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Preface 

TRANSISTOR development continues unabated, no less today than 
when these remarkable devices were first made available to the engi-
neering fraternity somewhat more than a decade ago. So rapid has 
been the flow of new forms of transistors that a complete revision of 
this book was required. The revision has been extensive, in many in-
stances to the extent of a virtual rewriting of entire chapters. All mate-
rial deemed no longer applicable to present devices was deleted; all 
characteristics and circuits have been updated and a considerable 
amount of new material has been added. 
The scope of transistor application is as wide as engineering in-

genuity. Already, this remarkable speck of dust has usurped many 
of the roles of the vacuum tube in electronic equipment from minia-
ture pocket radios to room-filling computers. There is no segment of 
the electronics field in which it cannot or will not be used, and it is 
necessary that everyone who has any interest in this field become 
intimately acquainted with this amazing device. 

This book is written for electronics technicians and all other tech-
nical workers who desire to gain a working knowledge of transistors 
and transistor circuits. The discussion starts with modern electron 
theory and then progresses to the operation of diodes and transistors. 
Chapter 3 contains a fairly extensive examination of a variety of 
transistor types, showing the historical progression from the early 
transistors to the units that are now capable of operating far into 
the megacycle region. As this story unfolds, the reader is able to 
perceive clearly the complete dependence of product development 
on fabricating techniques and how laboriously obstacles must be sur-
mounted step by step. Chapter 3 is followed by a series of chapters 
in which a variety of transistor circuits are analyzed. All circuit ex-
planations employ the highly successful step-by-step approach, start-
ing with the simplest facts and proceeding gradually to the more 
complex. No mathematics of any difficulty is used in the text. 
Chapter 9 focuses attention on the growing number of transistorlike 

devices whose behavior is markedly different from the triode transistor. 
These include the tetrode transistor, the PNPN transistor, the uni-
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vi PREFACE 

junction transistor, and the now-famed tunnel diode, among others. 
A considerable section is devoted to the tunnel diode because of its 
potential range of applications. In Chap. 10, there is a discussion of 
the various precautions to observe when servicing transistor circuits 
and transistor devices. A method of approach to the servicing of all 
such units is also given. In Chap. 11, a series of simple and easily 
worked transistor experiments are included for readers who may wish 
to learn of transistor operation firsthand. To the practical man, this 
is valuable experience. In Chap. 12, the reader is introduced to 
transistor circuit design, and this chapter should make the behavior of 
transistors in various circuits and at different frequencies better un-
derstood. For those readers who wish to become generally familiar 
with circuit design, this chapter will provide all the information re-
quired; for those who intend to engage in circuit design, Chap. 12 
will serve as a gateway to the more advanced texts available. 
The book can be used in technical institutes, electronics schools, 

vocational-technical schools, armed-service schools, industrial-train-
ing programs in electronics, or for home study. Questions are in-
cluded for each chapter to be used by an instructor to test the 
progress of a student or as a form of self-test for those studying alone. 
The author wishes to extend his appreciation to the many com-

panies in this field, among them the Radio Corporation of America, 
Philco Corporation, Western Electric Company, Admiral Corporation, 
and Howard W. Sams & Co., Inc., of Indianapolis, Indiana, for the 
data and material which they so graciously provided. The author is 
also indebted to Philip Thomas of the Lansdale Division of the Philco 
Corporation for his aid in supplying valuable transistor information 
and for his many critical comments. 

MILTON S. KIVER 
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CHAPTER 1 

Introduction to Modern 

Electron Theory 

THE STORY of the transistor is, in large measure, the story of matter 
and how the scientists at the Bell Telephone Laboratories have been 
able to make that matter amplify electric currents. If the transistor 
served no commercial end, it would still be important for its contribu-
tion to our understanding of matter in the solid state. It demonstrated, 
for the first time in history, that man can achieve amplification in a 
solid, a feat which heretofore could be accomplished only by using 
vacuum tubes. If we consider the vacuum tube as man's first significant 
advance into the field of communications, then the transistor must 
certainly be heralded as man's second most important step. For here, 
surely, is as radical a departure from what has heretofore been done 
as the invention of the triode by Dr. Lee De Forest in 1906. 
The invention of the transistor is officially credited to John Bar-

deen, William Shockley, and W. H. Brattain, three scientists working 
for the Bell Telephone Laboratories. The first public announcement of 
the transistor was made in June, 1948. Thus, in terms of time, the 
transistor is barely out of its infancy. In terms of application, how-
ever, it must be classed with the vacuum tube. And while there is no 
imminent prospect that it will completely replace the vacuum tube, 
the transistor has nevertheless made serious inroads in a field that 
was once exclusively the province of the vacuum tube. 
The most obvious attractions of transistors lie in their higher operat-

ing efficiency and smaller size than comparable electron tubes. Not 
quite as obvious, but nonetheless as attractive, is the ability of transis-
tors to operate at extremely high frequencies. ( Kilomegacycle transistors 
have been developed by several manufacturers. This is far above the 
operating range of any conventional vacuum tube.) A transistor, being 
a solid, requires no special envelope surrounding a vacuum; further-

1 



2 TRANSISTORS 

more, it requires no filament heating element to serve as the provider 
of electrons. The latter fact alone represents a considerable saving 
in power, since in most standard receiving tubes as much or more 
power is frequently expended in heating the filament as in drawing 
current through the tubes. For example, in a 6CB6, the filament re-
quires a current of 0.3 amp at an applied voltage of 6.3 volts. This 
represents a power dissipation of 6.3 >< 0.3, or 1.89 watts. For typical 
operation as an amplifier, plate current is about 9.0 ma when the 
plate voltage is 200 volts. The power dissipated in this circuit is equal 
to 200 >< 0.0090, or 1.8 watts. Elimination of the filament would re-
duce the overall power needs of this amplifier by half. Actually, in 
most applications, the power saving is greater than this because of the 
higher efficiency of the transistor. For example, with a transistor 
operated at the conventional collector current level of 5 ma and a 
collector voltage of 6 volts, the power dissipated is 30 mw. This com-
pares with the 3.7 watts indicated above for a 6CB6. Add to this 
a volume which is on the order of one-thousandth that of a vacuum 
tube and a weight which is reduced by a factor of 100 and the attrac-
tiveness of the transistor becomes quite evident. 

Operation of vacuum tubes depends upon the flow of electrons from 
filament to plate and the control of this flow by intermediate grids. 
Operation of the transistor is also largely dependent upon an elec-
tron* flow, although there are considerable differences between the 
two units. In order to appreciate these differences, it is best to review 
what we know concerning the structure of matter and the role the 
electron plays in that structure. 

