divided by the load resistance. 

A5-12. Changing It, changes the slope of the load line. 
Changing E11 changes the position of the load line. 

Operating Point 

By marking the load line with the point corresponding to 
the negative bias applied to the grid, the operating point of 
the tube is found. This point gives the values of E„, Ii„ and E, 
with no input signal applied. 
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Fig. 5-9. Points on a load line. 
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If the amplitude of the ac input signal is known, it can be 
marked off along the load line, as shown in Fig. 5-9. By run-
ning vertical and horizontal lines from the two peak E, points 
(points A and C in Fig. 5-9), the corresponding plate current 
and voltage can be determined. 

150 



In the diagram shown, the plate-supply voltage is 400 volts 
(point X). The quiescent operating point (B) shows that the 
de grid bias is —35 volts. A signal having a peak value of 30 
volts produces swings of grid voltage from —5 to —65 volts, 
causing variations of plate current from 10 to 50 milliamperes. 
The plate voltage swings from 150 to 350 volts. 
The slope of the load line depends only on the value of the 

effective load resistance (RL). This resistance may be a paral-
lel combination of a load resistor and a grid-leak resistor. Or 
it may be an equivalent value from the primary of a coupling 
transformer. In any case, the points for the load line are al-
ways calculated as if the load resistance were a single resistor 
in the plate circuit. 
The figure below shows a set of characteristic curves for a 

tube. Suppose the B voltage is 400 volts and the load resis-
tance is 40K. 
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Q5-13. Draw the load line. 

Q5-14. If the grid bias is —10 volts and the ac signal volt-
age has a peak value of 4 volts, draw lines to show 
the limits of plate current and plate voltage. 
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A5-13. The load line should connect these two points: 

I , , = 0, EB = 400 V ; I, = 10 mA, EB = 0 
A5-14. Plate current varies between 2 mA and 5 mA, ap-

proximately. Plate voltage varies between 200 V 
and 310 V, approximately. 
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AMPLIFIER CLASS 

The class of an amplifier depends on the grid-voltage range. 
A class-A amplifier is one in which the grid is never driven 
positive or to cutoff by the signal voltage. This means that 
grid current does not flow during any portion of the cycle, 
and no power is consumed in the grid circuit. 
A class-B amplifier is one in which the grid is biased at or 

very near cutoff. The tube conducts during approximately half 
of the cycle (usually a little less than half) . Grid current may 
flow during a part of the conduction period. 
A class-C amplifier is one in which the grid voltage is be-

yond cutoff for most of the cycle but goes positive on positive 
signal peaks. Grid current flows on these positive signal peaks. 

Class-B and class-C amplifiers, as you see, violate the usual 
rules for establishing a de operating point. These amplifiers 
are used when it is unnecessary to obtain accurate reproduc-
tion of the entire input signal. 
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EQUIVALENT CIRCUITS 

It is difficult to analyze an amplifier circuit because vacuum 
tubes are complex circuit elements. A convenient way of ana-
lyzing vacuum-tube circuits is by substituting an equivalent 
circuit made up of conventional elements for the tube. For the 
purpose of the analysis, the equivalent circuit accurately rep-
resents the behavior of the tube as far as the ac signal is 
concerned. 
There are two basic equivalent circuits for a vacuum tube. 

Either one can be used, depending on which is more con-
venient. These equivalent circuits make use of the concepts 
of the constant-voltage generator and the constant-current 
generator. 

In Chapter 2 you learned about tube parameters. These are 
the amplification factor, (mu) ; the transconductance (gm) 
in micromhos; and the plate resistance (rg) in ohms. You 
also learned the relationship between these three quantities: 
= g x ri,. 

Constant-Voltage Generator 

The equivalent circuit with a constant-voltage generator 
represents a vacuum tube as a voltage source of —µeg volts in 
series with a resistance rp. The symbol eg represents the sig-
nal voltage applied to the grid. The voltage at the output ter-
minals of this circuit depends on the load resistance (RL)• 
The output voltage e0 is developed across RL. 

Fig. 5-10. Equivalen*. circuit using 

constant-voltage generator. 

Q5-15. What class of amplifier must be used when mini-
mum signal distortion is desired? 

Q5-16. What is an equivalent circuit? 
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A5-15. A class- A amplifier must be used when minimum 
signal distortion is desired. 

A5-16. An equivalent circuit is a circuit made up of con-
ventional elements and used to represent a vac-
uum-tube circuit. 

Constant-Current Generator 

The constant-current generator representation uses a con-
stant-current source. This source generates a current of geg 
amperes. (Remember that I = E/R, and conductance = 1/R.) 
The total current is ii,, the plate current. This current source 
is always in parallel with rp, and the entire circuit is connected 
to a load (RL) • 

Fig. 5-11. Equivalent circuit using 

constant-current generator. 

The two equivalent circuits produce the same results. 
Usually, when dealing with currents you will want to use 
the constant-current circuit. When dealing with voltages, the 
constant-voltage circuit is usually most convenient. 
One word of caution—the two equivalent circuits can be 

used safely only for small values of signal voltage. This is 
because they are based on linear tube-characteristic curves. 
Actual tubes do not have straight-line characteristics. When 
the circuit is operating over a wide range of voltages, the 
straight-line approximation is no longer correct. 

GAIN AND LOAD RESISTANCE 

The voltage gain, or amplification, of an amplifier circuit 
is given by the formula: 

RL amplification — F. 

154 

RL -I- rp 



With a given tube, the only variable in this formula is the 
load resistance (RI). If the plate resistance is increased, the 
gain will be increased; but it can never become greater than 
the ideal amplification factor () of the tube. It will approach 
this value as RI, becomes appreciably larger than the plate 
resistance (ri) ). 

VOLTAGE AND POWER AMPLIFIERS 

To obtain high amplification of voltage, a load resistor that 
is large compared to r„ must be used. However, as the value 
of the load resistor is increased, the output voltage across it 
rises more and more slowly. Finally, any further increase of 
RL produces only a negligible increase in output voltage. This 
is because the tube begins to operate on a nonlinear portion 
of the grid characteristic curve as the load resistance is in-
creased. This, as you have seen, results in a low output and 
produces distortion. The best value of load resistance is nor-
mally one that will give a reasonable amount of gain. A load 
with a resistance about four times that of the plate resistance 
of the tube is usually a satisfactory value. 
Maximum power is obtained from the output of a vacuum-

tube amplifier when the value of the load resistance is equal 
to r„. However, distortion of the output signal occurs when 
this value of load resistance is used. For triodes, the best bal-
ance between power output and distortion exists when RI, is 
two to four times r„. For pentodes, the best value for RI, is 
about one-tenth of r„. 

Q5-17. If a triode tube being used as an amplifier has a 
plate resistance of 32,000 ohms and a load resis-
tance of 68,000 ohms, it is probably being used to 
produce an output of maximum  , with 
minimum  . 

Q5-18. What is the amplification of a circuit if the tube 
has a p. of 100, a plate resistance of 32,000 ohms, 
and a load resistance of 50,000 ohms? 

Q5-19. What is the gain if 111, is increased to 100,000 
ohms? 

Q5-20. What is the gain if RL is increased to 1 megohm? 
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A5-17. If a triode tube being used as an amplifier has a 
plate resistance of 32,000 ohms and a load resis-
tance of 68,000 ohms, it is probably being used to 
produce an output of maximum power with mini-
mum distortion. 

iiRL  _  100 x 50,000  =_ 61 A5-18. Gain — 
+ 50,000 + 32,000 

A5-19. Gain = 76 

A5-20. Gain = 97 

AUTOMATIC GRID BIAS 

In the amplifier circuits shown so far, a battery (Er) has 
been used to provide the small negative voltage for grid bias-
ing. This is not always a practical arrangement, however. It is 
also possible to get the bias voltage from a resistance voltage 
divider in the power supply. The voltage-divider method and 
the battery method provide what is known as fixed bias. 

In practical circuits, another common method of supplying 
grid voltage is by automatic bias. One type of automatic bias 

Fig. 5-12. Circuit using cathode-bias resistor. 

is provided by the use of a cathode-bias resistor. The circuit 
for this is shown in Fig. 5-12. There are other types of auto-
matic bias that work on similar principles. 
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In the circuit shown, the full cathode current flows through 
resistor RK. The cathode current in a triode circuit equals the 
plate current. In a tetrode or pentode circuit the cathode cur-
rent is the sum of the plate and screen-grid currents. 

Current through RK results in a voltage drop which makes 
the cathode more positive than the negative end of the plate-
supply voltage to which the grid is connected. This is the same 
thing as making the grid negative with respect to the cathode. 

If the desired grid-bias voltage and the total cathode cur-
rent are known, the required value of resistor RK can be cal-
culated. For example, if E,, is to be —5 volts and the cathode 
current for this grid bias is 0.25 milliampere, the value of 
RK is: 

R K = L =  5 V  
1K 0.25 mA = 20K 

In this arrangement the bias voltage depends on the amount 
of the cathode current. The current, in turn, depends on the 
plate voltage of the tube. As the plate voltage increases, the 
bias automatically increases (becomes more negative) . As the 
plate voltage is reduced, the bias becomes less negative. This 
is why this circuit is called an automatic biasing circuit. 
However, it is not desirable to have the bias affected by a 

continuously varying signal voltage. Therefore, biasing resis-
tor RK is bypassed with capacitor CI so that the ac component 
of the cathode current has no effect on the bias voltage. Ca-
pacitor C1 is chosen so that its reactance at the signal-voltage 
frequency is small compared to RK, usually about one-tenth. 
The de current must pass through RK because the capacitor 
appears as an open circuit to dc. However, the ac signal com-

ponent can pass through CI 10 times more easily than through 
the resistor. The ac voltage across the resistor is therefore very 
small. The cathode is then at ground potential as far as ac 
is concerned. 

Q5-21. How does a cathode-bias resistor produce grid 
bias? 

Q5-22. Why is a capacitor placed across a cathode-bias 
resistor? 
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A5-21. The flow of cathode current through the cathode-
bias resistor causes a voltage drop which makes 
the cathode positive with respect to the grid. This 
is the same as making the grid negative with re-
spect to the cathode. 

A5-22. The capacitor across the cathode-bias resistor pre-
vents a signal-frequency voltage from appearing 

across the resistor. 

Effect of Cathode Bias 

When using a cathode-bias resistor, it is necessary to have 
a plate-supply voltage higher than needed with fixed bias. The 
grid-bias voltage is, so to speak, taken from the plate-voltage 
supply by a voltage divider consisting of the biasing resistor 

RESISTANCE / VOLTAGE 
OF TUBE ACROSS TUBE 

_t_ 
PLATE VOLTAGE 

SUPPLY 

BIAS 
'OLTAGE 1 

and the de plate resistance of the tube. The plate voltage as 
seen by the tube is only that part of the supply voltage appear-
ing across the plate resistance. Therefore, the plate-voltage 

supply must provide the bias voltage in addition to the plate 

voltage. 

MULTISTAGE AMPLIFIERS 

In many applications a single-tube amplifier cannot provide 
all the amplification that is required. It is then necessary to 
connect two or more amplifier circuits ( called stages) one af-
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ter the other. Each stage then amplifies the output of the pre-
ceding stage, until the desired amount of amplification is 
reached. This happens, for example, in television receivers 
that have several if amplifiers connected in sequence. This ar-
rangement is sometimes called a cascaded amplifier. 

,,iPUI" AMPLIFIER 
STAGE 

AMPLIFIER 
STAGE 

I  

Fig. 5-13. Cascaded amplifier. 

In a multistage amplifier chain, voltage amplifiers are gen-
erally used for all but the output stage. In this way only very 
small currents are handled. The signal is gradually developed 
to a higher voltage but with very little power. Only in the last 
stage is the signal converted into the necessary power output. 
When several amplifier stages are coupled together, it is 

necessary to have some means of connecting them for maxi-
mum signal transfer without affecting the biasing of the in-
dividual tubes. 

There are four main ways of coupling vacuum-tube ampli-
fier stages. These are resistance-capacitance, impedance-ca-
pacitance, transformer, and direct coupling. The first two use 
a coupling capacitor to block the de; the third accomplishes 
the same thing with a transformer. 
Some special amplifiers are designed to amplify very low 

frequencies, even down to zero Hz (de). The stages of these 
amplifiers are coupled directly, because a coupling capacitor 
or transformer would block de and very low-frequency signals. 

Q5-23. In an amplifier having a cathode-bias resistor the 
plate voltage is less than the plate-supply voltage 
by the amount of the  . 

Q5-24. What are the four ways of coupling vacuum-tube 
amplifier stages? 
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A5-23. In an amplifier having a cathode-bias resistor the 
plate voltage is less than the plate-supply voltage 
by the amount of the bias voltage. 

A5-24. The four ways of coupling vacuum-tube amplifier 
stages are resistance-capacitance, impedance-ca-
pacitance, transformer, and direct coupling. 

Impedance Matching 

When coupling two amplifier stages together, or an ampli-
fier stage and an output device such as a speaker, it is impor-
tant to consider the output and input impedances involved. 

Consider, for example, the coupling of an amplifier to a 
speaker. A vacuum-tube amplifier is a device that operates 
best at a rather low current level and a rather high voltage 
level ( in the plate circuit). On the other hand, a speaker is 
a device that operates with high current and low voltage. 
Another way of saying this is that the amplifier has a high 
output impedance but the speaker has a low input impedance. 
For maximum transfer of energy between two stages (or 

other electrical circuits), it is necessary that the output and 
input impedances be matched (made equal). If they are not 
equal, they can be matched by an impedance-matching net-
work. 
Remember that this applies only to energy transfer and 

not to voltage transfer. When coupling a voltage amplifier 
to the following stage, it is desirable to make the load re-
sistor as high as practical, even though this does not result 
in maximum power transfer. 

Resistance-Capacitance Coupling 

Resistance-capacitance coupling is the most common and 
simplest manner of cascading amplifier stages. RC-coupled 
amplifiers are used in audio systems, video systems, oscillo-
scopes, radar systems, etc. 

Coupling between stages of an RC-coupled amplifier is ac-
complished by taking the changing voltage across the load 
resistance of one stage and connecting it through a coupling 
capacitor (Ce) to the grid of the tube in the next stage. The 
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high de plate voltage of the first stage is blocked by C. The 
proper value of Cg is determined by the lower limit of the 
range of frequencies to be amplified. If Ce is too small, it will 
block the lower frequencies in the desired signal range. 

Fig. 5-14. Resistance-capacitance coupled amplifier. 

Resistor It, is called the grid-leak resistor. The resistor 
serves to keep the grid at ground potential, thus preserving 
the voltage difference between the grid and cathode. This re-
sistor actually serves a dual purpose, also being used as the 
component across which the signal voltage from the preceding 
stage is developed. 

Resistor Rr, is called the load resistor, as before. However, 
notice that RL is not the entire load seen by the first tube. It 
has the combination of Ce and Rg in parallel with it. The true 
load impedance is, therefore, always smaller than 
An RC-coupled amplifier is sensitive to frequency. One rea-

son is that the reactance of Ce varies with frequency. Another 
reason is that every circuit has several stray (unintentional) 
but unavoidable capacitances. At high frequencies these ca-
pacitances have low reactance values and begin to play a part 
in the circuit performance. 

Q5-25. If two impedances are not the same, they can be 
matched by using a(n)   

 • 
Q5-26. Impedance matching is usually not employed when 

coupling a   stage to 
the following stage. 

Q5-27. In an RC-coupling amplifier, the true load is (equal 
to, less than, greater than) RL. 
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A5-25. If two impedances are not the same, they can be 
matched by using an impedance-matching net-
work. 

A5-26. Impedance matching is usually not employed when 
coupling a voltage-amplifier stage to the following 
stage. 

A5-27. In an RC-coupled amplifier, the load seen by the 
tube is less than RI. 

Effect of Frequency in RC Coupling 

In order to analyze a circuit accurately, the changing re-
actances previously mentioned must be taken into account. 

Since these reactances vary with frequency, a separate analy-
sis must be made for the low, intermediate, and high frequen-
cies. For each frequency range an equivalent circuit is chosen 
that will be a fairly accurate representation of the behavior 
of the amplifier. Remember that equivalent-circuit analysis is 
valid only for reasonably small signals. The three equivalent 
circuits for an RC-coupled triode amplifier designed to oper-
ate in the audio range are shown in Figs. 5-15, 5-16, and 5-17. 

Fig. 5-15. Low-frequency equivalent 
circuit. 

In the low-frequency range ( up to 1000 Hz) no stray ca-

pacitances need be considered, but the coupling capacitor C,. 
has a sizable reactance. The circuit in Fig. 5-15 applies. Sim-
ple circuit techniques can be used to determine the voltage e., 
which appears at the grid of the next stage. 

Fig. 5-16. Medium-frequency 
equivalent circuit. 



LOW 
FREQUENCIES 

The middle-frequency range is one in which coupling ca-
pacitor C,. can be neglected because it has a very small reac-
tance compared to It,. The stray capacitances likewise do not 
show any appreciable effect in this range. 

r, 

—peg Rt Re 

Li Cpk Cs 

Fig. 5-17. High-frequency equivalent circuit. 

In the high-frequency range, three unwanted capacitances 
become important. They are the plate-cathode capacitance 
(C„,), the stray capacitance of the wiring (Cs) and the ca-
pacitance of the input circuit of the second stage ( C,). Since 
the equivalent circuit is a parallel one, all three capacitances 
may be combined into a total stray capacitance (CT) • 

Fig. 5-18 shows how the gain of a typical RC-coupled am-
plifier varies as the signal frequency changes. 

MIDDLE I HIGH 
FREQUENCIES FREQUENCIES 

FREQUENCY 

Fig. 5-18. Graph showing relationship of gain to frequency. 

Q5-28. What factors affect the gain of an RC-coupled am-
plifier at different frequencies? 

Q5-29. To fully analyze the performance of an RC-coupled 
amplifier,   frequency ranges must be con-
sidered. 
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A5-28. At low frequencies the gain of an RC-coupled am-

plifier depends on ii, r„ ItL, R„ and the reactance 
of C. At middle frequencies the factors are IL, r„ 
RL, and R„ At high frequencies the factors are iz, 
r„ RI., Rg, Cpk, stray capacitance, and the input 
capacitance of the following stage. 

A5-29. To fully analyze the performance of an RC-coupled 
amplifier, three frequency ranges must be consid-

ered. 

Impedance Coupling 

In the resistance-coupled amplifier there is a sizable de volt-
age drop across the load resistor. This voltage drop is some-
times undesirable because it requires a power supply with a 
high voltage. The voltage drop can be minimized by using an 
inductor in place of the load resistor. The inductor, or choke, 
has low de resistance but high reactance to ac. This makes 
possible a plate-supply voltage only a little higher than the 
plate voltage needed. The winding of the inductor develops 
only a small voltage drop due to the resistance of the wire. 

Fig. 5-19. Impedance-coupled amplifier. 