Atoms and Molecules 

Every substance or material that we come in contact with or which 
is known to man can be divided into particles known as molecules. 
These are the smallest segments into which a substance can be divided 
and still retain all its individual characteristics. Molecular units are 
so minute that we have not been able to devise instruments which 
will enable us to see them, and it is doubtful that we ever shall. In 
order to see something which is extremely small in size, we must de-
sign an instrument, such as an optical microscope or electron micro-
scope, which will detect this "something" and then enlarge it so that 
we, with our gross eyesight, shall be able to see it. Every instrument 
we use, however, is itself composed of molecular building blocks. How, 
then, could we distinguish between the molecules of the substance we 
are checking and the molecules of the instrument? Thus, although it is 
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unlikely that we shall ever see a direct picture of a molecule, highly 
refined indirect methods have been developed for determining molec-
ular structure so that we know quite a bit about it. 
We know, for example, that the molecule of a substance may con-

sist of a single element of nature or a complex association of a num-
ber of elements. Chemists and physicists have discovered over a 
period of hundreds of years that there are more than 100 different 
elements which, either singly or in combination, make up all the 
matter on this planet. This figure is not a static one but has gradually 
been raised as man's knowledge and scientific know-how have 
broadened. Although it is unlikely, the number of elements may ex-
pand much more. The most familiar elements are hydrogen, oxygen, 
gold, silver, nickel, copper, iron, etc. 
Most substances are formed of two or more elements. Thus, water 

consists of hydrogen and oxygen; common table salt is formed of 
sodium and chlorine; alcohol is a combination of hydrogen, oxygen, 
and carbon. Substances can also consist of a single element. This is 
true of oxygen gas, gold, silver, copper, lead, etc. 
A molecule, then, is the smallest portion of a substance which re-

tains all of the properties of that substance. But what of the elements? 
What do they consist of? If we are considering the smallest portion 
of an element that is still identifiable as that element, then we get 
down to the atom. Each different element is represented by a different 
atom. 

Atomic Structure 

Thus, as we tread our way down the scale of size, we come first to 
molecules, then to the elements that compose the molecules, and 
finally to the atoms which represent the elements. When we investi-
gate atoms, we find that they consist of a centrally situated nucleus 
with a net positive charge surrounded by a number of electrons which 
revolve about the nucleus. The central positive charge is said to be 
due to protons, while each of the electrons has a negative electrical 
charge. In a stable atom, the positive charge of the nucleus is exactly 
counterbalanced by the total negative charge of the externally re-
volving electrons. The net electrical charge is zero, and this is the 
conventional state of most atoms. 
The atom possessing the simplest structure is hydrogen. It consists 

of a positive nucleus containing a single proton. Revolving around this 
proton is a single electron. The illustration most commonly employed 
for the hydrogen atom is shown in Fig. 1.1. Actually, we have learned 
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enough about atomic structure to know that Fig. 14 is a highly sim-
plified picture of the hydrogen atom. However, we would not gain 
any greater understanding of transistor action by modifying this il-
lustration to conform to more recent theories, and its simplicity does 
impart an understanding that might not be obtained otherwise. Hence 
we shall remain with this, the more classic method of representation. 
Helium follows next in order of complexity, and its atomic struc-

ture is indicated in Fig. 1.2. The central positive charge is 2, indicating 
two protons, and this charge is offset by having two electrons rotating 
about the nucleus. Each element then follows in numerical turn, with 

ELECTRON 

Fig. 1.1 The structure of a hydrogen atom. Fig. 1.2 The atomic structure of helium. 

the central positive charge increasing in steps of 1 and being elec-
trically counterbalanced by additional electrons revolving in paths or 
orbits about the nucleus. It can be appreciated that the nucleus and 
the associated electrons soon attain a highly complex structure. 
The electrons which revolve about the nucleus do not follow random 

orbits; rather, they fall into definite energy levels. These levels may, 
for simplicity, be visualized as shells, each successive shell being 
spaced at a greater distance from the nucleus. The shell, or energy 
level, closest to the center carries a single electron ( as in the hydrogen 
atom) or two electrons ( as in helium and all other atoms). These elec-
trons may rotate at any angle about the nucleus, but they are more 

or less bound to remain within the confines of the shell. 
When we reach the third element, lithium, we find that the nucleus 

has a positive charge of 3, which is electrically counterbalanced by 3 
negative electrons revolving around the nucleus, Fig. 1.3. Two of 
the electrons revolve about the center within the boundaries estab-
lished by the energy level, or shell, just mentioned for the hydrogen 
and helium atoms. The orbit of the third electron, however, is much 



Fig. 1.3 The atomic structure of lithium. 
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farther removed from the nucleus, and the third electron may be said 
to operate within another level which is entirely distinct from that of 
the first shell. This second level has been found capable of holding up 
to a maximum of 8 electrons, a condition that is achieved in the ele-
ment neon. Neon, with a positive charge of 10, has 2 electrons in the 
first shell and 8 electrons in the second shell, Fig. 1.4. Thereafter, 
additional electrons start filling up a third level which can hold 18 
electrons and then a fourth level which can hold 32 electrons. Beyond 
this, there are two additional shells, but these are never entirely filled 

Fig. 1-4 Neon, with a positive nuclear 

charge of 10, has 2 electrons in the first shell 

and 8 electrons in the second shell. 

because there are only 101 elements in all. Hence, we do not actually 
know just how many electrons they could hold. 

Comparison of Atomic Structure and Solar System 

The structural arrangement of an atom, with the central nucleus and 
the revolving electrons, has often been compared with our own solar 
system, Fig. 1.5. In this analogy, the atomic nucleus is equivalent to 
the sun and the revolving electrons are equivalent to the planets. 
Actually, many differences exist between the two systems, as the reader 
can appreciate. In the solar system, each planet follows its own path 
independently of the others; no two planets are equidistant from the 
sun. In the atom, the electrons revolve at certain specific distances for 
which we have used the name "shell." It must be recognized, of 
course, that there is nothing physical about these shells. They merely 
represent certain energy levels, and each level can carry a certain 
number of electrons. 

It is also important to note that even in atoms containing large num-
bers of revolving electrons, there is still more empty space than there 
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is solid material. The nucleus is rather closely packed, and it contains 
practically all the mass of the atom. Electrons provide only a negligible 
portion of the atomic weight, even though their combined electrical 
charge is equal to that of the far heavier proton. 
To emphasize the relatively great distances that separate the nucleus 

and the first shell of electrons, it has been estimated that if we were to 
enlarge a helium atom so that the central nucleus attained the size 
of a golf ball, we would find each of the electrons to be as large as tennis 

Fig. 1.5 The solar system. In a limited sense, the central nucleus of an atom may be compared to 
the sun and the electrons may be compared to the planets. 

balls situated about 20 miles away. Thus, it is readily possible for 
two atoms to pass through each other's system without coming into 
physical contact with each other. ) 

Composition of Nucleus 

The central nucleus has been indicated to consist solely of protons. 
Actually, this is true only for the element hydrogen. As the elements 
increase in atomic number, it is found that the nucleus may contain 
electrons as well, with each such electron paired off with an offsetting 
proton. The net electrical charge of this combination is zero, and 
hence it does not influence the net positive charge of the nucleus. To 
achieve this charge, we must have unattached protons. Thus, when 
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we say that a nucleus has a positive charge of 15, for example, we 
mean that it has 15 "free" protons. Actually, there may be more protons 
in this nucleus, but each of those beyond 15 has its charge neutralized 
by an electron which is bound to it within the nucleus. 
This combination of a proton and a closely bound electron is called 

a neutron, the name stemming from the fact that the electrical charge 
is zero or neutral. In the lighter elements, those with relatively small 
numbers of revolving electrons, the number of nuclear neutrons is 
generally equal to the number of free protons. However, as the atomic 
number increases, the number of neutrons rises faster than the num-
ber of free protons. A neutron adds as much mass to an atom as a 
proton and hence is an important factor in the overall weight of an 
element. Actually, each neutron adds somewhat more mass than a pro-
ton because a neutron possesses an electron too. 