In practice, impedance-coupled amplifiers are not often 
used. They are most likely to be encountered in power-ampli-

fier circuits. 
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The distributed stray capacitance between the turns of the 
coil reduces the gain of the amplifier at the higher frequencies. 
At low frequencies, the choke (inductor) has a low reactance, 
thus causing a relatively small voltage drop to be developed 
across it. At the same time, the coupling capacitor has a very 
high reactance, preventing a good transfer of signal to the 
next stage. These two factors combine to reduce the low-fre-
quency gain. 
The choke is usually chosen to have a high reactance at the 

frequencies to be amplified so that a high signal-frequency 
voltage may be developed across it. 

Circuit analysis and calculation of voltage gain for imped-
ance-coupled amplifiers are very similar to those for the RC-
coupled amplifier. The voltage-gain values obtained are of the 
same general magnitude. 

Transformer Coupling 

Transformer coupling is a very popular method of cascad-
ing amplifiers. It has the same advantage as impedance cou-
pling in that no large de drop appears across the primary 
winding of the transformer in the plate circuit. Direct current 
isolation is achieved by the natural isolation provided between 
the transformer windings (a transformer can transfer only 
alternating voltages). 

Transformer coupling also has the advantage of good im-
pedance matching between stages. This makes maximum 
power transfer possible. Transformer coupling is suitable 
for use in power stages, such as in the output circuits of au-
dio amplifiers. The frequency response of a transformer-cou-
pled amplifier can be excellent using modern transformer-
design techniques. The major disadvantage of transformer 
coupling is its relatively high cost as compared to other cou-
pling means. 

Q5-30. The gain of an impedance-coupled amplifier at low 
frequencies is (good, fair, poor). 

Q5-31. A load inductor is also called a  . 

Q5-32. The reactance of the load inductor  
as the signal frequency decreases. 

Q5-33. Transformer coupling (is, is not) suitable for use 
in power amplifiers. 
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A5-30. The gain of an impedance-coupled amplifier at low 
frequencies is poor. 

A5-31. A load inductor is also called a choke. 

A5-32. The reactance of the load inductor decreases as 
the signal frequency decreases. 

A5-33. Transformer coupling is suitable for use in power 
amplifiers. 

Now you will see how a coupling transformer is used in an 
amplifier. The de component of plate current flows through 
the primary winding without inducing any voltage in the 
secondary. But any fluctuations, such as ac currents, flowing 
through the primary induce corresponding ac voltages in the 
secondary winding connected directly to the grid of the next 
tube. 

Fig. 5-20. Transformer coupling. 

Since the tube is operated so that the grid is never driven 
positive, no grid current flows and no power is taken from 
the secondary winding. This means that no interaction takes 
place between the secondary and the primary and, therefore, 
the primary does not have to deliver any power to the sec-
ondary. The primary circuit sees only the impedance of the 
primary winding, as if it were a single coil, and its value can 
be chosen for the right value of reactance for maximum gain 
in the first stage. The voltage developed across the secondary 
winding depends on the turns ratio of the transformer. This 
voltage is equal to n2/ni times the primary voltage. 
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The secondary voltage, and therefore, the gain, can be made 
quite high if the transformer winding ratio is high enough. 
In the early days of radio, when available tubes had very low 
amplification, transformers with high winding ratios were 
used extensively to achieve more gain. 

However, there is a practical limit to the winding ratio. 
In order to achieve a high ratio, the secondary winding must 
have a large number of turns. As the frequency of the signal 
goes up, such a winding has enough stray capacitance to limit 

its high-frequency response. For a more uniform (flatter) 
frequency response in high-quality amplifiers, the turns ratio 
rarely exceeds 5 to 1. 

It is important to connect the transformer correctly in a 
transformer-coupled amplifier. One reason, of course, is that 

the turns ratio must not be reversed. A more important rea-
son is that the secondary winding is not made to carry any 
appreciable amount of current. But the primary does have 
to carry considerable plate current. Connecting the trans-
former into the circuit backwards may cause the secondary 
to burn out. 

It is also important not to reverse the two leads of either 
winding, especially where a wide range of frequencies is con-

cerned. The windings are wound in such a way that one end 
has less capacitance to ground than the other. Color coding 
is used to indicate the correct connections and should always 
be followed. 

The methods used to couple amplifier stages discussed so 
far block all de voltages and are for ac-signal use only. It is 
sometimes necessary to amplify de signals, however. 

Q5-34. Only __ flowing in the primary of a coupling 
transformer induces signals in the secondary. 

Q5-35. The primary circuit sees the impedance of the 

Q5-36. The voltage developed across the secondary wind-

ing is equal to the primary voltage times the 

Q5-37. A winding with a large number of turns has a 
large    . 

Q5-38. Transformer leads in a transformer-coupled am-

plifier (may, should not) be interchanged. 
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A5-34. Only ac flowing in the primary of a coupling 
transformer induces signals in the secondary. 

A5-35. The primary circuit sees the impedance of the 
primary winding. 

A5-36. The voltage developed across the secondary wind-
ing is equal to the primary voltage times the turns 
ratio. 

A5-37. A winding with a large number of turns has a 
large stray capacitance. 

A5-38. Transformer leads in a transformer-coupled am-
plifier should not be interchanged. 

DIRECT-CURRENT VACUUM-TUBE AMPLIFIERS 

Direct-current vacuum-tube amplifiers are known inter-
changeably as direct-current amplifiers or direct-coupled am-
plifiers ( de amplifiers for short). They are called direct-cou-
pled amplifiers because there is no capacitor or transformer 
between the output of one stage and the input of the next, 
allowing de signals to pass from stage to stage. Special means 
must be used to prevent the high de plate potential of one stage 
from affecting the operation of the grid circuit of the next 

stage. 
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One of the main difficulties encountered with de amplifiers 
is drift, the gradual change in output voltage without a change 
in the input. It is, of course, desirable to have no output volt-
age at all when the input is zero. Drift can be caused by a 
gradual change in the values of circuit components or even 
by replacement of a tube. 

Fig. 5-21 shows one of the most common de-amplifier cir-
cuits, the Loftin-White. Notice how the grid bias is obtained 
by dividing the plate-supply voltage of the previous stage. In 
a practical circuit the batteries are replaced by a resistor volt-
age divider in the main de power supply. Because of the com-
plexity of the required power supply, the tendency of the 
amplifier to drift, and the necessity for compensating net-
works, de amplifiers are not used as widely as RC- or trans-
former-coupled units. 

WHAT IS AN OSCILLATOR? 

Oscillators are circuits that produce ac signals which have 
various applications in electronic equipment. Oscillators gen-
erate the radio-frequency carriers for radio and television 
transmissions. The audio or video signal is then superimposed 
on the carrier. Every superheterodyne radio receiver employs 
a local oscillator, and some electronic organs have a series of 
oscillators that produce different tone frequencies. All these 
are sinusoidal oscillators; that is, their output resembles a 
sine wave. 
A second important class of oscillator circuits includes the 

nonsinusoidal types—circuits that produce ac other than sine 
waves. These types of oscillators are often called pulse or 
square-wave generators. They include pulse generators for 
radar, square-wave generators for television testing, sawtooth-
wave generators in television display, marker oscillators, com-
puter clock generators, and a host of others. 

Q5-39. One of the most common direct-coupled amplifiers 
is the  circuit. 

Q5-40. In a dc amplifier the gradual change in output 
voltage without a corresponding change in the in-
put is called  

Q5-41. Why is a direct-coupled amplifier so named? 
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A5-39. One of the most common direct-coupled amplifiers 
is the Loftin-White circuit. 

A5-40. In a de amplifier the gradual change in output 
without a corresponding change in the input is 
called drift. 

A5-41. A direct-coupled amplifier is so named because 
the output signal of one stage is fed directly to 
the grid of the next stage without going through 
a coupling capacitor or transformer. 

OSCILLATOR OPERATION 

How does an oscillator work? Suppose an amplifier capable 
of amplifying a desired frequency is turned on. Without any 
input there will, of course, be no output. Now connect the out-
put back to the input, in a sort of loop, making sure that the 
phase relationship is such that this feedback will reinforce, 
not reduce, any input to the amplifier. 
Any small signal at the input terminals will be amplified, 

fed back to the input, amplified again, and so on. The signal 
keeps going around the loop. Since all electronic circuits are 
frequency sensitive to some degree, this will happen only in 
a certain range of frequencies. The circuit oscillates; that is, 
it generates an ac signal without any external ac input. The 
oscillations may even be started by a very small amount of 
random noise in the tube. 

There are two conditions for oscillation in a circuit. First, 
a feedback from output to input in the correct phase is re-
quired. This is known as positive feedback and may be ac-
complished by various kinds of coupling networks. Second, the 
amount of feedback must be enough to overcome any internal 
losses in the circuit so that the oscillations do not gradually 
die away. 

It is important to keep in mind that the tube itself does 
not oscillate; it merely amplifies. The actual oscillation takes 
place in the resonant circuit that is part of the complete os-
cillator circuit. That is to say, the circuit constants determine 
the frequency of oscillation. The resonant circuit, also called 
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a tank, functions like a flywheel rotating at its natural speed. 
There are some losses caused by resistance in the circuit. The 
power supply furnishes small amounts of energy every cycle 
to replace these losses and keep the oscillations going. 

Thus, a basic oscillator has three necessary parts—the os-
cillating system, which usually is a resonant tank circuit ; an 
amplifying device, such as a tube or transistor, to control the 
small amounts of energy furnished during each cycle ; and a 
feedback system which may be either a circuit network or the 
interelectrode capacitance of a tube. 

RESONANT 
CIRCUIT 

Fig. 5-22. Feedback oscillator. 

The type of oscillator discussed in this chapter produces an 
output waveform that is considered to be a sine wave. An os-
cillator producing such an output is sometimes called a sinu-
soidal oscillator. You will learn about nonsinusoidal oscillators 
later in this volume. 

Q5-42. An oscillator can be made by adding  
  to an amplifier. 

Q5-43. Another name for the resonant circuit in an oscil-

lator is the 

Q5-44. In what part of the oscillator do the actual oscilla-
tions take place? 

Q5-45. What usually starts the oscillations in an oscilla-
tor circuit? 
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A5-42. An oscillator can be made by adding positive feed-
back to an amplifier. 

A5-43. Another name for the resonant circuit in an oscil-
lator is the tank circuit. 

A5-44. The actual oscillations take place in the tank cir-
cuit. 

A5-45. Random noise usually starts the oscillations in an 
oscillator circuit. 

Hartley Oscillator 

One of the most common oscillator circuits is the Hartley 
The circuit shown in Fig. 5-23 is a shunt-fed Hartley oscilla. 
tor, which has the advantage that all de is blocked from th( 
oscillating tank circuit by capacitors. 

C? 

L3 

OUTPUT 

Fig. 5-23. Shunt-fed Hartley oscillator. 

B+ 

Random noise will produce small inputs to the parallel. 
resonant circuit composed of LI, L2, and C1. This is the tanli 
circuit. The noise input causes a circulating current to builc 
up in this loop at the resonant frequency. A large curreni 
flows back and forth between the inductive and capacitivi 
components at this frequency with only a small voltage ap-
plied. Notice that L2, the lower half of the tapped tank cor 
(coil with a center connection), is also in the ac plate circuit 
Thus, L2 serves to couple the ac energy in the plate circuit tc 
the tank circuit by means of the mutual inductance (trans-
former action) between the two coil halves (L1 and L2). This 
produces an oscillating tank circuit (made up of L1, L2, anè 
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C1) and an amplifier. The de in the plate circuit is blocked 
from the tank circuit by C4. 
The oscillating voltage in the tank circuit is coupled to the 

grid of the amplifier tube by RC coupling like that used be-
tween amplifier stages. The coupling network is composed of 
C2 and 11.. Notice that the grid signal is taken from one end 
of the coil. The amplifier reverses the phase of this signal and 
returns it to the opposite end of the coil, where it is of the 
proper phase to increase the oscillations rather than cancel 
them. Varying the capacitance of C1 changes the resonant fre-
quency of the tank circuit and thus the output frequency of 
the oscillator. 

Colpitts Oscillator 

The Colpitts is another common oscillator circuit. This type 
of oscillator resembles the shunt-fed Hartley except that a split 
capacitor is used instead of a tapped coil. 

Ca 

CIA Re 

H 

Fig. 5-24. Colpitts oscillator. 

L2 

B+ 

Capacitors CIA, Cig, and coil L1 make up the tank circuit. 
The resonant frequency of the tank is changed by varying CIA 
and CIB. (These capacitors are usually on a common shaft so 
that both of them can be adjusted at the same time.) The out-
put of the amplifier is introduced into the tank circuit through 
capacitors C2 and CIB. The tank-circuit voltage is introduced 
into the grid of the amplifier by the coupling network consist-
ing of C3 and R,. 

Q5-46. How is feedback obtained in a Hartley oscillator? 

Q5-47. How does a Colpitts oscillator differ from a Hart-
ley oscillator? 

Q5-48. How is feedback obtained in a Colpitts oscillator? 
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A5-46. Feedback is obtained in a Hartley oscillator by 
returning the amplifier output to part of the coil 
in the resonant circuit. 

A5-47. A Colpitts oscillator uses a split capacitor in the 
tank circuit. A Hartley oscillator uses a split coil 
in the tank circuit. 

A5-48. Feedback is obtained in a Colpitts oscillator by 
returning the amplifier output to part of the split 
capacitor in the resonant circuit. 

WHAT YOU HAVE LEARNED 

1. An amplifier is a circuit that acts like a valve, control-
ling a large amount of de power to reproduce a small 
ac signal input. 

2. Tetrode and pentode amplifiers operate on the same ba-
sic principle as triode amplifiers. 

3. A de operating point can be selected for a tube by ex-
amining the grid-characteristic curves of the tube. 

4. By drawing a load line on a set of plate characteristic 
curves, values of plate current and plate voltage for a 
given signal voltage can be obtained. 

5. The grid never goes positive in a class-A amplifier. 

6. For class-A amplifiers, grid bias should be such that the 
signal voltage is always on a linear portion of the grid 
characteristic curve. 

7. Class-B amplifiers are amplifiers in which the tubes con-
duct for about half the input cycle. 

8. Class-C amplifiers are amplifiers in which the tubes con-
duct for less than half an input cycle. 

9. The greater the load resistance of a tube amplifier, the 
greater is the voltage amplification. 

10. The greatest power amplification is obtained when the 
load resistance is equal to the plate resistance of the 
tube. 

11. An automatic grid-bias circuit varies grid bias as the 
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de cathode current varies and thus compensates for vari-
ations in plate voltage. 

12. Multistage amplifiers provide more amplification than 

can be obtained from a single stage. This is done by 
amplifying the output of each amplifier, one after the 
other. 

13. Amplifiers can be resistance-capacitance, impedance, 
transformer, or direct coupled. 

14. The first three coupling methods above are designed to 
pass only ac signals from stage to stage, while the last 
can also pass de signals. 

15. Equivalent circuits for vacuum tubes can be drawn to 
simplify the analysis of amplifier circuits. 

16. Sinusoidal oscillators are used to produce sine-wave 
outputs. 

17. Nonsinusoidal oscillators are used to produce pulse-type 
waveforms. 

18. A sinusoidal oscillator is basically a combination of a 
resonant circuit, an amplifier, and positive feedback 
connections. 

19. A Hartley oscillator obtains feedback from a tap in the 
inductive part of the resonant circuit. 

20. A Colpitts oscillator obtains feedback from a tap in the 
capacitive part of the resonant circuit. 
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Transistor Circuits 

When you have finished 
what you this chapter, you will know 

w ill learn how to calculate the volt-
age and power gain of a 
transistor amplifier. You 

will understand several biasing arrangements and will 
know how the appropriate biasing voltages and currents 
are selected. You will learn about RC coupling, trans-
former coupling, direct coupling, and tuned coupling of 
transistor amplifiers. 

TRANSISTOR AMPLIFIERS 

Like a triode vacuum tube, a transistor can amplify. This 
means that it can control the flow of a large current by using 
a small signal. An amplifier provides an output signal having 
a greater amplitude than the input signal. Ideally, that is all 
it does; it leaves the shape of the signal waveform unchanged. 
If the output and input signals differ in any way other than 
amplitude, the amplifier is said to introduce distortion. 

Amplification, or gain, is measured by comparing the out-
put to the input. Care must be taken to compare the same 
quantities. The current gain is the output current divided by 
(compared with) the input current. The voltage gain is the 
output voltage divided by the input voltage. In order to have 
amplification, gain must be more than one. 
Any individual amplifier has quite different figures for cur-

rent gain, voltage gain, and power gain. In transistor circuits, 
gain also depends on how the transistor is connected. It can 
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be used in a common-emitter, common-base, or common-col-
lector circuit. 

Current Gain 

In the chapter on transistors you learned that in a common-
emitter amplifier circuit, such as shown in Fig. 6-1, the cur-

rent gain is p=  . This is also called the common-emitter, 
AI, 

forward-current transfer ratio because, in a simple common-
emitter circuit, it represents the current gain of the transistor 
(if the collector voltage is held constant) . 

Fig. 6-1. Common-emitter circuit. 

As you know, a is the ratio of collector-current change to 

emitter-current change and is equal to M e. It is also called 
AI . 

the common-base, forward-current transfer: ratio. If the tran-
sistor were connected in a common-base circuit, a would rep-
resent its current gain (with the collector voltage held at a 
constant value). 
A transistor, when connected in a common-emitter circuit, 

has a current gain of p. This means that every change in the 
input (base-circuit) current is magnified p times in the col-
lector circuit. Typical values of p range from 20 to 50. The ex-
pressions a (also called hfh) and p (also called hfc.) are related 
to each other as follows: 

p= 1a a and a —  f3  
-  1 + p• 

Voltage Gain 

In order to convert current amplification into voltage gain, 

it is necessary to know the resistances in the input and the 
output circuits. 
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In Fig. 6-2, the load resistance is RL, and RI is the internal 
resistance of the ac signal source (eg). The signal current in 
the base circuit is AIb. Using Kirchhoff's law in the base cir-
cuit, the ac voltage between base and emitter is equal to the 
source voltage (e.) less the voltage drop across Rg, or eg — 
M ieg. The base-emitter voltage is also M bRi, where Ri is the 
input resistance of the transistor. Remember that Ri is a prop-
erty of the transistor and not a separate resistance in the 
circuit. 

Fig. 6-2. Commcn-emitter circuit 

with ac signal source. 

The voltage across load resistance RL (which is a separate 
property of the circuit) is M eRL, where tde is the signal cur-
rent in the collector circuit. The term Re ( collector resistance) 
is often used interchangeably with RL. 
The voltage gain can now be determined as the ratio of 

the voltage across the load resistance to the voltage between 

emitter and base or AI'R I' ' . Note that --s is not 13 because the 
L.Jbfll 1 b 

collector voltage must be constant when p is measured. 

Q6-1. When an amplifier changes the characteristics of a 
signal other than the amplitude, this is called 

Q6-2. When measuring the gain of an amplifier, output 
voltage must be compared with  
  or output current must be compared 
with   

Q6-3. To what is the voltage gain of a common-emitter 
amplifier equal? 
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A6-1. When an amplifier changes the characteristics of a 
signal other than the amplitude, this is called dis-
tortion. 