It may be added that in recent years, a number of additional par-
ticles have been discovered in the nucleus. The meson and the neu-
trino are two examples of these particles. The meson may have a 
positive or negative charge, while the neutrino is devoid of charge. 
The mass of each particle is quite small, scarcely enough to be a 
significant factor in the overall atomic weight of the element. 
The foregoing discussion has been given in some detail so that the 

reader will better understand transistor operation. The transistor is a 
solid-state substance composed essentially of atoms of germanium 
arranged in a definite geometric pattern or lattice. The flow of current 
through this substance depends upon our ability to dislodge electrons 
from the outer shells of the various germanium atoms. Hence, it was 
first necessary to understand how the electrons are distributed around 
the nucleus of an atom. Now, with this appreciation, we can turn our 
attention to additional data concerning electron behavior in atoms. 

Electron Behavior in Atoms 

It was noted in the preceding discussion that the electrons filled the 
first shell first, then the second shell, then the third shell, etc. In a 
stable atom, no electrons exist in an outer shell unless the inner shells 
are completely filled. ( This is true of the first three shells; in the fourth 
and higher shells, there is less tendency to follow this rigorous pat-
tern, probably because, with increasing distance, the influence of the 
nucleus on the outer electrons decreases rapidly.) Furthermore, a 
shell is in its most stable state when it carries a full complement of 
electrons. For the innermost level, this means 2 electrons; for the next 
shell, this means 8 electrons; etc. It has been found that elements 
whose outer ring is not complete are more chemically active than 
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elements whose outer ring is complete. A good illustration of the 
former type of element is sodium. The atomic number of this element 
is 11, and the two inner rings or shells are each filled to capacity 
(i.e., 2 and 8 electrons, respectively). The third ring contains 1 elec-
tron, and since sodium would be more stable without any electrons in 
this third ring, we find that sodium is chemically active because it 
readily loses or gives up this sole electron. As a matter of fact, sodium 
is so anxious to give up its extra electron that it is never found by 
itself in nature. A suitable element that combines readily with sodium 
is fluorine to form sodium fluoride. These two elements react partic-
ularly readily with each other because fluorine ( atomic number 9) 
has 7 electrons in its second ring and the addition of 1 electron com-
pletes this ring. Thus, one way of looking at this combination is to 
consider the sodium atom as giving up its lone third-ring electron to 
form a stable atom having two completed rings or shells while 
fluorine receives this extra electron and it, too, forms two complete 
shells. 
Another explanation of this combination is to say that sodium and 

fluorine share these additional 8 electrons, permitting each to have a 
completed outer ring. That is, fluorine uses the 1 sodium electron to 
complete its second shell while sodium uses the 7 fluorine electrons to 
complete its third shell. The latter view is perhaps the more realistic 
one, since obviously the sodium and fluorine atoms ( in the sodium 
fluoride salt that is formed) do not leave one another but rather co-
exist in a crystal structure. This view will also provide a better insight 
into transistor action, because electron sharing is an integral part of 
the germanium crystal. 
From this "desire" on the part of an atom to attain a state in which 

its outer shells possess a complete complement of electrons, we can 
also surmise that atoms in which this is naturally true will be extremely 
stable and "well-satisfied" and will not enter easily into chemical com-
bination with other elements. There are six such elements: helium, 
neon, argon, krypton, xenon, and radon. In helium, the first ring is 
complete with 2 electrons. In neon, the next heaviest of these atoms, 
there are 2 electrons in the first shell and 8 in the second shell. Argon, 
the third inert element, has 18 electrons divided into three shells. The 
first shell is complete with 2 electrons, the next shell has its full quota 
of 8, and the third shell has 8 electrons. Since the maximum capacity 
of the third shell was previously indicated to be 18, it would appear 
that in argon this shell is not complete. This is not true, however, be-
cause it was found that all shells beyond the first one can be divided 
into subshells, Fig. 1-6. For the second main shell we have two sub-
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shells, one holding a maximum of 2 electrons and one a total of 6 
electrons. Note that the total previously given for this second shell, 
8, still holds, but the 8 electrons are divided into two subshells of 
2 and 6. 
For the third main shell, the maximum number of electrons is 18, 

divided into three subshells of 2, 6, and 10. In argon, the first two sub-
shells are complete, and this has the same stabilizing effect as though 

Fig. 1.6 All energy levels or shells beyond the first, the K shell, ore divided into subshells. Each 

group of shells is designated by a different letter beginning with K and followed by L to Q. The 

first subshell of any group is given the letter s; the second subshell, p; the third subshell, d; and the 

fourth subshell, f. It is thought that no known element possesses more than four subshells. The 
arrangement shown is for the element germanium. 

we had completely filled all three subshells. [This behavior also ex-
plains why sodium is "satisfied" when it shares its electron with 
fluorine's 7 electrons in its ( sodium's) third shell. What happens is that 
the first and second sublevels of the sodium third shell are filled.] 
The atomic number of inert element krypton is 36, and here all sub-

levels of the first three main shells are filled with electrons. In addi-
tion, two sublevels of the fourth main shell are filled with electrons. 

The chemical behavior of any element, then, is directly related to 
the number of electrons contained in its outermost atomic shell and 
how close this shell comes to being filled. If the shell ( or one or more 
of its sublevels) is filled, the atom needs no additional electrons and 
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therefore has no tendency to enter into chemical combination with 
other elements. If the shell is not filled, the atom does seek other 
electrons and we say it is chemically active. Because of the importance 
of these outermost electrons, they are given the special name of 
valence electrons. Further, the shells or energy levels they occupy are 

called valence levels. 
Chemical activity can also be related to electrical conductivity, be-

cause an atom whose outer ring is filled shows no tendency to part 
with any of its electrons. Since we need free electrons to obtain an 
electric current, the inert elements are insulators. On the other hand, 
atoms which part easily with an electron in order to end up with a 
complete shell make good conductors. Copper, for example, has an 
atomic number 29; this means that all subshells of the first three main 
shells are completely filled ( i.e., 2, 8, and 18), leaving 1 electron for 
the first subshell of the fourth ring. It is fairly easy to take this electron 
away from copper, and hence copper is an excellent conductor of elec-

tric currents. 
Note that if we were to attempt to take away more than 1 electron 

from an atom of copper, we would have to apply a considerably 
greater amount of energy. This is because the second electron would 
have to come from a complete ring, and since this is a particularly 
stable condition, the atom would resist the removal with tenacity. 
If we applied enough energy, however, the electron removal could 

be accomplished. 

Electron Removal 

When one or more electrons are removed from an atom, that atom is 
no longer electrically neutral in charge. If we remove 1 electron, the 
nucleus has one more positive charge than the outer electrons and the 
overall charge is + 1. The atom has now become what is known as an 
ion; in the present illustration, a positive ion. 