A6-2. When measuring the gain of an amplifier, output 
voltage must be compared with input voltage, or 
output current must be compared with input cur-

rent. 

A6-3. The voltage gain of a common-emitter amplifier is 

equal to LII,Rr'  

Signal Amplification 

Now try to determine the voltage gain of a common-base 
amplifier circuit. Again, the voltage from emitter to base is 
eg minus the voltage across Rg; that is, eg — Mtg. This is also 

Fig. 6-3. Common-base circuit with ac signal source. 

equal to AI,R,. The voltage across the load resistor is AIJIL. 

The voltage gain in this case is Men:. Note that in this 

case is not a because the collector voltage does not remain 
constant. 

Input Resistance 

The preceding gain formulas make use of transistor input 
impedance 11,. This is the ac base-to-emitter resistance. It 

can be written as Ri = for the common-emitter circuit 
AIL, 

and R, = AVbe  for the common-base circuit. Since Kirchhoff's 
AI, 
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law holds true in the input-loop circuit, the source voltage (eg) 
must be equal to the voltage drops across resistance Rg and 
across the transistor-input resistance. From this, resistance 

Ri can be figured as — Rg for the common-emitter circuit 

and the common-base circuit. The input resistance of a tran-
sistor is not a simple, fixed value that can be measured with 
an ohmmeter. 

Power Gain 

The power gain of a transistor amplifier can be calculated 
by multiplying the voltage gain by the current gain. The power 
gain of the common-emitter amplifier is therefore: 

\ (3.IeRr 2R1, 

Ri 

The power gain of the common-base amplifier is: 

(ALVRr. 
Ur,) Ri 

The various gain formulas for the different types of tran-
sistor amplifiers are shown in the following table. 

Common Emitter Common Base 

Current Gain 

Voltage Gain 

Power Gain 

Ale 
Ali, 

I. Rt. 

RI 

àle 

( AI, VFIL 

Alb) Ri 

Q6-4. What happens to the voltage gain of a common-base 
amplifier as the load resistance increases? 

Q6-5. What effect would an increase in input resistance 
have on the voltage gain of a transistor amplifier? 

Q6-6. If you knew the current gain and the voltage gain 
of an amplifier, how would you determine the power 
gain? 
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A6-4. An increase in load resistance causes an increase 
in voltage gain, provided other factors do not 
change. 

A6-5. An increase in input resistance causes a decrease 
in voltage gain, provided other factors do not 

change. 

A6-6. Power gain of an amplifier may be obtained by 
multiplying the current gain times the voltage 
gain. 

OPERATING POINT 

So far only the ac operation of transistor amplifiers has 
been considered. In the chapter on semiconductor devices 
you learned about transistor-characteristic curves of collec-
tor current (lc) plotted against collector-emitter voltage 
(Vee) for different constant values of base current (Ib). 
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Fig. 6-4. Load line for transistor amplifier. 



When designing a transistor amplifier, it is often impor-
tant to make certain that the transistor will operate on a 
linear (straight-line) portion of the curve; otherwise, the 
output will be distorted. 
As with vacuum tubes, a set of transistor-characteristic 

curves can be used to determine the points on the curves be-
tween which it is desired for the transistor to operate. The 
point at which the load line intersects a suitable base-current 
line is chosen as the operating point of the transistor. This 
means that with no signal input (the quiescent state of the 
amplifier), the collector current, collector-to-emitter voltage, 
and base current will be at the values which determine the 
point on the curves. When a signal input is applied, the condi-
tions change along a straight line passing through the oper-
ating point. The greater the input, the farther the operating 
conditions will swing from the operating point. The line along 
which the conditions move is the load line. Its slope is deter-
mined by the value of the load resistance. An example of an 
operating point and load line is shown in Fig. 6-4. 

Notice how similar the determination of the operating points 
for a transistor amplifier is to finding the operating points for 
a triode vacuum-tube amplifier. 

Fixed Bias 

Having determined from the curves where the operating 
point should be, the correct voltages and currents must be 
provided for operation at this quiescent point. This method is 
similar to the one used with vacuum tubes. In that case, the 
correct plate and grid-bias voltages were provided. In a tran-
sistor, the biasing consists of supplying a forward-bias voltage 
across the emitter-base junction and a reverse-bias voltage 
across the base-collector junction. These junction biases are 
essential for proper transistor operation. 

Q6-7. What is a load line? 

Q6-8. The point on the load line which shows the operat-
ing conditions of the transistor with no signal is 
the point. 

Q6-9. The slope of the load line is determined by the 
 of the 
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A6-7. A load line is a line drawn on a set of character-
istic curves. It shows the path followed by the op-
erating point when a signal is applied. 

A6-8. The point on the load line which shows the operat-
ing conditions of the transistor with no signal is 
the quiescent point. 

A6-9. The slope of the load line is determined by the 
resistance of the load resistor. 

To establish the operating point on the characteristic curve, 
the correct values of collector voltage and emitter current must 
be supplied. This can be done using only one battery ( Fig. 6-5) 
resulting in a fixed-bias circuit. 

Fig. 6-5. Circuit for applying fixed bias. 

The base-bias voltage is obtained from resistor Rb. The re-

sistance of Rb is  . Since Ebe is usually small compared 

to VB, it can be disregarded when determining biasing volt-

ages. So Rb = It) is the chosen quiescent base-current value. 

Resistor Rb is usually between 100K and 1 meg. 
A disadvantage of the fixed-bias circuit is that the collec-

tor current varies with temperature changes. In addition, the 
current may not be the same for all transistors of the same 
type. Generally, it is necessary to provide compensation for 
the temperature effects on I,, which is a highly temperature-
sensitive quantity. As the temperature increases, the collector 
current also increases. This tends to heat the transistor, thus 
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causing a further current increase. If this chain reaction is 
allowed to continue, a condition called thermal runaway may 
occur, and the transistor will be destroyed by excessive heat. 
A temperature-compensating circuit is shown in Fig. 6-6. 

Although its gain is not as great as that of the previous cir-
cuit, it is more stable. 

o 

vB 

1  

Fig. 6-6. Bias-stabilizing circuit. 

OUTPUT 

0 + 

If I, increases in the above circuit, the voltage drop across 
R, increases. Since the supply voltage (VB) is relatively con-
stant, Ece must decrease as the voltage across R, increases. 
The base-emitter junction and Rb are connected in series across 
Ece. Therefore, the base current depends on Ece. This means 
that as Ece decreases, base current and I, decrease, and the 
original increase in I. is opposed. 

Q6-10. If the operating temperature of a transistor rises, 
the collector current  

Q6-11. On the diagram in Fig. 6-6, trace the circuit that 
provides the base current. 

Q6-12. If I, increases, the voltage drop across R, 

Q6-13. If I, increases, the voltage between emitter and 
base  

Q6-14. If the emitter-base voltage decreases, what effect 
will this have on the base current? 

Q6-15. What effect will a decrease in the base current 
have on lc? 
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A6-10. If the operating temperature of a transistor rises, 
the collector current increases. 

A6-11. The heavy line shows the base-current path. 

A6-12. If L increases, the voltage drop across R. in-
creases. 

A6-13. If I, increases, the voltage between emitter and 
base decreases. 

A6-14. If the emitter-base voltage decreases, this causes 
the base current to decrease. 

A6-15. The decrease in base current will tend to decrease 
I,. 

Emitter Stabilizing Resistor 

Another very common stabilizing circuit uses a resistor in 
series with the emitter. Such a circuit is shown in Fig. 6-7. 
Resistors R1 and R2 form a voltage divider across voltage sup-

ply Vb, providing the base with a voltage VA —  B.., . V 
RI n + 2 

(Current Ib is assumed to be so small that it can be neglected.) 
In order to have good compensation, VA must remain unaf-
fected by variations in Ib. This is done by choosing the re-
sistance values so that the current through R1 and R2 is much 
larger than Ib. 
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Resistor Re in the emitter circuit causes Ebe to be reduced 
if I, increases due to temperature changes. It does this be-
cause when I, increases, the voltage across Re also increases. 
When this happens, Ebe is reduced because voltage VA is very 
nearly constant. A drop in Ebe then causes a decrease in Ib 

and in I,. 

—Vg 

OUTPUT 

+ Vg 

Fig. 6-7. Circuit using emitter-stabilizing resistor. 

Capacitor Ce is connected across Re to bypass the ac signal 
current. If this capacitor were not used, signal voltage would 
be present across Re. If this happened, the action just described 
would tend to reduce the gain of the amplifier. This is one type 
of negative feedback and is the same action that takes place 
in a triode amplifier in which the cathode resistor is not by-
passed. 
Although the input resistance of a common-emitter ampli-

fier is usually about 1000 ohms, the voltage divider reduces 
this to about 750 ohms. 

Q6-16. Because of the voltage divider formed by resistors 
ft, and R.», the voltage between base and ground 
(VA) will always equal   

Q6-17. The voltage between base and emitter equals VA 
minus the voltage drop across resistor   

Q6-18. In the circuit in Fig. 6-7, what effect will an in-
crease in collector current have on the voltage be-
tween the emitter and base? 

Q6-19. In the circuit in Fig. 6-7, what effect will an in-
crease in collector current have on base current? 
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A6-16. Because of the voltage divider formed by resistors 
R1 and R2, the voltage between base and ground 
(VA) will always equal 

R2  
V 

RI + R2 s 

A6-17. The voltage between base and emitter will equal 
VA minus the voltage drop across resistor Re. 

A6-18. If the collector current increases, the voltage be-
tween the emitter and base will then decrease. 

A6-19. If the collector current increases, the base current 
will then decrease. 

TWO-STAGE AMPLIFIERS 

Often a single-transistor amplifier will not give the neces-
sary amount of amplification. In this case, two or more am-
plifiers can be connected together to form a two-stage, three-
stage, or longer chain. Each stage adds a share of amplifica-
tion to the total. For the purpose of explanation, only two 
stages will be considered. 
To have a two-stage amplifier, some method for feeding the 

output of the first stage to the input of the second stage is 
needed. In choosing an interstage coupling network, the fol-
lowing factors must be considered. 
Frequency response—The network must have an equal ef-

fect on each of the desired frequencies. It is also sometimes 
necessary to filter out, or remove, all other frequencies. The 
range of desired frequencies is called the passband. 
Impedance matching—The network should present the cor-

rect output impedance to the first stage for maximum gain. 
It should also present the correct impedance to the second-
stage input so that maximum energy transfer can take place. 

Operating points—The two stages may require different 
voltages, currents, and polarities to establish their best oper-
ating points. The interstage coupling network should be such 
that the de conditions in the separate stages are not affected 
by each other. 
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RC-Coupled Amplifiers 

The simple, small-signal, audio-frequency amplifier shown 
in Fig. 6-8 has two stages with resistor-capacitor coupling. 
Each of the two stages is stabilized by the familiar voltage-
divider method. 

o 

o  

Fig., 6-8. RC-coupled transistor amplifier. 

The output of the first stage is developed as a voltage across 
the load resistor (R3) and is fed to the base circuit of the 

second stage through coupling capacitor Cc. This capacitor 
represents an open circuit to all de voltages. Thus, the bias-
ing circuits of the two stages are not influenced by the de volt-
ages on the other elements. 
The value of coupling capacitor Ce determines the lower 

limit of the passband of the complete amplifier. There is no 
abrupt cutoff point. The response of the unit decreases grad-
ually as the frequency decreases. For practical purposes this 
lower frequency limit is usually taken as the frequency at 
which the capacitive reactance of C, equals the total resis-
tance in series with C. This total resistance is the sum of the 
output resistance of the first stage and the input resistance of 
the second stage. 

Q6-20. Which resistors stabilize the transistors in Fig. 6-8? 

Q6-21. Can de signals pass from stage to stage? Why? 

Q6-22. The capacitor does not pass _ _ _ frequencies read-
ily. 

189 



Your Answers Should Be: 

A6-20. Resistors R4 and R7 provide stabilization. 

A6-21. De signals cannot pass from stage to stage be-
cause the coupling capacitor blocks them. 

A6-22. The capacitor does not pass low frequencies read-
ily. 

The gain of a two-stage amplifier is the product of the gains 
of the individual stages. If something is increased 25 times 
and then the result of that increase is, in turn, increased 25 
times, the final result will be an increase of 625 times the orig-
inal quantity. If each stage of a two-stage transistor amplifier 
has a gain of 25, the total gain is 25 x 25 = 625. 
The gain of each stage depends on its load resistance. When 

a second stage is connected to the output, the effective load 
resistance of the first stage is lowered. This is because the 
load resistance is in parallel with the input resistance of the 
next stage. 

Suppose the load resistor of the first stage is 3000 ohms and 
the input resistance of the second stage is 1000 ohms. The ef-
fective load resistance of the first stage is the parallel combi-

3000 x 1000  
nation of these two resistances or ' 3000 + 1000 — 750 ohms. 

750  
The first-stage gain is then reduced to 3000' or 0.25 times 

original gain. If the first-stage gain was 25 before the second 
stage was added, then its actual gain is only 0.25 x 25 = 6.25 
after the second stage is added. 

Transformer-Coupled Amplifier 

RC-coupled amplifiers are suitable for providing voltage am-
plification when the gain does not need to be very high. For 
somewhat higher gain, a transformer-coupled amplifier can 
be used, such as the circuit shown in Fig. 6-9. Notice that the 
transformer does not pass de. As with the RC-coupled ampli-
fier, the gain of a transformer-coupled amplifier decreases at 
both the low- and high-frequency ends of the frequency range. 

In order to get maximum energy transfer from the first 
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stage to the second, it is desirable to choose a coupling trans-
former with a turns ratio that matches the output resistance 
of the first-stage transistor (usually about 25K) to the lower 
input resistance of the second-stage transistor (about 1000 
ohms). 

Fig. 6-9. Transformer-coupled transistor amplifier. 

Suppose the output impedance of the first stage is 25K and 
the input impedance of the second stage is 1000 ohms. What 
turns ratio would the coupling transformer need? In a trans-
former, the impedance ratio is equal to the square of the turns 
ratio. The required turns ratio may be calculated as follows: 

N12 _ Z1 _ 25,000  
N22 Z2 1000 

N1 \fig 5 
N2 - 1 - 

The turns ratio should therefore be 5 to 1. 

Q6-23. If the gain of each stage of an amplifier is known 
how would the gain of the amplifier be calculated? 

Q6-24. When RC coupling is used between two stages, 
what effect does adding the second stage have on 
the gain of the first stage? 

Q6-25. Transformer coupling permits _ _ _ gain 
than RC coupling. 

Q6-26. How can impedance matching between amplifier 
stages be obtained? 
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Your Answers Should Be: 

A6-23. The gain of an amplifier is calculated by multiply-
ing the gain values of the individual stages in the 
amplifier. 

A6-24. When RC coupling is used between stages, the in-
put impedance of the second stage is in parallel 
with the load resistance of the first stage. This re-
duces the load seen by the first stage and therefore 
reduces the gain of the first stage. 

A6-25. Transformer coupling permits greater gain than 
RC coupling. 

A6-26. A coupling transformer can be used to match the 
output impedance of the first stage to the input 
impedance of the second stage. 

Direct-Coupled Amplifiers 

It is sometimes necessary to amplify signals that include 
very low frequencies, even dc. Low frequencies and de cannot 

Fig. 6-10. Direct-coupled transistor amplifier. 

be amplified when capacitors or transformers are used for 
interstage coupling. But amplifiers can be coupled without us-
ing capacitors or transformers. Connecting the collector of 
the first stage directly to the base of the next stage, as shown 
in Fig. 6-10, is known as direct coupling. Such amplifiers are 
called direct-coupled amplifiers, direct-current amplifiers, or 
simply de amplifiers. 

Coupling the collector of the first stage directly to the base 
of the second stage presents several special problems. The base 
of the second stage is placed at the same potential as the col-
lector of the first stage. Such an arrangement is acceptable 
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only if the emitter and collector voltages of the second stage 
can be adjusted to provide the required operating bias. 
The fact that the biasing voltages of the two stages are not 

isolated from each other makes for a more complicated power-
supply circuit. This is because the operating point for each 
stage must be adjusted without causing any interaction with 
the other stages. The power supplies must also be very accu-
rate and stable. A de amplifier will amplify de voltages, so any 
power-supply variations will be transmitted from stage to 
stage and thus affect the final output of the amplifier. 
The de amplifier is usually intended to deliver an output 

that is proportional to the input signal. The amplification 
should be constant. It is very important that when the input 
is zero, the output is also zero. This is made difficult by the 
fact that there are no blocking capacitors or transformers be-
tween the stages. Any change in the operating point of one 
stage, therefore, affects all the other stages. Such a change 
may be brought about by temperature variations, which al-
ways affect the collector leakage current (L.) of a transistor. 
As a result, it is very important to use good temperature-

compensating and stabilizing circuits in a de amplifier. Other-
wise drift results, and the output is no longer strictly propor-
tional to the input. 

The resistors shown in the emitter leads are used for stabili-
zation. There are no bypass capacitors because this circuit is 
used for low frequencies where the capacitors would have a 
very high reactance and therefore would not pass a signal. 

Q6-27. Why are RC- and transformer-coupled amplifiers 
not suitable for amplifying very low-frequency 
signals? 

Q6-28. When is it acceptable to connect the collector of 
one stage of a transistor amplifier directly to the 
base of the next stage? 

Q6-29. When the input to a dc amplifier is zero, the out-
put should be _ _ _ _. 
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M-27. RC- and transformer-coupled amplifiers are not 
suitable for amplifying very low-frequency sig-
nals because the coupling capacitors or trans-
formers block these signals. 

A6-28. The collector of one stage may be connected to 
the base of a second stage if the emitter and col-
lector voltages of the second stage can be ad-
justed to maintain the proper bias. 

A6-29. When the input of a de amplifier is zero, the out-
put should be zero. 

Complementary Circuits 

One way of coupling the stages of a de amplifier takes ad-
vantage of the fact that there are two types of transistors— 
pnp and npn. This type of circuit alternates the two kinds 
and is known as a complementary circuit. 

PNP 

— 

Fig. 6-11. Complementary dc-amplifier circuit 

In the npn transistor of the first stage, the collector current 
flows out of the transistor. In the base circuit of the second-
stage pnp transistor, the base circuit flows into the transistor. 
If the npn collector is coupled directly to the pnp base, the 
current between them flows in the same direction. (For sim-
plicity the power supplies are not shown on the diagram.) 
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It is sometimes necessary to have a first-stage collector cur-
rent that is considerably larger than the base current of the 
second stage. This can be taken care of by bypassing some of 
the current with a resistor ( Fig. 6-12) . 

Fig. 6-12. Complementary amplifier with collector current greater 

than base current. 

Tuned Amplifiers 

Tuned amplifiers amplify only a narrow band of frequen-
cies ( i.e., a small frequency range as compared to the center 
frequency). Thus, tuned amplifiers are selective. 
Tuned amplifiers are used widely in communications appli-

cations, such as radio and television receivers, to amplify rf 

and if frequencies. Tuned amplifiers make it possible to se-
lect one desired station from among a group of many stations 
whose signals may reach the receiver. Tuned circuits make 
possible the separation of sound and picture signals in a tv 
receiver. In transmitters, tuneil amplifiers are used to gener-
ate large amounts of power at the assigned frequency of the 
station. 

Q6-30. In the circuit in Fig. 6-11, what is the relationship 
between the base current of the second stage and 
the collector current of the first stage? 

Q6-31. What would be the purpose of a resistor between 
the base of the second stage and ground? 

Q6-32. Tuned amplifiers are designed to amplify only a 
of frequencies. 
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A6-30. The base current of the second stage and the col-
lector current of the first stage are identical. 

A6-31. A resistor between the base of the second stage 
and ground would bypass some of the current so 
that the base current of the second stage would 
be less than the collector current of the first 
stage. 

M-32. Tuned amplifiers are designed to amplify only a 
narrow band of frequencies. 

Selectivity, or tuning, is achieved in tuned amplifiers by 
using coupling networks that are essentially filters. That is, 
they pass energy between stages only in a narrow frequency 
band and reject signals at all frequencies outside this band. 
These coupling networks are almost always parallel-resonant 
(tuned) circuits. A parallel-resonant circuit has a high im-
pedance at and near its resonant frequency. The current out-
put of the first stage develops a voltage across the tuned cir-
cuit only in a very narrow tuned band. Therefore the following 
stage receives an input current only for signals in this fre-
quency band. 
The same principle is used in vacuum-tube tuned amplifiers. 

These are easier to build because tube amplifiers have high in-
put and output resistances. The problem is more difficult with 
transistors because they have a relatively low resistance at 
both input and output. When a transistor amplifier stage is 
coupled to a parallel-resonant circuit, the low resistance of the 
transistor reduces the Q of the resonant circuit. This reduces 
the selectivity. 

This makes it necessary to design a circuit that will some-
how match the resistances of the stages and still leave the ef-
fective Q of the coupling as high as possible for adequate 
selectivity. Such a circuit is shown in Fig. 6-13. This is a 
single-tuned amplifier using a resonant circuit having a ter-
tiary (third) winding. The tuned circuit (L2C2) is trans-

former-coupled to the collector circuit of the first transistor 
through windings L1 and L2. It is coupled to the base circuit 
of the second transistor through windings L2 and L3. To se-
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cure the maximum energy transfer between stages, the wind-
ing ratios must match the first-transistor output resistance 
to the second-transistor input resistance. 

Selectivity is provided in this circuit by tuned circuit L.,C2. 
When a signal at the resonant frequency is applied, a large 
current circulates between the capacitor and inductor of the 
tuned circuit. Energy is easily transferred to La by trans-
former action. At all other frequencies the circulating current 
is much less, and the energy transfer is very low. 

In actual practice, it is also necessary to use other compo-
nents in transistor circuits. One of the component networks 
often used is for counteracting signal feedback from output 
to input. Such components form what are known as unilater-
alization networks. 

Fig. 6-13. Tuned transistor amplifier. 

Q6-33. A parallel-resonant circuit has a _ _ _ _ impedance 
at resonance. 

Q6-34. What effect does connecting a transistor-amplifier 
stage to a tuned circuit have on the Q of the tuned 
circuit? 

Q6-35. Another name for a third winding is  
winding. 

Q6-36. What determines the selectivity of a tuned ampli-
fier? 

Q6-37. Unilateralization networks are used to prevent 
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A6-33. A parallel-resonant circuit has a high impedance 
at resonance. 

A6-34. Connecting a transistor amplifier stage across a 
tuned circuit lowers the Q of the circuit. 

A6-35. Another name for a third winding is tertiary 
winding. 

A6-36. The selectivity of a tuned amplifier is determined 
by the Q of the resonant circuit. 

A6-37. Unilateralization networks are used to prevent 
feedback. 

WHAT YOU HAVE LEARNED 

1. The voltage gain of a transistor amplifier depends on 
its current gain and on the ratio of its load resistance 
to its input resistance. 

2. The input resistance of a transistor amplifier is a prop-
erty of a particular circuit. 

3. An operating point for a transistor is selected by draw-
ing a load line through a set of characteristic curves. 

4. To maintain the desired operating point, the appropri-
ate base current, collector-emitter voltage, and collector 
current must be provided. 

5. A fixed-bias circuit uses a single power source and volt-
age-dropping resistors. 

6. Voltage-divider stabilizing circuits can compensate for 
the effects of temperature changes. 

7. The low-frequency response of an RC-coupled amplifier 
is limited by the coupling capacitor. 

8. RC coupling passes only ac signals. 
9. Transformer coupling affects the frequency response of 

the amplifier and passes only ac. 
10. De coupling will pass low-frequency or de signals but 

complicates the biasing arrangements in doing so. 
11. Npn and pnp transistors can be combined in a de-cou-

pled amplifier to simplify the biasing problems. 
12. Parallel-resonant circuits are used in tuned amplifiers. 
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7 

Pulse Circuits 

In this chapter you will 
what you learn how pulse circuits 

Will learn differ from sine-wave cir-
cuits. The importance of 
transient response in pulse 

circuits will be discussed. You will discover how pulse 
circuits can count, add numbers, shape waveforms, and 
act as switches. You will learn to recognize these cir-
cuits and how to diagram some of them. You will also 
learn some of the applications for pulse circuits. 

WHAT ARE PULSE CIRCUITS? 

You have already learned about power-supply circuits, in 
which ac is converted to specific de voltages. You have also 
studied amplifier and oscillator circuits that are designed to 
generate and amplify sine-wave signals. These circuits are 
used extensively in electronics, especially in radiocommuni-
cations, television, and the reproduction of sound. 
By contrast, pulse circuits are designed to handle nonsinu-

soidal signals. Typical signals found in pulse circuits are 
square waves, sawtooth waves, spike voltages, and wide rec-
tangular pulses. Pulse circuits are used to count and perform 
mathematical operations; for switching, for example in dial-
telephone systems; and to synchronize the operation of other 
circuits. In television and radar, for example, many different 
circuits must be turned on and off at exactly the same moment 
for the system to operate properly. 

All pulse waveforms are actually complex combinations of 
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sine-wave frequencies. This means that the frequency response 
of a circuit is important to proper pulse waveform reproduc-
tion. Pulse circuits must often respond well to a very wide 
band of frequencies. Pulse signals are often large compared 
to sine-wave signals, and signal levels often change from cut-
off to saturation (from one end of the load line to the other) 
almost instantaneously. 

TRANSIENT OPERATION 

Transient operation describes the way circuits and compo-
nents react to rapid changes in signal level. In radio circuits, 
tubes and transistors usually operate along the linear portion 
of their characteristic curves, and the transient operation of 
the tube or transistor is not very important. 
On the other hand, pulse-circuit operations normally involve 

large signals. This means that amplifier operation may change 
very rapidly from a nonconducting state to the saturated stage, 
or vice versa. The transient response of tube and transistor 
circuits in either of these extreme states is most important in 
pulse-circuit operation. 
The time required to turn a tube or transistor on may be 

as short as 0.08 to 0.10 microsecond. Turn-off time may be as 
short as 0.10 to 0.12 microsecond. But pulses often rise and 
fall sharply. Their entire duration may be measured in micro-
seconds. Therefore, the time it takes for electrons to travel 

INPUT SIGNAL 
CHANGES INSTANTLY 

0 1 MICROSECOND 

OUTPUT CANNOT 
FOLLOW INPUT 

Fig. 7-1. Limited transient response of a transistor. 

from cathode to plate in a vacuum tube is no longer negligible. 
For the same reason, the time for holes or electrons to diffuse 
from emitter to collector in a transistor must be considered. 

Other factors affecting transient performance are the load 
impedance, the transistor- or tube-element capacitances, and 
the operating conditions before the arrival of the pulse. 
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TRANSISTOR TRANSIENT OPERATION 

Fig. 7-2 shows an npn transistor connected as a common-
emitter amplifier. With switch S1 as shown, the emitter-base 
junction is reverse-biased, and no collector current flows. 
When S1 is switched to the other position, the voltage of bat-
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Fig. 7-2. Transient response of a circuit. 

tery B1 forward-biases the emitter-base junction. The base 
current quickly reaches maximum. The collector current also 
increases. The time required for it to increase from 10% to 
90% of maximum is the rise time. 
When S, is returned to its original position, the base cur-

rent drops quickly and overshoots. This reversal is due to the 
minority carriers stored in the base during the forward-bias 
period. The reverse polarity of battery B2 causes a reverse-
current flow. The collector current does not change immedi-
ately during base-voltage cutoff. This delay is called storage 
time. It is the time required to collect the minority carriers 
remaining in the base. 
As the current in the base decays, so does the current in 

the collector. This portion of the waveform is referred to as 
the trailing edge. The time it takes the trailing edge to de-
crease from 90% to 10% of the maximum collector current 
is the decay time. 

Q7-1. What period might also be called "fall time"? 

Q7-2. Pulse signals usually have amplitudes. 

Q7-3. A pulse amplifier must have a __ __ bandwidth. 
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Your Answers Should Be: 

A7-1. The decay time may also be called fall time. 

A7-2. Pulse signals usually have large amplitudes. 

A7-3. A pulse amplifier must have a wide bandwidth. 

TRANSISTOR STATES 

A transistor can be operated in the cutoff, active, or satu-
rated state. Consider the circuit in Fig. 7-3. In the cutoff state, 
no collector current flows. This condition exists when there 
is no current through the base-emitter junction. The active 
state is the operating condition of the transistor in which it 
can be used as an amplifier. This is the state you studied in 
an earlier chapter. In the saturated state the transistor has 
reached a point where an increase in the input can produce 
no further increase in the output. 

Fig. 7-3. A pulse-amplifier circuit. 

With no signal applied to the base in the circuit in Fig. 7-3, 
no collector current flows (neglecting leakage). The transistor 
is in the cutoff state. With a large signal applied to the base, 
the transistor rapidly passes through the active state into the 
saturated state, and maximum current flows. The collector 
current rises at a rate that depends on capacitance, electron-
hole diffusion time, and load impedance. The collector voltage 
decreases due to the voltage drop across RL. Now collector cur-
rent is at maximum. The collector voltage is lower than the 
2.5-volt base voltage. Both junctions are now forward-biased. 
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Cutoff occurs at the maximum-voltage end of the transistor 
load line ( see Fig. 7-4). Saturation occurs near the maximum-
current end, although the current at saturation never reaches 
the theoretical maximum. The cutoff and saturation regions 
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Fig. 7-4. Transistor characteristic curves. 

are called the quiescent and stable states, respectively. When 
the emitter-base and collector-base junctions are reverse-
biased, the transistor is in the quiescent state. When both 
junctions are forward-biased, the transistor is in the satu-
rated state. 

Q7-4. A transistor can be operated in the ----- -
------- , or   state. 

Q7-5. In the circuit just discussed, the collector voltage 
when the collector current in-

creases. 

Q7-6. When both junctions are forward-biased, the trans-
sistor is in the   state. 
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A7-4. A transistor can be operated in the cutoff, active, 
or saturated state. 

A7-5. In the circuit just discussed, the collector voltage 
decreases when the collector current increases. 

A7-6. When both junctions are forward-biased, the tran-
sistor is in the saturated state. 

PULSE GENERATION 

There are many ways of generating pulse signals. The tele-
graph key and the telephone dial are two common mechanical 
devices that are used in the generation of pulses. Both are 
simple switches that open and close circuits, thus generating 
rectangular pulses. 

Sawtooth Generator 

Accurately timed and shaped pulses are generated in elec-
tronic circuits. One good example is the sawtooth generator. 
Its operating frequency and output waveshape are controlled 
by the charging and discharging of an RC, RL, or RCL circuit. 

DC 
SOURCE 

o  

SWITCH CLOSED 

TIME TIME 

DC 
OUTPUT SOURCE S OUTPUT 

Amel o 

(A) Charge (B) Discharge. 

Fig. 7-5. Sawtooth-generator action. 

Most sawtooth generators use RC circuits. You have learned 
that a capacitor takes a certain amount of time to charge 
through a resistor. This time is determined by the RC time 
constant of the particular combination. If a capacitor is 
charged until the voltage across it reaches a given level and 
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then allowed to discharge quickly, a sawtooth voltage results. 
The voltage gradually builds up until it reaches the discharge 
voltage—then it suddenly decreases to zero. The three require-
ments of a sawtooth generator are a power source, an RC cir-
cuit, and a voltage-controlled switch. 
A gas-filled tube called a thyratron can act as a voltage-

controlled switch. The thyratron conducts only when its plate 
voltage reaches a certain level. The more negative the grid is 
with respect to the cathode, the higher the plate potential must 
be to start conduction. After firing, the thyratron continues 
to conduct until its plate voltage has dropped to a specific 
lower value, called the extinction potential. The extinction 
potential depends mainly on the type of tube used. 

B+ 

N10/1 OUTPUT 

Fig. 7-6. A thyratron sawtooth generator. 

During conduction, the thyratron has practically zero im-
pedance. When not conducting, the thyratron presents a very 
high impedance. With power applied to the RC circuit, the 
capacitor charges exponentially. When the capacitor voltage 
reaches the necessary potential, the thyratron conducts. This 
discharges the capacitor quickly. When the plate voltage drops 
to the extinction potential, the thyratron stops conducting. 
This starts the charging cycle over again. The output voltage 
varies between the conduction and extinction voltages at a 
frequency determined by the time constant of the RC circuit, 
the supply voltage, and the grid voltage. 

07-7. What factors affect the frequency of a sawtooth 
generator? 



Your Answer Should Be: 

A7-7. The frequency of a sawooth generator is deter-
mined by the charging voltage applied to the RC 
circuit, by the R and C values (which determine 
the RC time constant), and by the grid voltage of 
the thyratron. 

The multivibrator is a circuit used to generate square or 
rectangular pulses. Like the sawtooth generator, its frequency 
is determined by RC time-constant circuits. And, just as with 
the conventional sine-wave oscillator, it makes use of positive 
feedback. Multivibrators may be either of the solid-state (tran-
sistor) type, or of the vacuum tube type. 
A basic multivibrator is simply a two-stage RC-coupled am-

plifier in which the output of the second stage is coupled back 
to the input of the first stage providing the positive feedback. 
This forms a closed loop. In the transistor multivibrator circuit 
in Fig. 7-7, the output signal of the first amplifier stage, Q, 
is RC-coupled to the base of the first amplifier stage, Ch, is 
RC-coupled to the base of the second stage, Q. Similarly, the 
output signal of the second stage is RC-coupled back to the 
grid of the first stage. 

OUTPUT I OUTPUT 2 

Fig. 7-7. A multivibrator circuit with the output of Q1 applied to 

the base of 02. 

How does this circuit work? When power to the circuit is 
applied, both transistors begin to conduct, as in a normal am-
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plifier. If it so happened that current in both Q1 and Q4 were 
the same, that is all that would happen. However, since no 
pair of transistors or other parts are ever exactly alike, one 
transistor will draw a little more current than the other. 

Let's say that Q1 begins to conduct slightly more than Q2. 
This increased current becomes the input signal to Q2 causing 
Q2 to conduct less. This decrease in conduction of Q2 then be-
comes an input signal back to Q1, causing Q1 to conduct even 
more heavily. This action continues until Q2 is very quickly 
cut off. 

C3 

TIME TIME 

(A) 01 collector current (B) 0, collector voltage. 

Fig. 7-8. Ideal switching in a multivibrator. 

The entire initial action—one transistor reaching maximum 
conduction and the other being cut off—occurs almost in-
stantly. If the voltage across Q2 (output 2) is used as the out-
put of the circuit, it will have changed from minimum to maxi-
mum value very quickly. 

Q7-8. If Q1 begins to conduct slightly more than Q2 what 
happens to the voltage drop across R1? 

Q7-9. The collector of Q1 becomes (more, less) negative 
with respect to B+. 

Q7-10. When this signal is coupled through C1 to the base 
of Q, the base of Q2 becomes more (positive, nega-
tive). 

Q7-11. This causes the collector current in Q2 to 

Q7-12. This causes the voltage drop across R2 to 

Q7-13. The collector of Q2 becomes (more, less) negative 
with respect to B+. 

Q7-14. When this signal is coupled through C2 to the base 
of Q2 the base of Q1 becomes  • 

Q7-15. What effect does this have on current through Q1? 
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A7-8. If Q1 begins to conduct slightly more than Q2, the 
voltage drop across R, increases. 

A7-9. The collector of Q1 becomes more negative with 
respect to B+. 

A7-10. When this signal is coupled through C1 to the base 
of Q2, the base of Q2 becomes more negative. 

A7-11. This causes the collector current in Q2 to decrease. 

A7-12. This causes the voltage drop across R2 to decrease. 

A7-13. The collector of Q2 becomes less negative with re-
spect to B+. 

A7-14. When the signal is coupled through C2 to the base 
of Q1, the base of Q1 becomes less negative. 

A7-15. This increases the current through Qi. 

In the first step of the circuit action, Q4 goes to cutoff and 
Q1 conducts heavily. When the transistors reach this steady 
state and the signals are no longer changing, the RC coupling 
is no longer effective. The voltage holding Q2 in its cutoff state 
will gradually diminish. 

OUTPUT I 

Fig. 7-9. A multivibrator circuit. 

OUTPUT 2 

It is easy to see what happens if you look at the coupling 
between Q1 and Q2. The base of Q2 was driven negative by the 
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changing collector voltage of Q1, coupled through C1. When 
the collector voltage of Q2 stops changing, the base of Q2 is 
held negative by the charge of coupling capacitor C1. But C1 
discharges gradually through Q1, which is conducting heavily. 
When Q., begins to conduct, a process exactly like the first step 
begins. Transistor Q1 is driven to cutoff, and Q. begins to con-
duct heavily. Then coupling capacitor C2 between Q. and Q1 
will discharge, and the cycle will repeat itself. 

«CC 

TIME 

Fig. 7-10. Theoretical output of a multivibrator. 

To review, a basic multivibrator is two amplifiers RC-cou-
pled to each other. When they begin to operate, one is immedi-
ately driven to cutoff and the other conducts heavily. They con-
tinue in this state until the RC coupling network discharges 
enough to permit the cutoff amplifier to again conduct. When 
this happens, the second amplifier is driven to cutoff and the 
first conducts heavily. The two amplifiers continue to alternate 
conducting states at a rate determined by the time constant of 
the RC coupling networks. 

Q7-16. The rate at which C1 discharges is determined by 
the   of the RC-coupled net-
work. 

Q7-17. What happens to the current in Q, as CI dis-
charges? 

Q7-18. Draw a schematic of a basic multivibrator. Begin 
by drawing a two-stage, RC-coupled amplifier, and 
then add the extra coupling circuit. 
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A7-16. The rate at which C1 discharges is determined by 
the time constant of the RC-coupled network. 

A7-17. As C1 discharges, the base voltage of Q2 decreases. 
When the base voltage passes the cutoff level, Q2 
begins to conduct. 