It is also possible for an atom to gain an electron, and when this 
occurs, the overall electric charge becomes — 1. The atom in this 
instance becomes a negative ion. Situations such as this occur when 
an atom needs one more electron to complete a ring. It then attempts 
to obtain this additional electron from some other element, particularly 
one possessing a lone electron in its outermost ring. 
Energy is required to remove an electron from an atom. That is, 

atoms do not part with any of their electrons unless they are forced 
to do so, and one way to pry an electron loose is to provide it with 
enough energy to escape from the attractive force of the positive 
nucleus. Commonly used forms of energy, particularly in electronic 
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devices, are electric fields, heat, light, and bombardment by some other 
particle. In wires, for example, we force the copper atoms to give up 
an electron each by applying an emf across the ends of the conductor, 
Fig. 1.7a. In a vacuum tube, we heat a cathode until the outer-ring 
electrons have absorbed enough energy to escape from their respec-
tive atoms and leap into the interelectrode space, Fig. 1 7b. There they 
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are attracted by a positive emf on the plate, and thus we get a flow 
of current through the tube and the outer circuitry of the system. 
Light, as an activating agent, is employed in photoelectric tubes; the 
energy which light rays bring to the atoms of the photoelectric cell 

enables some of the electrons to escape from their atoms and again 
reach a positively charged anode, Fig. F 7e. 

Finally, bombardment to produce ions is the basis of operation of 
gaseous tubes such as the thyratron. Thus, ionization is important to 
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the electronics industry. And ionization, no matter where it occurs, 
is due to a transfer of energy from one substance to another. 

The Quantum Theory 

The mechanism by which bound electrons are freed has been the 
subject of a considerable amount of investigation, and certain facts 
which are important to us in our study of transistors have been dis-
covered. For example, it has been revealed that when we supply 
energy to an electron held in an atom, we must supply a definite 
amount of energy in order for it to have an effect on the electron. 
The various shells in an atom represent definite energy levels, and 
in order to move an electron from a lower shell ( or subshell) to a 
higher shell, a certain amount of energy is required. Failure to pro-
vide enough energy to the electron will cause it to remain at its 
present level. This is true even if the energy provided is just barely 
shy of the required amount. 

If more than enough energy is provided for the electron to leave its 
orbit and move to the next higher level, then the excess will be to 
no avail unless enough extra is provided to enable the electron to 
move to a still higher shell. In other words, energy is required in 
definite, discrete amounts called quanta, and the electrons can receive 
these quanta only in whole numbers, such as 1, 2, or 3 quanta. 

Electrons can lose energy as well as receive it, and when an elec-
tron in an atom loses energy, it moves to a level which is closer to 
the nucleus. This lost energy may appear as heat, as in a conductor 
when current is passed through it, or as visible light, as in a gaseous 
tube. In the latter devices, the light emitted by the electrons of the 
gas molecules produces a visible haze. In fact, one of the ways of 
recognizing gas in a vacuum tube is by the bluish light which sur-
rounds the filament. This merely represents electrons returning from 
some outer shell to an inner shell. 

Different elements have different energy levels for their electrons, 
and, consequently, the amount of energy absorbed or released varies 
as the electrons move from level to level. This accounts for the differ-
ent-color light emitted by various substances when they are excited. 
Heating sodium over an open flame produces a characteristic yellow 
light; neon gas, when activated in electric signs, emits an orange-red 
glow. The energy required to produce red light is less than the energy 
needed to produce blue light. This is because the energy in a quanta 
bundle depends on frequency and red has a lower frequency than 

blue. 
In gases, electrons of one atom tend to act independently of the 
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electrons of other atoms. In solids, however, the forces which bind 
atoms together greatly modify the behavior of the associated electrons, 
and here we are dealing with the aggregate action of many electrons 
rather than with individual electrons. One direct consequence of the 
close proximity of atoms in a solid is to cause the individual energy 
levels which exist for an isolated atom ( depicted in Fig. 1.6) to brèak 
up to form bands of energy levels. Within the bands, discrete per-
missible energy levels still exist, but the act of bringing many atoms 
close together has produced many more permissible energy levels. It 
has also caused some energy levels to disappear. 
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Fig. 1.8 ( a) Energy levels in an isolated atom. (b) Energy bands n a solid. 

Thus, where before, in an isolated atom, we had an energy-level 
arrangement such as that shown in Fig. 1.8a, in a solid material we 
find bands of energy as shown in Fig. F 8b. As a matter of fact, only 
the three upper bands are shown in Fig. 1.8b. Additional energy 
bands exist below the valence band, but since these are not important 
to an understanding of semiconductor behavior, they will not be 
shown or discussed. 

The uppermost band of Fig. 1. 8b is the conduction band. When 
electrons are found there, they can be readily removed by the applica-
tion of external electric fields ( developed by the application of elec-
tric voltages). When a material has many electrons in the conduction 
band, it acts as a good conductor of electricity. 
Below the conduction band is a series of energy levels that collec-

tively form the forbidden band. Electrons are never found in this band. 
Electrons may jump back and forth from the bottom valence band to 
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the top conduction band, but they never come to rest in the forbidden 

band. 
The valence band is formed by a series of energy levels containing 

the valence electrons. These electrons are more or less bound to the 
individual atoms; hence, their range of movement is somewhat re-
stricted, certainly far more so than the range of movement of electrons 
in the conduction band. It is possible to move electrons from the 
valence band to the conduction band by the application of energy, 
generally thermal energy. This movement happens to a certain extent 
in semiconductors, and we shall be covering this point more exten-
sively in subsequent discussions. Of more immediate interest is the 
fact that the extent of the forbidden band, or the separation between 
the conduction and valence bands, will determine whether a substance 
is an insulator, semiconductor, or conductor. Figure F9 shows the 
difference between insulators, semiconductors, and conductors in 
terms of their three bands. Figure 1.9a is called an "insulator" because 
of the wide extent of the forbidden band. The wider this band, the 
greater the amount of energy which must be fed to any electron in 
the valence band in order to bring it up to the conduction band 
where it can be employed as a carrier of electricity. Obviously, in an 
insulator a lot of energy is required to get even a minute amount of 

current through the substance. 
In a semiconductor, the extent of the forbidden band is smaller, 

Fig. 1.91), which means that less energy need be fed to the electrons 
in the valence band in order to bring them through the forbidden 
band and into the conduction band. Hence, in semiconductors, more 
current will flow for a certain applied voltage, although this current 
will not be as large as we would obtain in a conductor. 
The third illustration, Fig. F 9c, is for a conductor. Here we see 

that the valence and conduction bands overlap. It now takes a very 
small amount of energy to move electrons into the conduction band, 
and, consequently, electricity is readily passed by conductors. All this, 
of course, is common knowledge; what is not so universally known is 
how the various energy levels within a molecule cause the molecule 
to act as an insulator, semiconductor, or conductor. That is where the 
quantum theory so admirably fills in the gaps. 
The side axis of each of the three illustrations in Fig. F9 is labeled 

simply as "Energy." It is the generally accepted practice for physicists 
to use electron volts as a convenient measure of energy. One electron 
volt is the energy acquired by an electron in falling through a poten-

tial difference of 1 volt. If we use this method of measuring energy, 
then the width of the forbidden band in an insulator is 1 ev ( electron 
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volt) or more. For a semiconductor such as pure germanium, the 
width of this band is 0.7 ev; for silicon, another semiconductor, it is 1.1 
ev; and for conductors, where the forbidden band is absent, we need 
perhaps 0.01 ev to bring an electron into the conduction band. 