A7-18. Your schematic should look like this. 
8+ 

Bistable Multivibrators 

A bistable multivibrator, or flip-flop, is a very useful vari-
ation of the basic multivibrator. As you will see later in this 
chapter, it is one of the basic circuits of digital computers. 

Like the basic multivibrator, the bistable multivibrator con-
sists of a two-stage amplifier with its output coupled to its 
input. The difference between the two circuits is that the stages 
are direct-coupled instead of RC-coupled. Thus, there are no 
coupling capacitors to charge and discharge and control con-
duction. Once the circuit has assumed one state, it stays that 
way until an outside signal is applied to start the changeover 
process. Then the multivibrator "flips" or "flops" into the op-
posite state. 

In the bistable circuit in Fig. 7-11, assume that Q1 is satu-
rated and Q2 is cut off. A positive pulse applied to the trigger 
input and to the base of Q1 will cut off Q1 and cause its collector 
to go negative. Since the Q1 collector connects to the Q2 base, 
the Q2 base also goes negative. This turns on Q2 causing its 
collector to go positive and drive the base of Q1 even more 
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positive. Now Q., is in a saturated state where it will remain 
until a positive pulse comes along at the trigger input causing 
its base to go positive. A bistable multivibrator is also referred 
to as a flip-flop. 

OUTPUT 1 

Fig. 7-11. Bistable-multivibrator circuit. 

OUTPUT 1 

• 
OUTPUT 2 

Fig. 7-12. Bistable-multivibrator pulses. 

OUTPUT 2 

Q7-19. Which transistor in a bistable multivibrator will 
be affected by a negative pulse? How will it be 
affected? 

Q7-20. How many input pulses are required to produce a 

single output pulse from a bistable multivibrator? 
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A7-19. A negative pulse will cause the conducting tran-
sistor to conduct less. This will, in turn, allow the 
other transistor to start conducting a little, and 
the changeover process will take place. 

A7-20. One input pulse is required to turn the cutoff 
transistor of a bistable multivibrator on and a 
second input pulse is required to turn it off. Thus, 
two input pulses are required to produce one out-
put pulse from a bistable multivibrator. 

PULSE-CIRCUIT APPLICATIONS 

One of the most important uses of pulse circuits is for vari-
ous kinds of switching. In these applications, pulse circuits 
simply turn each other or other circuits on and off. Other pulse 
circuits are used for counting or to change the shape of wave-
forms. 

Electronic Switches 

An ideal switch has infinite resistance when open and zero 
resistance when closed. Also, it has a means of being opened 
and closed. Vacuum tubes and transistors can act as switches 
that are opened and closed electronically. Instead of increas-
ing and decreasing an output signal according to the variations 
of an input signal, the output is turned on or off. The tube or 
transistor is made to go from cutoff to saturation and vice 
versa instead of operating in its linear amplification region. 

Electronic switches operate much faster than mechanical 
switches. Using mechanical and relay switches in a device 
such as a computer would make it too slow to be useful. Elec-
tronic switches operate rapidly and silently, are more sensi-
tive than mechanical ones, and have no moving parts or con-
tacts to wear out. 

Transistor Switch 

The illustration in Fig. 7-13 shows an electronic switch that 
can be turned on or off by a single pulse. The input signal will 
be amplified only when the electronic switch is closed. 
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The transistor is connected to one of the outputs of the bi-
stable multivibrator. When the multivibrator is in one state, 
the transistor amplifies in the usual way. This is because of 
the voltage applied to the emitter. The amplifier can be turned 
off by applying a pulse to the multivibrator, causing it to 
change states. Now the multivibrator output applies a large 

B+ 

SIGNAL 
INPUT 

= 

Fig. 7-13. A simple switching circuit. 

SIGNAL 
OUTPUT 

positive voltage to the emitter. This has the same effect as 
making the base negative, and the transistor is cut off. Another 
pulse to the multivibrator causes it to change states again, the 
emitter of the transistor is returned to its operating voltage 
and the transistor is able to amplify. 

Q7-21. In switching circuits, tubes and transistors oper-
ate from to  . 

Q7-22. In Fig. 7-13, switching action depends on chang-
ing the voltage of the  
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A7-21. In switching circuits, tubes and transistors oper-
ate from cutoff to saturation. 

A7-22. In Fig. 7-13, switching action depends on chang-
ing the voltage of the emitter. 

Turning Circuits On and Off Automatically 

You have seen how an electronic switch can turn a device 
on or off. One practical example of automatic switching is 
in television. The picture-tube beam must be turned off and 
on 15,750 times a second. To do this, blanking pulses are sent 
out by the broadcasting station at this frequency. The receiver 
uses these pulses to operate an electronic switch. Each time 
a blanking pulse is received, the picture signal is interrupted 
to allow the electron beam to return across the picture tube 
in order to start a new line. If this arrangement were not used, 
the returning beam would tend to fill in the dark areas in the 
picture with bright retrace lines. 

Gating Signals to Different Destinations 

More complicated switching actions are often performed by 
gate circuits. A gate circuit allows signals to go through only 
when certain conditions are satisfied, but no signals can pass 
when these conditions are not satisfied. 

Transistor gate circuits are used frequently in computer 
applications. They function as gates to direct signal flow to 
various points in the overall circuitry. Because they are able 
to determine computer operation from their input conditions, 
these circuits are referred to as logic circuits. AND gates and 
OR gates are two kinds used for logic operations. AND gates 
can use tubes, transistors, or semiconductor diodes, the latter 

being the most common. 
The AND gate shown in Fig. 7-14 requires that both inputs 

be present before an output is generated. Without signals, 
current flows from the negative battery terminal through the 

large resistor (R) and both diodes to ground. 
As a result, the output is a constant, small negative voltage. 

A negative pulse at point 1 reverse-biases diode CR1. But cur-
rent still flows through diode CR2. Since R is very large corn-
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pared to the other two resistors, the output remains almost 
unchanged. To see why this is true, notice that the total cur-
rent flow is determined mainly by the resistance of R. There-
fore, the voltage drop across R changes only a small amount 
when CR2 stops conducting. 
When negative pulses appear at points 1 and 2 at the same 

time, both diodes become reverse-biased. Current flow stops, 
and the output voltage becomes the same as the voltage of 

OUTPUT 

INPUTS 

I 

Fig. 7-14.. AND gate. 

the negative negative battery terminal for the duration of the input 
pulses. Therefore, to produce an output, pulse 1 and pulse 2 
must be present. The condition necessary to produce an out-
put from this AND gate is that two negative input pulses must 
occur at the same time. 

Q7-23. What is a gate circuit? 

Q7-24. In an AND circuit with two inputs, there is an out-
put only if two input pulses occur at (the same 
time, different times). 

Q7-25. The most common type of AND gate is the 
  type. 

Q7-26. Gate circuits (are, are not) used in computers. 
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Your Answers Should Be: 

A7-23. A gate circuit is one which allows signals to go 
through only when certain conditions are satis-
fied. 

A7-24. In an AND circuit with two inputs, there is an out-
put only if two input pulses occur at the same 
time. 

A7-25. The most common type of AND gate is the semi-
conductor-diode type. 

A7-26. Gate circuits are used in computers. 

The OR gate in Fig. 7-15 requires either input 1 or input 2 
to produce an output. This circuit is used when many inputs 
are to be gated into a single circuit. 

Fig. 7-15. OR gate. 

Frequency-Divider Circuits 

One of the most common functions of pulse circuits is count-
ing. A step-counter or a frequency-divider circuit does this. 
Such a circuit may be used to count a given number of input 
pulses or to divide the frequency of input pulses into a lower 
frequency. A step counter is shown in Fig. 7-16. 

CI 
0_ 1  _ 

I SMALL 
CAPACITANCE 

C2 

V1 LARGE CAPACITANCE - 
INPUT OUTPUT 

V2 

Fig. 7-16. A pulse-counter circuit. 
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VOLTAGE AT MAXIMUM CHARGE 

Fig. 7-17. Capacitor charging 

characteristic. 

When the first positive pulse is applied, electrons are re-
moved from the left-hand plate of C1. This causes electrons 
to move from the top plate of C2, through diode V2, to the 
right-hand plate of C1. As a result, C1 and C2 become charged 
with the polarities shown. No electrons flow through V1 be-
cause its plate is negative with respect to its cathode. At the 
end of the pulse, the input voltage returns to zero. Capacitor 
CI can now discharge through V1 and the pulse source. The 
charge on C2 makes the cathode of V2 positive with respect 
to its plate. Therefore, V2 cannot conduct, and capacitor C2 
cannot discharge. 
Each additional pulse causes an additional charge to be 

added to C2. As this cycle is repeated, the voltage across C2 
builds up in steps. 
Now suppose a thyratron or another voltage-sensitive 

switching device is connected across the output. When the 
voltage across C2 reaches the desired value, the switching de-
vice closes and C, is discharged. The switching device then 
opens, and the entire process starts over. In this example, the 
switching device produces an output pulse for every five in-
put pulses; the input frequency is divided by five. 

Fig. 7-17 shows the way a capacitor charges. The dots show 
the voltage increase for each input pulse. The actual amount 
of voltage depends on the nature of the pulses and the circuit. 
It is not desirable to design the counter so that C., discharges 
near its maximum-charge value. This is because each addi-
tional pulse causes a smaller increase in voltage, and it is 
difficult to be sure that the capacitor will discharge after the 
desired number of pulses. 

Q7-27. A counter circuit counts pulses by using them to 

Q7-28. Draw a counter circuit that uses solid-state diodes. 

Q7-29. What is an OR circuit? 
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A7-27. A counter circuit counts pulses by using them to 
charge a capacitor. 

A7-28. 

o  

o  

II  o 

o 

A7-29. An OR circuit is a gating circuit that produces an 
output when a signal is applied to any of its in-
puts. 

Limiters 

The simplest limiting circuit is the positive crystal limiter. 
The input is a sine wave. The circuit allows only the negative 
half of the sine wave to pass. It blocks, or limits, the positive 
half—hence its name, positive limiter. Obviously, negative 
limiting is obtained by reversing the diode connections. This 
type of limiter uses zero voltage as its reference. However, 
other reference potentials can be used. 

(A) Positive (B) Negative 

Fig. 7-18. Sine waves limited at zero volts. 

The semiconductor diode can be used to obtain a positive-
limited waveform at a positive potential. In other words, less 
than half of the input sine wave is removed. This is accom-
plished by keeping the cathode at the limiting value. The bat-
tery in the illustration maintains the cathode at 25 volts posi-
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tive with respect to ground. When the sine-wave input rises 
to 25 volts, the anode voltage rises to this amount. The diode 
then begins to conduct. As the input voltage increases, the 
diode current also increases. The voltage drop across R also 
increases, but the anode voltage cannot fall below 25 volts. 
Therefore, the anode voltage remains at 25 volts. When the 
sine-wave voltage goes below 25 volts positive, the anode volt-
age follows the input voltage. 

o  

+IOC 

o 

Vv%  

INPUT 

25 V 

 o 

25 V 

OUTPUT -141U 

o o 

Fig. 7-19. A limiter circuit. 

When a pair of diodes is biased so that one is negative and 
the other positive, both positive and negative limiting are ob-
tained. The output waveform is referred to as a trapezoidal 
waveform. 

O 'VYNe  

INPUT 

_É"kr 

o  

OUTPUT 

Fig. 7-23. A positive and negative limiting circuit. 

o 

 o 

Q7-30. How could the limiter circuit in Fig. 7-19 be used 
for negative limiting? 

Q7-31. Positive and negative limiting of a waveform can 
be obtained by using 
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A7-30. If the battery and diode connections were re-
versed, negative limiting would occur. In this 
case the reference voltage is —25 volts. The out-
put voltage varies from —25 volts to 100 volts. 
The negative portion of the input sine wave is 
limited to —25 volts. 

A7-31. Positive and negative limiting of a waveform can 
be obtained by using two diodes. 

Squaring Circuit 

A typical squaring circuit is the Schmitt trigger, shown in 
Fig. 7-21. This circuit can convert many input waveforms to a 
square-wave output. Note how it resembles a multivibrator 
circuit in its action. 

B+ 

Fig. 7-21. A Schmitt-trigger circuit. 

OUTPUT 

INPUT 

With no input, transistor (11 is cut off, and its collector 
voltage equals the battery voltage. This voltage is coupled 
to the base of Q2 through R3. Transistor Q2 is therefore satu-
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rated. Due to the emitter current of Q2, the top of resistor R4 
is positive. 
Now a sine-wave input is placed on the base of Q1. The posi-

tive-going signal voltage soon exceeds the emitter voltage. 
This causes Q1 to conduct. The Q1-collector voltage drops 
slightly, and this change is coupled to the base of Q2. This re-
duces the Q2-emitter current slightly, and the top of resistor 
R, becomes less positive. This causes Q1 to conduct more. The 
current in transistor Q1 increases regeneratively until Q1 satu-
rates. This immediately cuts off transistor Q2, and its collector 
voltage instantly rises to its maximum positive value. 

(A) Input signal. 

OV 

OV 

(B) Output signal 

Fig. 7-22 Schmitt-trigger waveforms. 

This state continues until the input sine wave goes negative. 
This reduces the Q1-base forward bias to decrease the collector 
current. The Q1-collector voltage rises. This change is coupled 
to the base of Q2, causing this transistor to conduct. This con-
dition is aided by the rising potential at the top of resistor Rg. 
Transistor Q1 suddenly cuts off, and transistor Q2 suddenly 
saturates. The Q2-collector voltage drops to its lowest value. 
Hence a square wave has been generated from the sine-wave 
input. 

Q7-32. The Schmitt trigger circuit produces a  
_ _ _ _ output from a sine-wave input. 

Q7-33. The transistors in a Schmitt trigger circuit switch 
between and  
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A7-32. The Schmitt trigger circuit produces a square-
wave output from a sine-wave input. 

A7-33. The transistors in a Schmitt trigger circuit switch 
between cutoff and saturation. 

DC Restorer 

A de restorer shifts a waveform to a level above or below 
a certain voltage. This is accomplished essentially by charg-
ing a capacitor to the desired level. This is also referred to 
as clamping the waveform to this level. 

INPUT 

Fig. 7-23. A negative dc restorer. 

Because of the presence of the diode, electrons can flow 
easily into the capacitor when the input voltage is positive. 
However, the diode does not conduct in the opposite direction, 
so the discharge path is through the high resistance of R. 
Capacitor C therefore discharges only slightly between posi-
tive half cycles. This small amount of discharge is replaced 
during the next positive half cycle. After a few cycles of the 
input voltage, capacitor C becomes charged to the peak volt-
age of the input sine wave. 
With the capacitor charged as shown on the circuit dia-

gram, the capacitor voltage subtracts from the input voltage 
when the input is positive. The voltages add when the input 
is negative. The result is that the output voltage is always 
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negative, reaching zero only when the input voltage is at its 
positive peak. 

(A) Input. (B) Output. 

Fig. 7-24. Waveforms in a negative de restorer. 

In this way the entire waveform has been shifted below the 
zero level to clamp the top of the waveform to zero volts. This 
circuit is known as a negative dc restorer. A positive de re-
storer can be obtained by reversing the diode. In this case the 

0-1 

INPUT OUTPUT 

Fig. 7-25. A positive de restorer. 

entire waveform is shifted above the zero level to clamp the 
bottom of the waveform to zero. 

Q7-34. Another name for shifting a waveform to a level 
above or below a certain voltage is  

Q7-35. Clamping depends primarily on   a 
capacitor. 

Q7-36. A positive de restorer can be made from a nega-
tive de restorer by  
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A7-34. Another name for shifting a waveform to a level 
above or below a certain voltage is clamping. 

A7-35. Clamping depends primarily on charging a ca-
pacitor. 

A7-36. A positive de restorer can be made from a nega-
tive de restorer by reversing the diode. 

WHAT YOU HAVE LEARNED 

1. Pulse circuits are operated by large signals that are a 
combination of a wide range of sine-wave frequencies. 

2. This kind of operation places a tube or transistor in the 
nonlinear portion of its characteristic curve. 

3. Tubes and transistors are often driven rapidly from cut-
off to saturation; therefore, their transient response is 
quite important to circuit performance. 

4. Pulses instead of sinusoidal inputs are usually the pri-
mary signal sources in pulse circuits. 

5. Sine waves can be converted to pulses by Schmitt trig-
gers or other shaping circuits. 

6. Pulse circuits can be used to count, shape waveforms, 
switch circuits on and off rapidly, and perform logical 
functions. 

7. Pulse circuits are used extensively in computers, radar, 
and television, and in applications requiring logic opera-
tions. 

8. The de restorers are used to maintain the relationship of 
a waveform to some reference voltage. 
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E3 

Special Semiconductor 

Devices 

This chapter covers some 
vv hat you additional solid-state de-

Will learn vices sometimes referred to 
as special devices. The rea-
son they are referred to as 

special is that they differ in some ways from diodes and 
transistors which might be considered conventional. The 
special devices that you will learn about include FETs 
(field effect transistors), MOSFETs (metal-oxide semi-
conductor FETs), dual-gate MOSFETs, enhancement-
mode MOSFETs, depletion-mode MOSFETs, UJTs (uni-
junction transistors), thyristors (which include the triac 
and the diac), SCRs (silicon-controlled rectifiers), and 
ICs (integrated circuits). You will learn that the FET 
and the different versions of the FET offer some char-
acteristics that are superior in some ways to conven-
tional transistors which are now sometimes called bipolar 
transistors because they operate through the movement 
of both holes and electrons. 

You will also learn that the UJT is a unique type of 
oscillator whose operation is based on something called 
negative resistance. You will also see how SCRs, diacs, 
and triacs are useful in the control of circuits carrying 
relatively large currents. Another device that you will 
be introduced to is the IC which can contain more cir-
cuits in a tiny volume than could be contained in racks 
full of electronic equipment back in the 1940s and 1950s. 



FIELD EFFECT TRANSISTOR 

Junction FET 

An important advancement in solid-state technology has 
been the development of the FET. There are actually three 
types of FETs—one is the junction FET, or JFET; the other 
two types are both metal-oxide semiconductor FE Ts, called 
MOSFETs. One MOSFET is the enhancement-mode MOSFET; 
the other is the depletion-mode MOSFET. First, we will con-
sider the regular FET or JFET, whose basic operation also 
applies to the MOSFETs. 
The FET is a three-terminal device, like the conventional 

or bipolar transistor. The FET terminals are called gate, 
source, and drain. The FET includes a bar of n- or p-type semi-
conductor material called a channel, as shown in Fig. 8-1. The 
channel is electrically similar to a resistor. One end of the 
channel is called the Source (S). The other end is called the 

CHANNEL 

B0110M (; Alf 

Fig. 8-1. Construction of n-channel FET. 

DRAIN 
TOP GATE 

SOURCE 

Drain (D) . Current carriers move along the bar and are con-
trolled by an electric field which is applied by the Gate (G) 
electrode. The gate consists of two layers of semiconductor, 
one on each side of the channel. The current carriers in a FET 
are electrons if the channel is an n-type semiconductor. The 
gate is then p-type material. Conversely, the current carriers 
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are holes if the FET channel is p-type material and the gate is 
n-type material. 
A conventional transistor is referred to as a bipolar tran-

sistor because its current or charge carriers are both electrons 
and holes. The FET is called a unipolar transistor because its 
operation is based on the movement of only one polarity of 
carrier, either holes or electrons. As mentioned before, for an 
n-type carrier, the carriers are electrons; and for a p-type 
channel, the carriers are holes. 

Q8-1. The three types of FETs are the FET, 
the   mode MOSFET, and the 

 mode MOSFET. 

Q8-2. The three FET terminals are called the _ _ _ _ , the 
 , and the . 

Q8-3. In the n-channel FET, the current carriers are 
(holes, electrons). 

Q8-4. The FET is a unipolar transistor because its car-
riers are of only one   
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A8-1. The three types of FETs are the junction FET, the 
enhancement-mode MOSFET, and the depletion-
mode MOSFET. 

A8-2. The three FET terminals are called the gate, the 
source, and the drain. 

A8-3. In the n-channel FET, the current carriers are 
electrons. 

A8-4. The FET is a unipolar transistor because its car-
riers are of only one polarity. 

The symbols for the n-channel and the p-channel FETs are 
shown in Fig. 8-2. Also shown is the symbol for the triode 
vacuum tube. 

GATE 

DRAIN 

SOURCE 

(A) N- channel. 

DRAIN 

GATE 

SOURCE 

(B) P- channel 

Fig. 8-2. Field effect transistors. 

PLATE 

GRID 

CATHODE 

(C) Triode tube. 

For the n-channel FET, biasing, voltage polarities, and op-
erating characteristics are much like those for a triode vac-
uum tube. The gate corresponds to the grid of the triode tube, 
the drain corresponds to the plate, and the source corresponds 
to the cathode of the triode tube, as shown in Fig. 8-2. Like the 
triode, the gate of the n-channel FET is biased negative with 
respect to the source. This reverse biases the n-channel FET, 
cutting off any current flow across the gate-source junction. 
The drain is forward biased or positive with reference to the 
source. Performance and characteristics of a p-channel FET 
are exactly the same as for the n-channel FET, but voltage 
polarities are opposite—the gate is reverse-biased, but posi-
tive, for the p-channel FET; and the drain is forward biased 
(negative) in reference to the source. 
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The FET is widely used in electronics. It has lower noise 
generation due to the absence of any current flow in its input 
circuit than either the bipolar transistor or the vacuum tube. 
Also, the FET has a high-input resistance (hundreds of meg-
ohms) and is a voltage-amplifying device like the vacuum 
tube. The FET can provide high gain or amplification and is 
often used in small-signal circuits. A disadvantage is that if 
the gate becomes forward biased, the input resistance de-
creases sharply and the gain of the FET drops. Also, the FET 
becomes somewhat unstable due to increased leakage currents 
when subjected to increased temperatures. However, its ad-
vantages far outweigh these disadvantages. 

Q8-5. Voltage polarities and operative characteristics for 
the n-channel FET are much like those for the 
 vacuum tube. 

Q8-6. The p-channel FET has its gate biased (negative, 
positive) with regard to its source. 

Q8-7. The p-channel FET has its drain biased ( negative, 
positive) with regard to its source. 

Q8-8. Advantages of the FET are its low gener-
ation, its high input , and its (high, 
low) gain. 

Q8-9. Disadvantages of the FET are its loss of _ _ _ _ if 
its gate becomes forward biased, and it becomes 
unstable with   temperatures. 
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A8-5. Voltage polarities and operative characteristics for 
the n-channel FET are much like those for the tri-

ode vacuum tube. 

A8-6. The p-channel FET has its gate biased positive 
with regard to its source. 

A8-7. The p-channel FET has its drain biased negative 
with regard to its source. 

A8-8. Advantages of the FET are its low noise genera-
tion, its high input impedance, and its high gain. 

A8-9. Disadvantages of the FET are its loss of gain if its 
gate becomes forward biased, and it becomes un-
stable with increased temperatures. 

MOSFETS 

In most ways, the MOSFET is similar in construction and 
operation to the JFET, but in the MOSFET there is a thin 
insulating layer between the metal gate electrodes and the 
channel. For that reason, MOSFETs are sometimes called 
IGFETs (insulated-gate FETs). In the MOSFET, the conduc-
tance of the conducting path between gate and source is con-
trolled by a reverse-biased pn junction. In the MOSFET, the 
thin insulating layer is silicon dioxide. The insulation between 
gate and transistor body effectively puts a resistor in series 
with the gate and the result is a very high input-resistance for 
the MOSFET, up to 10 14 ohms. The gate and channel act the 
same as a capacitor—an insulating layer separating two con-

ducting surfaces. 
There are two types of MOSFETs as distinguished by their 

modes of operation. One type operates in the depletion mode; 
the other operates in the enhancement mode. 

Depletion-Mode MOSFET 

In the depletion-type MOSFET, a zero gate-to-source bias 
results in a conducting path between source and drain along 
the channel under the gate region. 
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Fig. 8-3 shows a p-channel depletion-type MOSFET; n-
channel types are also available. When the gate is sufficiently 
reverse-biased, the channel can be depleted of charge carriers, 
or cut off. Reverse bias polarity is negative with respect to the 
source for n-channel MOSFETs and positive for p-channel 
MOSFETs. 

SOURCE 
TERMINAL 

OXIDE 
METAL GATE INSULATING 
TERMINAL LAYER 

DRAIN SOURCE P-CHANNEL 

DRAIN 
TERMINAL 

GATE 

GATE 

DRAIN 

SOURCE 

DRAIN 

SOURCE 

SUBSTRATE 

SUBSTRATE 

(A) P-channel. (B) Schematic symbols. 

Fig. 8-3. Depletion-type MOSFET. 

Depletion-type MOSFETs exhibit a unique property in that 
a forward bias applied to the gate can cause an increase in 
charge carriers in the channel making possible an increase in 
conduction in the channels. Furthermore, due to the insulat-
ing layer, the forward bias does not result in gate current 
which could cause reduced power output as would occur in 
the JFET. 

Q8-10. In the MOSFET, a thin insulating layer separates 
the gate electrodes from the  

Q8-11. The MOSFET conducting path between gate and 
source is controlled by a   biased pn 
junction. 

Q8-12. There are two types of MOSFET—the 
 mode MOSFET and the 

mode MOSFET. 

Q8-13. When the depletion-type MOSFET is sufficiently 
  biased, the channel can be cut off. 
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A8-10. In the MOSFET, a thin insulating layer separates 
the gate electrodes from the channel. 

A8-11. The MOSFET conducting path between gate and 
source is controlled by a reverse-biased pn junc-
tion. 

A8-12. There are two types of MOSFETs—the depletion-
mode MOSFET and the enhancement-mode MOS-
FET. 

A8-13. When the depletion-type MOSFET is sufficiently 
reverse-biased, the channel can be cut off. 

Dual Gate MOSFET 

Depletion-mode MOSFETs are also available having two 
separate and independent gates, as shown in Fig. 8-4. These 
are called dual-gate MOSFE Ts and they provide unique ad-
vantages in a number of applications including being used as 
rf amplifiers, mixers or converters, demodulators, and gain-
controlled amplifiers that extend into the uhf spectrum. The 
device shown is an n-channel type, along with its schematic 
symbol; p-channel types are also available. 

Enhancement-Mode MOSFET 

The enhancement-mode MOSFET exhibits zero conductivity 
between source and drain for both zero bias and reverse bias. 

METAL METAL 
SOURCE TERMINAL TERMINAL DRAIN 
TERMINAL GATE 1 GATE 2 TERMINAL 

CHANNEL CHANNEL OXIDE 
No. 1 No. 2 INSULATOR 

(A) N-channel dual-gate MOSFET. 

GATE I 
GATE 2 

DRAIN 

SOURCE 

(B) Schematic symbol (includes 
substrate and case). 

Fig. 8-4. Dual gate MOSFET and schematic symbol. 
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With zero current, no channel actually exists. When forward 
bias is applied to the gate-source junction, it produces an elec-
tric field that attracts minority carriers from the substrate 
or bulk thus increasing the total number of carriers and the 
source-to-drain current conduction. The enhancement-mode 
MOSFET finds greatest use in digital or pulse-type circuits 
and in switching applications. 

Fig. 8-5 shows the structure of the n-channel enhancement-
type MOSFET and schematic symbols for both the n-channel 
and p-channel enhancement MOSFETs. 

DRAIN 
SOURCE 
TERMINAL 

METAL GATE 
TERMINAL 

N CHANNEL (WITH FORWARD BIAS) 

(A) N-channel. 

SUBSTRATE 
OR BULK 

DRAIN 
TERMINAL 

GATE 

GATE 

SUBSTRATE 

N CHANNEL 
SOURCE 

DRAIN 

SUBSTRATE 

P CHANNEL 
SOURCE 

(B) Schematic symbols. 

Fig. 8-5. Enhancement type MOSFET. 

Q8-14. A MOSFET of the depletion-mode type and having 
two separate and independent gates is known as 

MOSFET. 

Q8-15. In the enhancement-mode MOSFET, zero bias and 
reverse bias result in _ _ _ _ conductivity between 
source and drain. 

Q8-16. The enhancement-mode MOSFET is used mainly 
in  or type circuits. 
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(A) Common drain, or source 

follower, circuit. 

Your Answers Should Be: 

A8-14. A MOSFET of the depletion-mode type and hav-
ing two separate and independent gates is known 
as a dual-gate MOSFET. 

A8-15. In the enhancement-mode MOSFET, zero bias and 
reverse bias both result in zero conductivity be-
tween source and drain. 

A8-16. The enhancement-mode MOSFET is used mainly 
in digital- or pulse-type circuits. 

MOSFET Applications 

MOSFETs in general can operate effectively at higher fre-
quencies and higher temperatures than bipolar transistors, 
and they also require less protection from overvoltages. They 
are also less costly to manufacture. However, where both high-
frequency and high-power rf applications are required, the 
bipolar transistor is superior. Also, the MOSFET is less "for-
giving" than the bipolar transistor to excessive voltage which 
can cause puncturing of the thin oxide insulating layer. The 
MOSFET is also more susceptible to damage from static elec-
tricity as is often generated during manufacture, handling, 

and shipping. 

INPUT y R OUTPUT 

c-TH 
- 

(B) Common gate circuit. 

(C) Common source circuit. 

Fig. 8-6. Basic MOSFET circuits. 
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JFETs and MOSFETs can be connected in the basic config-
urations, the same as bipolar transistors. Shown in Fig. 8-6 
are circuits representing the MOSFET connected in the com-
mon-drain, or source-follower, the common-gate, and the com-
mon source configurations. 

Also shown here is a comparison of how MOSFET and JFET 
basic configurations correspond to equivalent bipolar-transis-
tor circuits. 

Bipolar Configuration 

Common Collector or Emitter 
Follower 

Common B?se 

Common Emitter 

FET Configuration 

Common Drain or Source 

Follower 

Common Gate 

Common Source 

The common-source circuit is the most-used FET circuit 
because it provides high input impedance, medium to high out-
put impedance, and actual voltage gains exceeding unity (one). 
The common-gate FET circuit can convert a low impedance ap-
plied to its input to a high impedance at its output, and thus 
can be used as a transformer. The common-gate circuit is use-
ful at high frequencies and it can provide high gain. 
The common-drain (also called source follower) circuit has 

a fairly high input impedance and low output impedance. The 
input signal is applied between drain and gate and has the 
same phase as the output signal which is between drain and 
source. Gain of the common-drain circuit is always less than 
one. 

Q8-17. MOSFETs can operate effectively at higher tem-
peratures than can transistors. 

Q8-18. Puncturing of the thin oxide insulating layer of 
the MOSFET can be caused by excessive 

Q8-19. The MOSFET is susceptible to damage from 
  electricity. 

Q8-20. The bipolar emitter follower configuration is 
equivalent to the FET follower. 

Q8-21. The FET configuration having low input and high 
output impedance is the common _ _ _ _ circuit. 
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A8-17. MOSFETs can operate effectively at higher tem-
peratures than can bipolar transistors. 

A8-18. Puncturing of the thin oxide insulating layer of 
the MOSFET can be caused by excessive voltage. 

A8-19. The MOSFET is susceptible to damage from static 
electricity. 

A8-20. The bipolar emitter follower configuration is 
equivalent to the FET source follower. 

A8-21. The FET configuration having low input and high 
output impedance is the common gate circuit. 

FET FAMILY OF CURVES 

The JFET and the MOSFET having operating characteris-
tics that are similar to those of the vacuum-tube triode. 
A response curve for a typical JFET with a gate-to-source 

bias of zero is shown in Fig. 8-7. 

DEPLETION 
REGION 

ID 
B VGs = 0 

SATURATION 

A 

OHMIC ! 
REGION' 1 

I 

CURRENT 
AVALANCHE 
REGION 

Vos 
Fig. 8-7. JFET response curve, zero gate-source bias. 

From 0 to point A, drain current ID increases steadily as 
drain-source voltage VDs is increased. Between points A and 
B, a pinch-off effect in the depletion region causes a tapering 
off in current. The point at which the current increase drops 
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off significantly is called the pinch-off drain current. Further 
increases in voltage cause only a slight increase in drain cur-
rent and this relatively horizontal part of the response curve 
is referred to as the saturation region. If the voltage between 
drain and source is increased further, a point of current ava-
lanche is reached where there is a sharp rise in current. Nor-
mal operation of the FET does not include the avalanche area. 
The FET channel conductance is related to both drain volt-

age and gate voltage. The channel current can be reduced in 
the n-channel FET by a negative bias voltage between the gate 
and the source. Such a de bias sets up a larger depletion area 
and, therefore, increases the channel resistance for a given 
drain-source voltage. The effect is that it pinches off at a lower 
drain-source voltage. 
With a high enough gate-bias voltage, channel current can 

be reduced to zero, just as a vacuum tube control grid can cut 
off plate current. 
By using various values of gate bias, and plotting drain volt-

age versus drain current for each bias, a family of JFET 
curves can be set up as shown in Fig. 8-8. Note that there are 
three main regions for each curve. In the ohmic region, the 
drain current rises quickly with an increase in drain-source 
voltage. But in the depletion region, as drain voltage is in-
creased, the current rise is less, and finally the curve bends 

Q8-22. The JFET and the MOSFET have operating char-
acteristics that are similar to those of the vacuum 
tube . 

Q8-23. The JFET response curve shown was drawn us-

ing values of drain current versus drain-to-source 
voltage while the gate-to-source bias was kept at 

Q8-24. The region between A and B on the response curve 
is called the region. 

Q8-25. The part of the response curve above B is called 
the   region. 

Q8-26. The drop off in current in the saturation region is 
due to the effect. 

Q8-27. The FET is not normally operated in the 
 area. 
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Q8-22. The JFET and the MOSFET have operating char-
acteristics that are similar to those of the vacuum 
triode. 

A8-23. The JFET response curve shown was drawn us-
ing values of drain current versus drain-to-source 
voltage while the gate-to-source bias was kept at 
zero. 

A8-24. The region between A and B on the response curve 
is called the depletion region. 

A8-25. The part of the response curve above B is called 
the saturation region. 

A8-26. The drop off in current in the saturation region is 
due to the pinch-off effect. 

A8-27. The FET is not normally operated in the ava-
lanche area. 

to reach saturation. In the saturation region, there is a very 
slow increase in drain current with increased drain voltage. 
This saturation region is the normal operating section of a 
JFET. 
The FET can provide voltage, current, and power gains. 

The IDsS point indicated in the figure is usually specified for 
the drain-source voltage that corresponds to the beginning of 

1.2 
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Fig. 8-8. JFET family of curves. 



the constant-current saturation region of the zero-bias curve. 
The gate-source pinch-off voltage Vp is defined as that gate-

bias voltage VGg at which the drain current is practically zero 
for a specified drain voltage. At a specified Vim of 5 volts, you 
can interpret the curve to indicate that the pinch-off voltage 
is approximately 0.8 volt. 

FET OPERATION WITH AC INPUT SIGNAL 

The operation of the common-source n-channel JFET with 
an ac input signal applied is described as follows, with refer-
ence to Fig. 8-9. 

% INPUT 

Fig. 8-9. JFET with an ac input signal. 

OUTPUT 

An ac signal applied between gate and source causes the 
depletion area in the channel to vary with that signal and, at 
the same time, there are corresponding changes in the resis-
tivity of the channel. Therefore, the charge motion varies. 
This produces a like change in the external drain current I. 
A small signal-voltage change at the input produces a sub-
stantial change in the drain current. As a result the drain 
voltage change will be an amplified version of the input signal. 
A positive swing of the input signal causes the depletion 

area to decrease and the drain current to increase. The in-
creased drain current results in a drop in the drain voltage, 
producing the negative excursion of the output signal. 
The negative sweep of the input signal increases the deple-

tion region and results in a decrease in drain current and the 
drain voltage swings positive. Therefore, the output voltage 
and input voltage are out of phase in this common-source 
circuit. 
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THE UNIJUNCTION TRANSISTOR 

The UJT (unijunction transistor) is sometimes called a 
double-base diode, is a single-junction semiconductor device 
with three terminals. Its special characteristics make the UJT 
useful in certain types of oscillator, switching, and trigger 
circuits. The construction of the UJT is shown in Fig. 8-10, 
along with the circuit symbol and the appropriate circuit volt-
age-current relations. The base structure of a UJT is lightly 
doped n-type silicon, which has high resistance. The ordinary 
contact base connections at each end, Bi and B2, are not rec-
tifying connections. They allow current flow in both directions. 
The one rectifying connection is the pn junction between the 
emitter and the base. The resistance of the silicon base be-
tween B1 and B2 is called the interbase resistance, RBB. The 
value of RBB varies from about 4 to 10 thousand ohms. Inter-
nally, the base resistance acts like a voltage divider distribut-
ing the bias voltage VBB along the length of the base. 

PN JUNCTION 

SILICON BASE 

(A) Basic construction. (B) Circuit symbol, including voltage-

current relations. 

82 
+Veil 

OHMIC 
CONTACTS 

Fig. 8-10. Basic construction of uni junction transistor. 

2 

VE38 

UJT Negative Resistance 

The interbase resistance can be considered as two resis-
tances. One resistance, between B2 and E, is shown in Fig. 8-
11. Because the emitter was shown in the previous figure closer 
to base 2 than to base 1, RB2 is less than RBI if the emitter is 
open circuited so that no emitter current flows. Base 1 resis-
tance varies with emitter current. That is why it is shown as 
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a potentiometer in the equivalent circuit. The diode represents 
the emitter-base rectifying junction. 

Fig. 8-11. Unijunction transistor equivalent circuit. 

In Typical Operat on of the UJT 
The emitter junction of the UJT is forward biased, by ap-

plying a positive voltage to emitter E and a positive bias volt-
age VBB to base B2. Base 1 is common to both the input and 
the output. The voltage appearing at the emitter-to-base 1 re-
gion due to voltage-divider action is determined by the formula 

RBI  
VBI RBI VBB -r 11B.  