It should be understood, of course, that each of the three illustra-
tions in Fig. 1.9 is representative of a class of materials and there will 
naturally exist many substances whose characteristics fall somewhere 
in between those of insulators and semiconductors on the one hand 
and semiconductors and conductors on the other. Germanium, for 
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Fig. 1.9 The difference between insulators, semiconductors, and conductors in terms of their 

valence bands, forbidden bands, and conduction bands. ( a) Insulator. (b) Semiconductor. ( c) Con-
ductor. 

example, in the highly purified state, is a very poor conductor of elec-
tricity. As we add certain controlled amounts of impurities to ger-
manium, however, we find that its conduction increases materially, 
indicating that while a substance may be basically an insulator, its 
properties can be altered. The alteration is actually what happens in 
germanium and silicon transistors and is responsible for the ability of 
these units to function usefully. In Chap. 2, we shall see just what is 
the effect of adding selected impurities to germanium and silicon. 

QUESTIONS 

1 • 1 What advantages that transistors possess make them espe-
cially attractive for communications applications? 

1 • 2 Differentiate atoms, molecules, and elements. Name 15 ele-
ments that you have personally come in contact with, either singly or 
in combination. 
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1.3 Describe the structure of an atom in general terms. Compare 
this structure with that of the solar system. 

1.4 How are the electrons arranged within an atom? Consider 
first a simple element, then a fairly complex element. 

1 • 5 What differences exist between the nucleus of a simple atom, 
such as hydrogen, and the nucleus of a complex atom? 

1.6 What causes an element to be chemically active? Stable? 
1.7 Is there any apparent relationship between the chemical 

activity of an atom and its electrical conductivity? Explain. 
1.8 What happens when an atom gains an additional electron? 

Loses an electron? What is the altered atom called? 
1 . 9 What methods may be used to remove electrons from an 

atom? Describe one or two methods in detail. 
1 • 10 What is the quantum theory with respect to electron 

removal? 
1.11 Define the valence band, conduction band, and forbidden 

band. 
1 - 12 Explain the difference between conductors, insulators, and 

semiconductors in terms of energy bands. 



CHAPTER 2 

Semiconductor Diodes 

and Transistors 

IT WAS NOTED in the preceding chapter that the chemical activity 
of an atom is determined primarily by the number of electrons con-
tained in the outermost ring of the atom. When this ring is filled, the 
atom is stable and shows little inclination to combine with an atom of 
any other element. The activity increases, however, when the number 
of electrons is less than the full number needed to complete a ring. 

Fig. 2.1 A simplified illustration of the carbon Fig. 2.2 The germanium atom, using the 

atom. Only the valence electrons are shown, simplified method of presentation. 

Because of the importance of these electrons, they are given the 
special name of valence electrons. Furthermore, it is common practice 
in illustrations of atoms to show only the valence electrons, Fig. 2.1. 
The carbon atom, with an atomic number 6, is shown here. The +6 
at the center represents the nuclear charge. Since there are 4 valence 
electrons, we know that these electrons are in the second ring; the 2 
electrons not shown would be in the first ring. 
Of immediate interest in transistors is germanium, and this element, 

too, contains 4 electrons in its outermost ring. The atomic number of 

17 
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germanium is 32, giving us three completed shells of 2,8, and 18 elec-
trons each and 4 electrons in the fourth shell. The latter electrons are 
the valence electrons, and they are the ones represented in Fig. 2.2. 

Lattice Structure and Crystals 

Germanium in the solid state possesses a crystalline structure in 
which a group of germanium atoms combine, through their valence 
electrons, to form a repeated structure having a number of basic 

Fig. 2.3 The crystal lattice structure of germanium. Each sphere represents a nucleus surrounded 

by its inner shells. The spokes that join the atoms and support the structure represent the covalent 

bonds. (After W. Shockley, "Electrons and Holes in Semiconductors," D. Van Nostrand Company, 

Inc., Princeton, N.J., 1950) 

cubical lattices such as shown in Fig. 2.3. Each of the "balls" in the 
illustration represents a germanium atom; the rods between the balls 
represent the electronic forces binding each atom to its neighbors. 

This cubical configuration, known as a diamond structure, is 
characteristic of the solid state of a number of elements, among them 
carbon, silicon, and germanium. A large, visible crystal of germanium 
would be composed of millions upon millions of these basic cubical 
lattices. 
A two-dimensional illustration of the manner in which the ger-

manium atoms are bound to one another is given in Fig. 2.4. Focusing 
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our attention on any one of the central atoms, we see that each of its 
4 electrons is shared by four other germanium atoms. This gives the 
central atom a total of 8 electrons in its outermost ring; 4 of these 
electrons are its own, and the other 4 it "borrows" from the surround-
ing atoms. Since 8 electrons in this subring provide for a stable ar-
rangement, the germanium crystal forms a stable compound. 
What is true of the central atom is true of all its neighbors: each 

shares its four outer electrons with four other germanium atoms. This, 
too, is shown in Fig. 2.4 for a limited number of atoms. All the 
valence electrons are tightly held together. Consequently, pure ger-
manium is not a very good conductor of electricity. A good conductor 

Fig. 2.4 Representation of electron- paired 

bonds in germanium. 

would require an abundance of free electrons, and as we see, all 
electrons in a germanium crystal are held fairly tightly because, in 
combination, they tend to complete the outer subrings of the ger-
manium atoms. 
The sharing of the valence electrons between two or more atoms 

produces a shared or covalent bond between the atoms. It is this bond 
which is largely responsible for the cohesion which the crystal struc-
ture possesses and which actually keeps the crystal structure intact. 
Note that by this sharing to form complete valence rings, ger-

manium in its pure form is a fairly good insulator. That the sub-
stance is not a complete insulator, but rather a semiconductor, stems 
from the fact that thermal agitation, arising from the energy imparted 
to the electrons by the heat of its surroundings, causes an electron 
here and there to break away from its bond, move up into its con-
duction band, and wander through the crystal lattice structure in a 
more or less aimless manner. 



20 TRANSISTORS 

Electrons and Holes 

The bond from which an electron escapes is left with a deficiency 
of 1 electron, and hence we should find there a positive charge of 1. 
This electron deficiency has been given the rather descriptive name of 
"hole," as though a physical hole had actually been left by the re-
moval of the electron. 
We have been conditioned by our previous training to accept the 

fact that electrons are quite mobile and may be moved readily from 
point to point. Numerous tests have been performed in which this fact 
has been demonstrated, and in our own experience with electric cir-
cuits we have never encountered any action which would cause us to 
think otherwise. Hence, when the statement is made, as it was above, 
that the freed electron wanders aimlessly through the crystal, every 
reader will accept it without question. 