The intrinsic standoff (resistance) ratio of the two regions is 
n (Greek letter Eta) and is found by the formula 

RBI  RBI 
— RB2 = RBB 

Q8-28. An ac signal applied to the FET input causes the 
depletion areas in the channel to vary and, at the 
same time, produces a like change in the external 
 current. 

Q8-29. Because of the changes in drain current corre-
sponding with the changes in the input voltage, 
the   voltage change will be an amplified 
version of the input signal. 

Q8-30. Another name for the uni junction transistor is 

Q8-31. The only junction in the unijunetion transistor is 
between base and 
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A8-28. An ac signal applied to the FET input causes the 
depletion areas in the channel to vary and, at the 
same time, produces a like change in the external 
drain current. 

A8-29. Because of the changes in drain current corre-
sponding with changes in the input voltage, the 
drain voltage change will be an amplified version 
of the input signal. 

A8-30. Another name for the uni junction transistor is 
double-base diode. 

A8-31. The only junction in the uni unction transistor is 
between base and emitter. 

The response curve of the UJT is shown in Fig. 8-12. Notice 
that for the condition of reverse bias at cutoff, a small leakage 
current flows. As reverse bias is decreased (increase in VE), 
emitter current IE becomes less negative. 

+VE 

1E0 NEGATIVE LEAKAGE 
CURRENT THROUGH - 
EMITTER JUNCTION 

- tE 

CUTOFF 
REGION 

PEAK POINT Pia Ip) 

NEGATIVE RESISTANCE REGION 

VALLEY PO INT IV,/ 10 
VE SAT 

SATURATION REGION 

Fig. 8-12. Unijunction transistor voltage-current characteristic. 

Near the zero-current value for VE is of sufficient ampli-
tude to cause at least a portion of the emitter junction to be 
forward biased. The emitter then injects holes into the base 
bar and these holes are attracted toward base B1 by the rela-
tively negative voltage at B1, and the resistivity of the base bar 
between the emitter and base B1 is lowered. The result is that 
the distribution of base voltage is altered, with the end of the 
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pn junction nearest base 131 becoming biased even more in the 
forward direction so that even more holes are injected into 
the base. This action is equivalent to positive feedback: the 
conductivity of the base region increases rapidly. There has 
been an increase in conductivity; VE decreases as IE increases. 
Since this behavior is just the opposite of that expected from 
Ohm's law, the UJT is exhibiting negative resistance. 

This negative-resistance characteristic of the UJT makes 
it well suited to use in oscillator, timing, and multivibrator 
circuits. 

Interpreting the Negative Resistance Characteristic 

In the characteristic curve for the UJT, notice that the point 
of transition from cutoff to conduction is called the peak point. 
The peak-point emitter voltage, Vp, depends on the interbase 
voltage VBB. The peak-point emitter current, Ip, corresponds 
to the emitter current at the peak point. It represents the mini-
mum current required to turn on the UJT, and is inversely pro-
portional to the interbase voltage VBB. 

The negative-resistance region continues until saturation is 
reached, and this point on the emitter V-I characteristic is 
called the valley point. The valley voltage V, which is the emit-
ter voltage at the valley point, increases as VBB increases. Also 
it decreases in series with base B1. The valley current I, is the 
emitter current at the valley point. The valley current in-
creases as VBB increases, and decreases with resistance in se-
ries with base 131 or base B2. 

Q8-32. In the UJT, base B1 resistance varies with 
  current. 

Q8-33. For the UJT circuit shown, the emitter junction 
is forward biased by applying a positive voltage 
to the   and a  bias volt-
age VB8 to base B2. 

Q8-34. As the UJT reverse bias is decreased, the 
  current becomes less negative. 

Q8-35. If the operation of the UJT is such that VE de-
creases as 1E increases, the UJT is exhibiting 
  resistance. 
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A8-32. In the UJT, base B1 resistance varies with emitter 
current. 

A8-33. For the UJT circuit shown, the emitter junction is 
forward biased by applying a positive voltage to 
the emitter and a positive bias voltage VEE to 
base Bo. 

A8-34. As the UJT reverse bias is decreased, the emitter 
current becomes less negative. 

A8-35. If the operation of the UJT is such that VE de-
creases as IE increases, the UJT is exhibiting 
negative resistance. 

For current above the valley point (saturation), the volt-
age increases slowly. The emitter saturation voltage V'Esat in-
dicates the forward drop across the UJT from the emitter to 
base B1, when it is conducting the maximum-rated emitter 
current. 
As the amplitude of the input pulse decays toward zero, the 

number of holes that the emitter injects into the base de-
creases, increasing the voltage drop in the base. This causes 
that end of the pn junction nearest to base B1 to be biased in 
reverse again. As more and more of the junction is cut off, 
the injection falls off rapidly and another positive-feedback 
process is initiated and the whole junction area is cut off 
suddenly. 
A wide variation in emitter-input impedance of the UJT 

occurs between the two operating regions. At cutoff, the im-
pedance is that of a reverse-biased junction diode and ranges 
from several hundred thousand ohms to several million ohms. 
In the negative-resistance region, the impedance is of the or-
der of thousands of ohms. In the saturation region, the imped-
ance is hundreds of ohms. 

UJT Relaxation Oscillator 

The UJT is frequently used as a relaxation oscillator in saw-
tooth and pulse generators, triggering circuits, and timing cir-
cuits. An example of the UJT relaxation oscillator is shown in 
Fig. 8-13. Operation of the circuit is explained briefly as fol-
lows: When switch S is closed, timing capacitor CT charges 



through timing resistor RT. At that time emitter-B1 resistance 
becomes small and CT discharges rapidly through R1, B1, and 
emitter. Thus, the emitter voltage rises toward VEE, the sup-
ply voltage. As soon as emitter voltage VE reaches the peak-
point voltage of the UJT, the UJT triggers on as a result of 
the emitter diode becoming forward biased. There is now a 
low-resistance path between emitter and B1, allowing CT to dis-
charge and VE to decrease quickly. When VE decreases to 
where UJT conduction ceases, the discharge path is opened. 

The charging cycle then begins again and will repeat over and 
over producing a series of pulses at the output across Ri. 

(A) Relaxation oscillator. (B) Waveforms. 

Fig. 8-13. Unijunztion transistor relaxation oscillator and wavefouns. 

Q8-36. In the UJT characteristic curve, the point of tran-
sition from to conduction is called the 
peak point. 

Q8-37. The peak-point   is the 
minimum current required to turn on the UJT. 

Q8-38. In the UJT negative-resistance region, the imped-
ance is of the order of of ohms. 

Q8-39. In the UJT relaxation oscillator, the UJT triggers 
(on, off) as soon as the emitter voltage reaches the 
peak-point voltage. 
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A8-36. In the UJT characteristic curve, the transition 
point from cutoff to conduction is called the peak 
point. 

A8-37. The peak-point emitter current is the minimum 
current required to turn on the UJT. 

A8-38. In the UJT negative-resistance region, the imped-
ance is of the order of thousands of ohms. 

A8-39. In the UJT relaxation oscillator, the UJT triggers 
on as soon as the emitter voltage reaches the peak-
point voltage. 

UJT Frequency and Waveforms 

Frequency F of the UJT relaxation oscillator is determined 
approximately by the formula 

1  
F 1  

RT CT 1n1 — n 

where, 
ln is the natural logarithm, 
•ri is the intrinsic standoff ratio of the UJT. 

The waveform at the emitter is sawtooth in shape while 
narrower pulses are at the base terminals. For the circuit 
shown in Fig. 8-13, a B1 output will be a positive pulse, while 
there will be a negative pulse output at B2. 

THYRISTORS 

Types of Thyristors 

Thyristors are a group of semiconductor devices that in-
clude the SCR (silicon controlled rectifier), the triac, and the 
diac. Thyristors are used widely in the switching and trigger-
ing of large-signal and power circuits. Thyristors consist of 
three-layer or four-layer semiconductors and have from two 
to four terminals. 
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SCRs 

The SCR is an npnp multiple-layer semiconductor. In the 
SCR there are four layers and three junctions. The construc-
tion is shown in Fig. 8-14, along with its use in a dc circuit 
to demonstrate its operation. 

S1 RG 

 de 

GATE 

CATHODE 

12 

Ife 

N P 

ilk 
EAA 

 iii 

S2 

ANODE 

GATE 

(A) Structure and dc circuit. 

Fig. 8-14. Silicon controlled rectifier. 

ANODE 

CATHCDE 

(B) Symbol. 

In this circuit, the objective is to supply load RL with cur-
rent from voltage source E. The supply circuit is from EAA 
to the cathode of the SCR, through the SCR and its anode, 
through load RL and back to EAA. 

Q8-40. In the UJT relaxation oscillator shown, the wave-
form on the emitter is a and a nar-
rower (positive, negative) pulse will be at B2. 

Q8-41. The SCR, the triac, and the diac are classified as 

Q8-42. In the SCR, there are _ _ _ _ layers and   
junctions. 
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A8-40. In the UJT relaxation oscillator shown, the wave-
form on the emitter is a sawtooth and a narrow 
negative pulse will be at B2. 

A8-41. The SCR, the triac, and the diac are classified as 
thyristors. 

A8-42. In the SCR there are four layers and three junc-
tions. 

SCR in a DC Circuit 

Refer to Fig. 8-14 for the following analysis of operation. 
At the start, if EAA is less than the forward breakover voltage 
of the SCR no useful current flows. Now let's suppose switch 
S1 is closed; the gate is then forward biased from EAA through 
load Ri. and gate resistance RG. This allows current to flow 
through junction J2. Junction J3, already forward biased by 
GAA, then provides a path for current from EAA, through the 
SCR from cathode to anode, and load RL, accomplishing the 
objective. It is important to understand that even though the 
circuit through S1 to the gate is now opened, current will con-
tinue through RL because J2 has lost control of current car-
riers. Further, reverse-biasing of the gate will not stop the 
current. Only by reducing the anode voltage L A to almost zero 
will the current stop. 

Another important factor is that if EAA polarity is reversed 
and S1 is closed to forward bias the gate, no current will flow. 
The conclusion is that the SCR can act as a rectifier and is 
equivalent to a thyratron tube in which the grid can cause 
the tube to conduct on positive half cycles, but cannot cut the 
tube off once it conducts. Only when the negative half cycles 
appear on the plate does current flow stop. 



SCR Control in an AC Circuit 

An example of how the SCR is used to control power to an 
ac load is shown in Fig. 8-15. Current of several amperes to 
the load is controlled by the SCR which is activated by switch 
S. Current through switch S is normally only a few milliam-
peres. The value of resistor R is set to limit the peak current 
through the gate to 2 amperes or less. Closing switch S con-
nects the gate to the anode and turns on, or "fires," the SCR. 
As soon as the load current starts, the gate voltage drops and 
gate current ceases. Diode D prevents the flow of reverse gate 
current. In this circuit, current flows only during those half 
cycles when the anode is positive. Full-wave SCR control cir-
cuits are also used. 

(A) Circuit (B) Waveform 

Fig. 8-15. Use of SCR to control ac load and waveform. 

Q8-43. Once the SCR conducts it can be turned off only by 
removing the ______ voltage or reducing it to 
nearly zero. 

Q8-44. The SCR is turned on by forward biasing the 

Q8-45. In the ac control circuit shown, switch S controls 
only a few (amperes, milliamperes). 

Q8-46. Reverse gate current through the SCR in the cir-
cuit shown is prevented by the  
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A8-43. Once the SCR conducts it can be turned off only 
by removing the anode voltage or reducing it to 
nearly zero. 

A8-44. The SCR is turned on by forward biasing the gate. 

A8-45. In the ac control circuit shown, switch S controls 
only a few milliamperes. 

A8-46. Reverse gate current through the SCR in the cir-
cuit shown is prevented by the diode. 

Half-Wave Phase Control of SCR 

In Fig. 8-16, an SCR circuit is shown for dimming one or 
more lamps. 

LAMP 

Fig. 8-16. SCR circuit for dimming 
a lamp by phase control. 

The degree of dimming is accomplished by controlling the 
phase of the ac triggering voltage which is applied to the gate. 
During the half cycle when the SCR anode is positive and the 
SCR can turn on, capacitor C charges through the lamp and 
through resistance 111,. When C is charged to enough voltage, 
the SCR turns on, or fires. 

If the slider of R1; is set for a high resistance, capacitor C 
charges slowly and the firing of the SCR is delayed. This re-
sults in current flow through the load, for only a few degrees 
of the ac positive half cycle, as shown in Fig. 8-17. 
A medium setting of R1, results in current flow during ap-

proximately half, or 90 degrees, of each positive alternation 
of the ac wave. Setting Re; at a low value lets C charge very 
quickly and allows current to flow during nearly the full 180 
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degrees of the positive half cycle. As in the previous circuit, 
diode D prevents reverse voltage from being applied to the 
SCR gate when the ac reverses polarity. 

3-1- CURRENT FLOW RESISTANCE HIGH 

CURRENT FLOW RESISTANCE MEDIUM 

Fig. 8-17. Phase control of current 

through a load. 

CURRENT FLOW RESISTANCE LOW 

Q8-47. The brightness of the lamp shown in the SCR dim-
ming circuit is controlled by the of the ac 
triggering voltage applied to the gate. 

Q8-48. In the SCR half-wave phase control circuit, if RG 
is set at its midresistance point, current will flow 
through the load during approximately __ de-
grees of the positive half cycles. 

Q8-49. The purpose of diode D in the SCR phase-control 
circuit is to prevent   voltage from 
reaching the gate during negative half cycles. 
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A8-47. The brightness of the lamp shown in the SCR dim-
ming circuit is controlled by the phase of the ac 
triggering voltage applied to the gate. 

A8-48. In the SCR half-wave phase control circuit, if R G 
is set at its midresistance point, current will flow 
through the load during approximately 90 degrees 
of the positive half cycles. 

A8-49. The purpose of diode D in the SCR phase-control 
circuit is to prevent reverse voltage from reaching 
the gate during negative half cycles. 

The Triac 

The triac ( triggers on ac) is effectively a two-way SCR 
which will provide for control of ac current in both directions. 

The principle of the triac is shown in Fig. 8-18. The triac 
symbol is also shown. 

TERMINAL 
2 

N 

N P 

N N 

(A) Principle and circuit. 

Fig. 8-18. Triac circuit and symbol. 

MAIN 
TERMINAL 1 

GATE 

MAIN 
TERMINAL 2 

ICASE) 

(B) Schematic 

symbol. 

The three connections or electrodes are called terminal 1, 
terminal 2, and the gate. Either a positive or a negative volt-
age on the gate can cause the triac to conduct for either po-
larity of the voltage across terminals 1 and 2. The gate has no 
further control once conduction starts. The triac cannot be 
turned off as with the SCR by reversing the voltage across the 

252 



main terminals. This would only reverse the current. To turn 
off the triac it is necessary to reduce the current through the 
main terminals to a point where conduction ceases. Variable 
resistor R and capacitor C constitute a phase control which 
operates in a manner similar to phase control of the SCR. 

The Diac 

The diac (diode ac switch) is a three-layer two-terminal 
semiconductor device. It can be switched from the off state to 
the on state for either polarity of voltages connected across it. 
The junction arrangement and symbol are shown in Fig. 8-19. 
An ac voltage applied across the terminals of the diac causes 

a small leakage current to flow. As the ac reverse voltage is 
increased and the avalanche point is reached (usually 25 V to 
35 V), current flow suddenly increases. The sudden increase 
occurs during both halves of the cycle; therefore, the diac is 

N  o 

(A) Junction arrangement. (B) Schematic symbol. 

Fig. 8-19. Diac junction arrangement and symbol. 

a full-wave device. The diac is used mainly to trigger triacs 
and other devices. 

Q8-50. The triac allows for control of ac current in (one, 
both) direction(s). 

Q8-51. The triac connections consist of two  
and a _ _ _ 

Q8-52. Either a positive or a negative voltage on the 
_ _ _ _ can cause the triac to conduct. 

Q8-53. The diac is a _ _ _ terminal,  layer device. 

Q8-54. In the diac, the avalanche point is reached during 
(one, both) half (halves) of the ac cycle. 
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Your Answers Should Be: 

A8-50. The triac allows for control of ac current in both 
directions. 

A8-5I. The triac connections consist of two terminals and 
a gate. 

A8-52. Either a positive or a negative voltage on the gate 
can cause the triac to conduct. 

A8-53. The diac is a two-terminal, three-layer device. 

A8-54. In the diac, the avalanche point is reached during 
both halves of the ac cycle. 

INTEGRATED CIRCUITS 

The IC (integrated circuit) has had a greater effect on revo-
lutionizing the field of electronics than any device since the in-
troduction of the transistor. The IC is a device which includes 
all the basic components in a single package to perform a des-
ignated function. An IC may contain up to dozens, hundreds, 
or thousands of components, such as resistors, transistors, ca-

8 PIN IN TO 5 CAN 16 LEAD DUAL IN LINE 

8 LEAD FLAT PACK 14 LEAD FLAT PACK 

Fig. 8-20. Examples of ICs showing different packaging styles. 



pacitors, coils, diodes, and so on. All these components are in-
terconnected as required for the particular need, and all of 
these are contained within a very small package. Most rectan-
gular-shaped ICs measure about an inch long, by about one-
quarter inch in width, and an eighth inch in thickness. Other 
ICs are disk shaped and yet others are square. Fig. 8-20 shows 
some examples. 
Some ICs are made up of actual discrete, or physically sepa-

rate, parts interconnected and sealed into a package with the 
needed external terminals or pins protruding. The pins provide 
connecting points for input, output, ground, power sources, 
and so on. 

Other ICs are circuits that are built up by depositing a se-
ries of thin layers of film on a base material. The base mate-
rial is usually a thin disk or wafer of germanium or silicon. 
The required number of layers of film are deposited on the base 
and the surface of the wafer is divided into a large number of 
tiny squares. Each square is then arranged into a complete 
electronic circuit. As the final steps, each wafer is cut into sec-
tions and the sections are installed in their individual cases 
with the required protruding pins. 

ICs are widely used in radios, industrial control systems, 
computers, test instruments, calculators, tv sets, intruder 
alarms, and practically all other types of electronic equipment. 
The ICs have made it possible to reduce room-size computers 
to units that can fit in a small briefcase. Some computers are 
now available that can be held easily in the palm of one's hand. 

There are ICs, which are also called chips, available that con-
tain all the basic interconnected components for a complete 
radio receiver, a calculator, a digital counter, and so on. 
The ICs may be either wired and soldered into a circuit 

board, or the IC may be plugged into a socket that is wired 
into the board ; therefore, the IC can be easily removed and 
replaced. 

Q8-55. The device which contains all the basic compo-
nents to perform a given function is called a/an 
  circuit. 

Q8-56. Some ICs are built up by depositing thin layers 
of film on a base material of  or 
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A8-55. The device which contains all the basic components 
to perform a given function is called an integrated 
circuit. 

A8-56. Some ICs are built up by depositing thin layers of 
film on a base material of silicon or germanium. 

Types of ICs 

According to function, there are two types of ICs: linear 
ICs and digital ICs. 