It is, however, also valid in this case to state that the hole left by the 
electron will wander about within the crystal structure, and on this 
point we would run into a general raising of eyebrows. And yet it 
has been conclusively demonstrated that holes do travel through ger-
manium crystals. In fact, the concept of hole travel is basic to an un-
derstanding of transistor operation and hence warrants a more de-
tailed description. 
When a bound electron departs, the charge deficiency, or hole, that 

it leaves behind is confined to the valence ring of the atom. If, now, a 
nearby electron held in a covalent bond acquires enough energy to 
leave its bond and jump into the waiting hole, then in essence what 
we have had is a shift in position of the positively charged hole from 
its first position to this new position, Fig. 2-5. This same action can 
occur a number of times, with successive changes in hole position, so 
we can very well state that a hole drifts about in a random manner in 
exactly the same fashion as the electron which left the hole originally. 
The foregoing discussion has dealt with a single electron and a 

single hole, but in actual crystals there would be many such pairs. 
And with many negative electrons and positive holes present, a con-
siderable number of recombinations will be taking place all the time. 
By the same token, the energy ( be it heat or light or an electric field) 
being supplied to the crystal will constantly be breaking other bonds. 
Eventually, a dynamic equilibrium will be attained in which the 
number of bonds being broken will equal the number being re-formed. 

If the energy supplied to the crystal is an electric field developed 
by the application of an emf across the germanium crystal, then the 
motion of the electrons and the holes will be less random and more 
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directed in a direction determined by the voltage. Electrons will move 
toward the positive terminal of the battery, while the holes will drift 
toward the negative terminal of the battery. The opposite flows of 
these two charges do not, as one might suppose, cancel each other 
Rather they aid each other. This was demonstrated in an experiment 
performed in 1889 by the physicist H. A. Rowland. On an ebonite 
disk he placed negative charges of static electricity, separated by 
raised portions of the disk. When the disk was rotated at high speed, 
a magnetic field was produced, and the field was identical with what 

FIRST HOLE NOW BEING 
FILLED BY ELECTRON 
FROM LOWER BOND 

Fig. 2.5 Method by which holes travel through 

a germanium lattice structure. 

HOLE LEFT BY 
ELECTRON IN MOVING 
IN DIRECTION OF 
ARROW 

would have been expected if a flow of electrons had taken place in 
a loop of wire in the same direction of rotation. 
Rowland then removed the negative charges and replaced them by 

an equivalent number of positive charges. The disk now was rotated 
in the opposite direction, and the resulting magnetic field had exactly 
the same direction as its predecessor. Thus, we obtain the same elec-
trical effect whether we have negative charges ( i.e., electrons) moving 
in one direction or equivalent positive charges ( i.e., holes) traveling 
in the opposite direction. Ohm's law or any other electrical law we 
know would yield identical results in either case. This is a significant 
fact to remember, because all our electrical studies have emphasized 
electrons and electron flow, and the idea of mobile positive charges 
will come as a surprise. It is particularly important to appreciate both 
types of current flow, since both occur in transistors. 
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It is interesting to note that the rate at which electrons and holes 
diffuse through fairly pure samples of germanium has been de-
termined to be as follows: for electrons, 3,600 cm2 per volt-sec; for 
holes, 1,900 cm2 per volt-sec. These rates are at a temperature of 27°C 
and with no applied emf. When a voltage is applied, the rates increase 
considerably. 

N-type Germanium 

Externally applied heat and light may be used to produce free elec-
trons and holes in a germanium crystal, but a much more efficient 
method of achieving the same result is to add exceedingly small 

Fig. 2-6 The effect of an arsenic atom replac-

ing a germanium atom. 

amounts of selected impurities, generally to an extent no greater than 
1 part in 10 million. Impurities frequently employed are arsenic and 
phosphorus. The impurity enters the crystalline structure of the ger-
manium and takes the place of single germanium atoms at various 
points throughout the crystal lattice structure. A diagrammatic repre-
sentation of this condition is shown in Fig. 2.6. Arsenic has 5 valence 
electrons, and 4 of them enter into covalent bonds with four surround-
ing germanium atoms. This is in accordance with the structural 
arrangement in a germanium atom. The fifth electron is simply held 
in place by the positive attractive power of the arsenic nucleus. How-
ever, since the arsenic atom is sharing its other 4 electrons with 
four other germanium atoms, in essence it possesses the equivalent of 
8 electrons. Since all that the arsenic atom needs for a stable arrange-
ment is 8 electrons, the force with which the extra ( i.e., the fifth) 
electron is held is fairly weak and the bond between this electron and 
the atom is easily broken. Thus, by the addition of minute quantities 
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of arsenic to the germanium structure we have, in effect, provided 
the germanium with a source of free electrons. Substances like arsenic 
or antimony which serve as sources of electrons are called donor im-
purities. Furthermore, the germanium crystal containing these donor 
atoms is known as N-type germanium. The N, of course, refers to the 
fact that the electrical conduction through the crystal is done by elec-
trons, which possess a negative charge. 

P-type Germanium 

It is also possible to add impurities which possess 3 rather than 5 
electrons in their outer orbit. Boron, gallium, and indium are ex-

Fig. 2.7 A hole is produced when an atom of a 

trivalent impurity such as indium replaces a 
germanium atom. 

amples of such substances. As with the arsenic, each trivalent im-
purity atom will replace a germanium atom in the lattice structure, 
Fig. 2.7. However, in this case, instead of having an excess of 1 
electron, we now find ourselves with a deficiency of 1 electron. In 
order to complete the four electron-pair bonds, the trivalent atom 
"robs" an electron from a nearby germanium bond. The net result of 
this robbery is to leave a hole in the neighboring electron-pair band. 
Thus, when the impurity added to the germanium crystal structure 

has only 3 valence electrons, a series of holes is produced. Under the 
stress of an applied emf, electrons from other nearby bonds will be 
attracted to these holes, thereby filling the gaps but creating a similar 
number of holes in their former bonds. Thus, we have the equivalent 
of a movement of holes through the crystalline structure, and conduc-
tion is said to take place by holes. 

Trivalent impurities which create holes are known as acceptor im-
purities, and the germanium crystals which contain these substances 
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are known as P-type germanium. Thus, by the careful selection of the 
impurity to be added, we can determine whether the germanium is of 
the N or P type. Both are employed in transistors, and it is important 
that the reader understand the differences between them and how 
electrical conduction occurs through each. 

It should be noted that a number of holes are present in N-type 
germanium because of the normal breaking of bonds arising from the 
absorption of heat or light energy. This is exactly similar to the action 
in pure germanium. However, the electrons released because of the 

addition of arsenic or other pentavalent impurity atoms are, by far, the 
principal conductors of electricity in N-type germanium. By the same 
token, free electrons exist in P-type germanium, but again, it is the 
holes created by the addition of trivalent-impurity atoms that account 
for the major portion of the electrical conduction that takes place here. 
The holes in N-type germanium and the electrons in P-type ger-
manium are called minority carriers. 
The impurities must be added in carefully controlled amounts; 

otherwise, the germanium crystal structure is modified to such an ex-
tent that transistor action is not obtained. 
The reader may wonder what would happen if both acceptor and 

donor impurities were added to a slab of germanium. The holes 
created by the acceptor atoms would be promptly filled by the extra 
electrons of the donor atoms. If both impurities were present in equal 
amounts, the excess electrons would just fill the excess holes and the 
germanium would act as pure germanium containing no impurities 
(provided the amount of impurities added were minute in quantity). 
On the other hand, if one impurity were present in greater amount, 
the electrons or holes it provided would become the principal carriers 
of electricity. 
We might pause here for a moment and note what effect the addi-

tion of impurities has on the energy-band distribution in the atomic 
structure of a crystal lattice. Before the impurity addition, the energy 
bands were depicted as shown in Fig. 2.8a. These were the valence 
band, the forbidden band, and the top conduction band. If, now, we 
add minute amounts of a donor impurity, we find that extra energy 
levels which were not present in the pure semiconductor are de-
veloped. The extra electron added now establishes an energy level in 
the forbidden band just below the conduction band, Fig. 2.8h. The 
position would appear to be logical, since this extra electron is only 
loosely held by its parent atom and it should therefore be relatively 
easy to remove from that atom. That would bring its position 
close to the conduction band. It would not be completely in the con-



SEMICONDUCTOR DIODES AND TRANSISTORS 25 

duction band, since that would assume it was completely free of any 
influence exerted by its parent atom. 
The amount of energy required to raise the electrons provided by 

the impurity atoms is on the order of 0.05 ev. This is far less than the 
0.7 ev needed to bring an electron from the valence band of a ger-
manium atom to the conduction band. The difference is even greater 
in pure silicon, where the requisite amount of energy is 1.1 ev. 
Note that the forbidden band of Fig. 2.8a exists only in pure semi-

conductor. When an impurity is added, the extent of this band is 
modified as indicated in Fig. 2.8b. 

CONDUCTION BAND CONDUCTION BAND 

_ 
7  0.05 EIÇIEOCLTTRON-

FORBIDDEN BAND DONOR 
ELECTRON 
LEVEL 

VALENCE BAND 7' VALEN/CE, BAND 

(a) (6) 

Fig. 2.8 (al Energy levels in a pure semiconductor. (b) Energy levels in a semiconductor with a 

donor impurity. 

Through a similar process, addition of a P-type impurity will also 
modify the energy-level distribution of a semiconductor, again making 
it easier to bring about conduction. Thus, with impurities, the con-
duction provided by a semiconductor is overwhelmingly taken care 
of by the extra electrons or holes provided by the impurities. Very 
little current is contributed by the breaking of covalent bonds. When 
a semiconductor does not contain any impurities, it is said to be in the 
intrinsic state, as shown in Fig. 2.9a. 

PN Junctions 

If we take a section of N-type germanium and a similar section of 
P-type germanium and join the two together, as shown in Fig. 2-10a, 
we obtain a device which we know as a germanium diode. The 
N-type germanium is at the right, and the P-type is at the left. The 
circles at the right with the positive sign represent the donor atoms. 
They possess positive signs because their fifth electrons have been 
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(a) 

(b) 

Fig. 2.9 A pictorial representation of germanium lattice showing shared electron bonds and the 

manner in which holes and electrons travel from point to point within the crystal structure. (a) Pure 

germanium crystal. (b) Donor atom substituted in germanium lattice. Note loosely bound extra 



(d) 

electron. ( c) N-type conduction; electron free of donor atom. This may occur because of heat or 
electric energy. ( d) Acceptor atom substituted in germanium lattice. Note unfilled band in lower 
right-hand corner of illustration. 



• 
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NEW HOLE brie 
POSITION OF PREVIOUS HOLE. NOW 
FILLED BY Fl FCTRON FROM NEW HOLE 

Fig. 2.9 (continued) (e) Filling vacant bond by thermal excitation of electron from nearby bond. 

(f) P-type conduction. Hole migrating through lattice by excitation of electron from bond to bond. 

(General Electric Company and Electrical Engineering) 
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removed, leaving each of the atoms with a +1 charge. The free elec-
tron is indicated by the negative sign. 

By the same reasoning, an acceptor atom in the P-type germanium 
is represented by a circle with a negative sign, the latter being due to 
the presence of the additional electron which was "robbed" from a 
neighboring electron-pair bond. The hole left by this electron is rep-
resented by a small plus sign. 
When these two germanium sections are joined together, one might 

suppose that all of the excess electrons on the right would im-
mediately cross the junction and combine with the excess holes on the 
left. This action actually starts to occur, but, before it can progress 
very far, it is brought to a halt. Here is why it is. When the sections 

JUNCTION 

N 

0+ 0, 0+ 0®0 
0, 0_  
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+ HOLES — ELECTRONS (EXCESS) 

(a) b) 

Fig. 2.10 ( a) A PN junction forming a familiar germanium diode. (b) The battery drawn across the 
PN ¡ unction represents the restraining forces present at the junction. 

are initially brought together, some of the electrons in the N-type 
germanium cross the junction and combine with a corresponding 
number of holes in the P section. Since the N section was initially 
electrically neutral, loss of some of its electrons leaves it with a net 
positive charge. This charge increases as the number of departed elec-
trons increases, and a point at which no additional electrons are cap-
able of overcoming this positive force is quickly reached. 
By the same token, the P section itself was also electrically neutral 

at the start. When it loses some of its positive holes through com-
bination with electrons from the N section, it develops a net negative 
charge. As additional electrons from the N section attempt to ap-
proach the junction, not only are they held back by the net positive 
charge existing in their own section, but they are also repelled by 
the net negative charge of the P section. Thus, the migratory action 
is halted. 
The region in the immediate vicinity of the junction is called the 

depletion region because of the absence of any mobile charge there. 
In the N section, the free electrons initially present were lost, as de-
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scribed above, by combination with the free holes just on the other 
side of the junction in the P section. Beyond the depletion region, 
free electrons are present in the N section. These free carriers, how-
ever, are restrained from approaching the junction as explained above. 

Several pictorial methods have been employed to indicate the re-
straining forces present at a junction. In one illustration, a small bat-
tery is placed across the junction in the manner shown in Fig. 2- lob. 
The negative terminal of the battery connects to the P-type ger-
manium, while the positive terminal of the battery attaches to the N-
germanium side. Electrons attempting to travel from the N-ger-
manium side to the P side encounter the negative field of the battery 
and are repelled. By the same token, holes attempting to move from 
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Fig. 2-11 A second method of indicating the forces present at the PN junction which prevent the 

combination of the holes at the left with the electrons at the right. 

the P side to the N side see the positive battery terminal, and they, 
too, are repelled. 
A second method of representation utilizes what are called poten-

tial "hills." The electrons on the N side have to climb a negative 
potential hill in order to reach the P side, Fig. 2.11b. The hill, of 
course, is the repelling force of the acceptor atoms. On the other side 
of the junction, the holes have to climb a positive potential hill in 
order to move to the right, Fig. 2..• lia. 