Linear ICs are used where the output is proportional to the 
input. Typically, this means that the output is a reproduction 
of the input, but the output may be amplified or enlarged. 
Also, a linear IC may combine, or mix, two or more inputs or 
separate inputs without affecting their shapes. 

Digital ICs are used in switching-, pulse-, and computer-type 
circuits. The digital IC is a switching-type integrated circuit 
that processes electrical signals that have only two states, such 
as "on" or "off," "high" or "low," or "positive" or "negative." 

For example, 5 volts or 0 volts. 

IC Terminal Identification 

The IC pins are identified by numbering systems that have 
been standardized. Two examples are shown in Fig. 8-21. The 
ICs enclosed in a TO-5 can normally have a tab for location 
• of the number (pin which looking from the bottom or lead 
end of the transistor is the first pin in a clockwise direction 

PINS IC OR CHIP 

CASE 

(A) TO-5 type, bottom view 

TAB 

256 

12 
13 

14 

NOTCH 

10 
II 

9 
8 

4/4 
./3 

./2 

Y  

(B) Dual in- line type. 

Fig. 8-21. Pin numbering systems. 
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from the tab). The dual in-line IC has either a notch in its case, 
or a small dimple, at the end of the IC where the number 1 
pin starts. Hold the transistor so the notch or dimple is at 
the left. The numbers then progress left to right, then directly 
to the other side of the transistor in a right to left direction 
as shown, looking from the top. 

OPTOELECTRONIC DEVICES 

Optoelectronic devices include those devices which can con-
vert light energy to a change in an electrical condition. Other 
optoelectronic devices convert electrical energy to light energy. 
Examples of these latter devices are light-emitting diodes 
(LEDs), liquid-crystal displays (LCDs), and lasers. 
These devices whose electrical condition is changed when 

light strikes them are called light-sensitive devices, and they 
are of three types : photoemissive, photoconductive, and photo-
electric. Photoemissive devices emit electrons when light 
strikes them. Photoconductive devices show a change in re-
sistance when struck by light and a photovoltaic device de-
velops on output voltage when struck by light. 

Lasers are electronic devices that convert input power to 
a narrow, intense beam of a visible or infrared light. The ap-
plications of lasers include microsurgery, cutting, drilling, 
welding, surveying, communications, and tracking of moving 
objects. 

Light-emitting diodes (LEDs) and liquid crystal displays 
(LCDs) are used as readout devices in calculators and other 
digital readout devices. 

Q8-57. There are two kinds of ICs according to function. 
They are ICs and  ICs. 

Q8-58. The IC is used in switching and pulse 
circuits. 

(e-59. A dual in-line IC should be held so that the notch 
in the case is at the ( left, right) in order to iden-
tify the number 1 pin. 

Q8-60. The optoelectronic device that changes resistance 
when light strikes it is the 

  device. 

257 



Your Answers Should Be: 

A8-57. There are two kinds of ICs according to function. 
They are linear ICs and digital ICs. 

A8-58. The digital IC is used in switching and pulse cir-
cuits. 

A8-59. A dual in-line IC should be held so that the notch 
in the case is at the left in order to identify the 

number 1 pin. 

A8-60. The optoelectronic device that changes resistance 
when light strikes it is the photoconductive de-
vice. 

SUMMARY 

1. The FET represents an important advancement in solid-
state technology. 

2. The three types of FETs are the JFET, the enhance-
ment-mode MOSFET, and the depletion-mode MOSFET. 

3. The three electrodes of the FET are called the source, 
the gate, and the drain. 

4. The FET is called a unipolar transistor because its car-
riers are of only one polarity, either holes or electrons, 

but not both. 
5. Operating characteristics of the FET are much like 

those of the vacuum-tube triode. 
6. The enhancement-mode MOSFET is used mainly in digi-

tal- or pulse-type circuits. The depletion-mode MOSFET 
is frequently used in linear circuits. 

7. The MOSFET is subject to damage from static electric-
ity, so care in handling is required. 

8. The FET source-follower circuit is equivalent to the 
emitter-follower circuit of the bipolar type of transistor. 

9. The FET common-gate circuit has low-input impedance 
and high-output impedance. 

10. The FET family of characteristic curves is much like 
the characteristic curves for the vacuum-tube triode. 

11. In the FET, changes in drain current are caused by 
changes in the input voltage ; therefore, the drain volt-
age changes will be an amplified version of the input 
signal. 
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12. In the unijunction transistor, the only junction is be-
tween base and emitter. 

13. Base B1 resistance varies with the UJT emitter current. 
14. A positive voltage applied to the UJT emitter causes the 

emitter junction to become forward biased. 
15. The UJT exhibits a negative resistance characteristic if 

VE increases as IF; increases. 
16. The UJT is very useful as a pulse and sawtooth oscil-

lator. 
17. The SCR is used in many industrial control circuits as 

a trigger device. A positive voltage applied to the gate 
will cause it to conduct. 

18. Once it conducts, it can be turned off only by removing 
the anode voltage or by reducing it to nearly zero. 

19. The triac is a two-way SCR which provides for control 
of ac current in both directions. 

20. The diac is a three-layer two-terminal semiconductor 
which can be switched from the off state to the on state 
for either polarity of voltage connected across it. 

21. The IC, or integrated circuit, combines many compo-
nents and functions into one tiny electronic chip. 

22. ICs can perform jobs, formerly requiring electronic com-
ponents taking up many times the space now taken by 
ICs. 

23. The basic material of the IC is a thin base of silicon or 
germanium. 
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Index 

A 

Ac 
circuit, SCR control, 249-250 
input signal, FET operation, 239 
plate resistance, 55-56 

Acceptor atom, 87 
Active state, 202 
Aluminum atom, 79 
Ampere, 16 
Amplification 

factor, 53-54 
calculating, 54-55 

signal, 180 
Amplifier ( s) , 139-144 

cascaded, 159 
class, 152 
common-base, 107-108 

collector, 109-110 
emitter, 108-109 

direct coupled, 192-194 
current, 168-169 

grounded-base, 107-108 
collector, 109-110 
emitter, 108-109 

multistage, 158-168 
plate-current flow, 141-142 
power, 155-156 
RC coupled, 189-190 
resistance coupled, 63 
transformer-coupled, 190-192 
transistor, 177-182 
tuned, 195-198 
two stage, 188-198 
vacuum tube, 168-169 
voltage, 155-156 

Atom ( s), 78 
acceptor, 87 
aluminum, 79 
donor, 85 
germanium, 79 
silicon, 79 
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Attracting emitted electrons, 21-22 
Automatic grid bias, 156-158 
Avalanche breakdown, 95 

B 

Barrier 
region, 91 
voltage, 90 

Basic transistor amplifiers, 106-110 
Bias 

cathode, 158 
fixed, 156, 183-186 
forward, 92-94 
reverse, 91-92 

Biased transistor, current flow, 
100-102 

Biasing, 66-70, 99, 146-148 
methods, 68-70 
pnp transistors, 102-103 

Bistable multivibrators, 210-212 
Blanking pulses, 214 
Bond, covalent, 80 
Bridge rectifier circuit, 126-127 

C 

Calculating 
amplification factor, 54-55 
de plate resistance, 37-38 

Capacitance, 96 
interelectrode, 70, 144 

Capacitive filter, 128-130 
Cascaded amplifier, 159 
Cathode, 19-20, 24 
and grid, distance between, 43-44 
bias, effect, 158 
directly heated, 20 
indirectly heated, 20 

Characteristic ( s) 
curves, 66 
tube, 48-50 



Chart 
picture-tube characteristics, 63 
receiving-tube classification, 62 

Choke, 132 
Circuit ( s) 
complementary, 194-195 
frequency divider, 216-218 
integrated, 254-257 
parallel-resonant, 196 
pulse, 199-200 
squaring, 220-222 

Classification chart, receiving tube, 
62 

Clipping, 38 
Collector leakage current, 193 
Colpitts oscillator, 173-174 
Common 

-base amplifier, 107-108 
-collector amplifier, 109-110 
-emitter amplifier, 108-109 

Complementary circuits, 194-195 
Conducting plates, resistance 

between, 16-19 
Conduction in intrinsic germanium, 

81-82 
Conductors, 77 
Constant 

-current generator, 154 
-voltage generator, 153-154 

Control 
current flow, 32-34 
half-wave phase, 250-252 

Coulomb, 16 
Coupling 

impedance, 164-165 
resistance-capacitance, 160-162 
transformer, 165-168 

Covalent bond, 80 
Crystals, semiconductor, 80 
Current 

collector leakage, 193 
flow control, 32-34 

in biased transistor, 100-102 
space charge affects, 30-34 

gain, 178 
surge, 129 
triode plate, 46-48 
voltage relationships, 95 

Curve ( s) 
families, 50-52 
FET family, 236-239 
linear portion, 57 
plate characteristic, 66 
transfer characteristic, 66 

Cutoff 
state, 202 
voltage, 51 

D 

De 
operating point, 146 

Dc--cont 
restoration, 39 
restorer, 222-224 

Depletion-mode MOSFET, 230-232 
Development of diode, 22-24 
Diac, 253-254 
Diode ( s) 

characteristics, 94-96 
development, 22-24 
semiconductor, 89 

Direct 
-coupled amplifiers, 192-194 
-current amplifiers, 168-169 

Directly heated cathode, 20 
Donor atom, 85 
Doping intrinsic germanium, 83-84 
Drain, 226 
Drift, 169, 193 
Dual gate MOSFET, 232 

E 

Edison, effect, 22 
Effective resistance, 26-30, 36-38 
Electric 

field, electrons, 15-19 
third, 42 

Electrodes, 62 
Electron ( s) , 62 

attracting emitted, 21-22 
emission, 19-20 
in electric field, 15-19 
movement in vacuum, 16 
plate voltage accelerates, 42-43 
tube ( s) , 62 

applications, 62 
characteristics, 62 
installation, 62 
testing, 63 

Electronic switches, 212 
Elements, 78 
Emission 

saturation, 29 
secondary, 145 

Emitted electrons, attracting, 21-22 
Emitter 

follower characteristics, 110 • 
stabilizing resistor, 186-188 

Enhancement-mode MOSFET, 
232-234 

Equilibrium, space charge, 31-32 
Equivalent circuits, 153-154 
Extinction potential, 205 

Families of curves, 50-52 
Family of curves, FET, 236-239 
Feedback 

at higher frequencies, 72 
in triode, 70-72 
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Feedback—cont 
negative, 70 
positive, 170 
voltage, 70 

FET 
family of curves, 236-239 
junction, 226-230 
operation, ac input signal, 239 

Field effect transistor, 226-230 
Filter ( s), 127-133 

capacitive, 128-130 
L-section, 130-132 
pi-section, 132-133 

Filtering action, 118 
Fixed bias, 156, 183-186 
Flip-flop, 210 
Forward bias, 92-94 
Frequency 

divider circuits, 216-218 
in RC coupling, 162-164 
response, 188 
UJT, 246 

Full-wave rectifier circuits, 124-126 

G 

Gain, 154-155 
current, 178 
power, 181-182 
voltage, 178-180 

Gate, 226 
Gating signals, 214-216 
Generation, pulse, 204-212 
Generator ( s) 

constant current, 154 
voltage, 153-154 

sawtooth, 204-210 
square wave, 169 

Germanium atom, 79 
Getter, 25 
Graph, plate voltage versus plate 

current, 34-36 
Grid, 42-46 
and cathode, distance between, 

43-44 
bais, automatic, 156-158 
family of curves, 51-52 
leak resistor, 161 
negative voltage, 45-46 
voltage characteristics, 49-50 
wires, spacing, 44 

Grounded 
base amplifier, 107-108 
collector amplifier, 109-110 
emitter amplifier, 108-109 

circuit, 103 

H 
Half 
-wave phase control, 250-252 

rectifier circuits, 122-124 

Hartley oscillator, 172-173 
Heater, 20 

IC 
terminal identification, 256-257 
types, 256 

Impedance 
coupling, 164-165 
matching, 160, 188 

Impurities, types, 84 
Indirectly heated cathode, 20 
Input resistance, 180-181 
Insulators, 77 
Integrated circuits, 254-257 
Interelectrode capacitance, 70, 144 
Interpretation tube data, 62 
Interpreting 

curves, 52 
negative resistance 

characteristic, 243-244 
Intrinsic 
germanium, conduction, 81-82 

doping, 83-84 
semiconductors, 81-84 

electron flow, 82 
hole flow, 82-83 

Junction FET, 226-230 

Knee, 35 

L-section filters, 130-132 
Leakage current, collector, 193 
Limiters, 218-220 
Limiting, 38 
Linear portion of curve, 57 
Load 

line, 148-152 
resistance, 154-155 

Majority carriers, 85 
Manuals, tube, 61-66 
Matching, impedance, 160 
Matter, 78 
Mho, 59 
Minority carriers, 85 
MOSFET ( s), 230-236 

applications, 234-236 
depletion mode, 230-232 
dual gate, 232 
enhancement mode, 232-234 

Multigrid tubes, 70-76 
Multistage amplifiers, 158-168 
Multivibrators, bistable, 210-212 
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N 

N-type germanium, 84-86, 90-91 
Negative 

feedback, 70 
resistance characteristic, 

interpreting, 243-244 
UJT, 240 

voltage, grid, 45-46 
Notations, shorthand, 50 
Npn transistors, 97 

o 
Operating point, 150-152, 182-188 
Operation, transient, 200 
Optoelectronic devices, 257-258 
Oscillator ( s) , 169-170 

Colpitts, 173-174 
Hartley, 172-173 
operation, 170-174 
sinusoidal, 169 
UJT relaxation, 244-246 

P-type germanium, 86-87, 90-91 
Parallel-resonant circuits, 196 
Parameters, tube, 52-61 
Passband, 188 
Pentodes, 74-76, 144-146 
Phase 

control, half wave, 250-252 
reversal, 144 

Photoelectric emission, 19 
Photosensitive, 19 
Pi-section filters, 132-133 
Picture-tube characteristics chart, 

63 
Pinch-off effect, 236 
Plate, 24-26 

characteristic curve, 66 
current characteristics, 49-50 

control, 142 
flow in amplifier, 141-142 
graph, 34-36 
plotting, 36 
triode, 46-48 

resistance, ac, 55-56 
calculating dc, 37-38 
variations of dc, 38 

voltage, 27-28 
accelerates electrons, 42-43 
effective resistance, 36-38 
graph, 34-36 
plotting, 36 

Plotting plate-voltage, plate-
current curve, 36 

Pn junction, 89-94 
Pnp transistors, 98 
Point 

contact transistor, 98 
operating, 182-188 

Positive feedback, 170 
Power 

amplifiers, 155-156 
gain, 181-182 
supply components, 115-116 

purpose, 115 
regulated, 133-138 

Prime power source, 115 
Pulsating dc, 117 
Pulse 

circuit ( s) , 199-200 
applications, 212-224 

generation, 204-212 

Quiescent point, 146 

RC 
coupled amplifiers, 189-190 
coupling, frequency, 162-164 

Receiving-tube classification chart, 
62 

Rectification principle, 116-118 
Rectifier ( s) 

circuit, bridge, 126-127 
full-wave, 124-126 
half-wave, 122-124 

semiconductor, 121-127 
vacuum-tube, 121-127 

Regulated power supplies, 133-138 
Regulator circuit, 120 
Relationships, tube constant, 60-61 
Relaxation oscillator, UJT, 244-246 
Resistance, 95 

ac plate, 55-56 
between conducting plates, 16-19 
capacitance coupling, 160-162 
characteristic, interpreting 

negative, 243-244 
coupled amplifiers, 63 
effective, 26-30 
input, 180-181 
UJT negative, 240 

Resistor 
emitter stabilizing, 186-188 
grid leak, 161 

Resonant circuit, 170 
Response, frequency, 188 
Restoration, dc, 39 
Restorer, dc, 222-224 
Reverse bias, 91-92 
Ripple voltage, 128 
Rise time, 201 

S 
Saturated state, 202 
Saturation, emission, 29 
Sawtooth generator, 204-210 
Schmitt trigger, 220 
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SCR ( s) , 247-248 
control in ac circuit, 249-250 
in de circuit, 248 

Screen grid, 73 
Secondary emission, 74, 145 
Semiconductor ( s) , 77 

crystals, 80 
diode ( s) , 89 

data, 96-97 
intrinsic, 81-84 
materials, 78 
rectifiers, 121-127 

Shorthand notations, 50 
Signal ( s) 

amplification, 180 
gating, 214-216 

Significance of transconductance, 
60 

Silicon atom, 79 
Sinusoidal oscillators, 169 
Source, 226 
Space 

charge, 28-30 
affects current flow, 30-34 
equilibrium, 31-32 

Spacing, grid wires, 44 
Square-wave generators, 169 
Squaring circuit, 220-222 
Stabilizing resistor, emitter, 

186-188 
States, transistor, 202-204 
Step counter, 216 
Storage time, 201 
Summary, 258-259 
Suppressor grid, 75 
Surge current, 129 
Switch, transistor, 212 
Switches, electronic, 212 

Tank, 171 
Technical data, tube types, 62-63 
Temperature, 95 
Terminal identification, IC, 256-257 
Testing, electron tube, 63 
Tetrodes, 72-74, 144-146 
Thermal runaway, 95, 185 
Thermionic emission, 19 
Third electric field, 42 
Thyristors, 246-254 
Trailing edge, 201 
Transconductance, 59-60 
Transfer-characteristic curves, 66 
Transformer 

coupled amplifier, 190-192 
coupling, 165-168 

Transient 
operation, 200 

transistor, 201-202 
Transistor ( s) , 87-88, 97-98 

amplification, 106 

Transistor ( s) —cont 
amplifies, 103-106, 177-182 

basic, 106-110 
characteristic curves, 110 
field effect, 226-230 
npn, 97 
operation, 99-103 
pnp, 98 
point contact, 98 
specification sheets, 112 
states, 202-204 
switch, 212 
transient operation, 201-202 
unijunetion, 240-246 

Triac, 252-253 
Triode, 41 

amplifier versus transistor 
amplifier, 104-106 

feedback, 70-72 
plate current, 46-48 

Tube 
characteristics, 26-30, 48-50 
constant ( s) , 53 

relationships, 60-61 
data, interpretation, 62 
manuals, 61-66 
multigrid, 70-76 
parameters, 52-61 
types, technical data, 62-63 

Tuned amplifiers. 195-198 
Two-stage amplifiers, 188-198 
Typical operation of UJT, 241-243 

U 
UJT 

frequency, 246 
negative resistance, 240 
relaxation oscillator, 244-246 
typical operation, 241-243 
waveforms, 246 

Unijunction transistor, 240-246 
Unilateralization networks, 197 

V 
Vacuum 

electron movement in, 16 
tube amplifiers, 168-169 

rectifiers, 121-127 
Valence, 79 
Variations of de plate resistance, 

38 
Voltage 

amplifiers, 155-156 
barrier, 90 
controls, 118-121 
cutoff, 51 
feedback, 70 
gain, 142-144, 178-180 
ripple, 128 

Waveforms, UJT, 246 
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