In order to produce a flow of current across the junction, we must 
reduce the potential hill that exists there. This can be done by apply-
ing an external potential across the ends of the two germanium 
crystals, Fig. 2.12. The negative terminal of the battery connects to 
the N-type section, and the positive terminal of the battery connects 
to the P section. The free electrons in the N section are repelled by 
the negative battery field and move toward the PN junction. At the 
same time, the positive holes in the P section are forced toward the 
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junction by the repelling force of the positive battery field. If the 
battery is strong enough, it will 4e. /7';ér ' he potential hill at the junction 
and enable the carriers to move across to the opposite side. Once the 
junction crossing is made, a number of electrons and holes will com-
bine. For each hole that combines with an electron from the N-type 
germanium, an electron from an electron-pair bond in the crystal 
and near the positive terminal of the battery leaves the crystal and 
enters the positive terminal of the battery. This creates a new hole 

+ 0+ 0+ 0 
••••••,. s-•••• 

0 2.. 20.4 2 
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 +Mir  
Fig. 2.12 The effect on the PN junction of application of forward basis. 
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Fig. 2.13 The current flow in the N region is by electrons; in the P region, the current is carried by 

holes. In the vicinity of the junction, both types of carriers are present. 

which, under the force of the applied emf, moves to the junction. For 
each electron that combines with a hole, an electron enters the crystal 
from the negative terminal of the battery. In this way we maintain 
the continuity of current flow. Stoppage at any point immediately 
breaks the entire circuit, just as it does in any ordinary electric circuit 
If this were not so, then electrons would pile up at some point and 
result in a gradually increasing charge or potential at that point. Since 
this does not occur, we must treat the circuit operation in the manner 
which has just been indicated. 

Note that current flow in the N region is by electrons; in the P 
region, the current is carried by holes, Fig. 2.13. As we approach 



32 TRANSISTORS 

closer to the PN junction, we find both types of carriers. The overall 
value of current, however, remains constant and is a function of the 

applied voltage. 
As the external voltage is increased, it gradually overcomes the re-

straining forces present at the junction and the current rises. Once 
the restraining forces are completely overcome, the current rises 
sharply, as shown in Fig. 2.14. If the current flow is permitted to 
reach too high a value, the heat generated will permanently damage 
the junction and the unit will no longer function in the manner de-

scribed above. 
In the preceding discussion, the diode was biased in its forward, or 

low-resistance, direction. If, now, we reverse the polarity of the ap-

Fig. 2.14 The behavior of the current flow 

through a germanium diode as the forward 

voltage is increased. 

APPLIED VOLTAGE —3. 

plied voltage, we find that the battery acts in consort with the poten-
tial barrier at the junction and practically no current passes at all. 
The diode is biased in the reverse direction. 
The reason for the current decrease is readily understood. With the 

negative battery terminal connected to the P-germanium section, the 
excess holes, with their positive charge, are attracted away from the 
junction, Fig. 2.15. At the same time, the positive terminal of the 
battery at the N side attracts the excess electrons away from the junc-

tion. 
The overall characteristic curve of a germanium diode is shown in 

Fig. 2.16. The portion of the curve to the right of the zero line repre-
sents the forward current, and the reason for the sharp, upward swing 
of the curve has already been discussed. The swing upward occurs at 
relatively low voltages, possibly no more than 0.2 to 0.3 volt for ger-
manium and 0.6 to 0.8 volt for silicon. To the left of the zero line we 
have the diode characteristic under reverse bias. We see that a cur-
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rent does flow, although it is usually on the order of microamperes 
and remains so until the reverse voltage is brought well above 20 to 
30 volts for most diodes. 
The sources of this reverse current are the minority electrons and 

holes which receive enough energy from heat and light reaching the 
crystal to break their covalent bonds. The reverse bias attracts these 

N 

Fig. 2.15 When the battery connections are reversed, the electrons and holes are drawn away 

from the PN junction. 

Fig. 2.16 The overall static characteristic curve of a germanium diode. The portion of the curve 

to the left of the vertical line is shown dropping faster than it should ( by comparison with the curve 

at the right). 

electrons and holes, and a minute current flows through the circuit. 
The electrons of the P-type material travel to the positive battery 
terminal, and as they enter this terminal ( or the lead extending from 
the terminal), an equivalent number of electrons enter the germanium 
from the negative side of the battery. Similarly, holes of the N-type 
material move toward the negative terminal, and when they reach 
this point, they receive electrons with which they combine. For each 
such combination, one electron leaves a covalent bond in the crystal 
near the positive terminal of the battery and enters the battery. This 
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creates a new hole which, under the force of the applied emf, moves 
across the crystal. The situation here is similar to what it was when 
the battery voltage was reversed and the majority carriers were in-
volved. Now we are dealing with minority carriers, those electrons 
and holes that exist on the "wrong" side of the PN junction. 
The reverse current is small because the number of minority carriers 

in each section is small. Actually, together with this reverse current is 
a minute leakage current that flows along the surface of the diode. 
This is essentially an Ohm's law phenomenon governed by E = IR. 
The R is the resistance offered by the diode surface to the applied 
voltage. Further, since the current obeys Ohm's law, it will be present 
whether the diode is forward- or reverse-biased. However, its effect 
is more noticeable under reverse-bias conditions because it more 
closely approaches the reverse current than the forward current in 
value. 
As the value of the applied reverse voltage increases, a point at 

which there is a sharp increase in current is reached. This steep rise 
is due to a phenomenon known as avalanche breakdown, in which 
minority electrons, passing across the PN junction, gain sufficient 
energy to knock off valence electrons bound to the crystal lattice and 
raise them to the conduction band. One minority electron may thus 
free several valence electrons through collision. In turn, these valence 
electrons may each gain enough energy to free two or more additional 
electrons, until a considerable flow of current ensues. To sum up, 
then, germanium diodes offer a relatively low resistance when biased 
in the forward direction and a very high resistance when biased in 

the reverse direction. 
Avalanche breakdown is sometimes called the Zener effect, after the 

American physicist Clarence Zener. About twenty years ago, Zener 
made theoretical investigations of the problem of electrical break-
down in insulators. He came to the conclusion that when the voltage 
across an insulator rose high enough, electrons could be torn from the 
valence band and raised to the conduction band fast enough to 
account for the large breakdown currents. When breakdown was 
observed in PN junctions, it was felt that it occurred by the same 
mechanism. Subsequent investigation proved this was not so, but 
rather that the action described above took place. In spite of this, the 
breakdown voltage of junctions is often called the Zener voltage 

rather than avalanche voltage. 

Junction Transistors 

An NPN junction transistor is formed by placing a narrow strip of 
P-type germanium between two relatively wide strips of N-type get-



SEMICONDUCTOR DIODES AND TRANSISTORS 35 

manium. This is shown in Fig. 2-17. Low-resistance contact is then 
made to each strip for external circuit attachment. The N-type crystal 
at the left is called the emitter; the central P-type strip is known as 
the base; and the end germanium crystal is called the collector. 
Although these names have no particular significance as yet, they 
will tie in with the operation of the transistor. Some transistors, par-
ticularly those fabricated by the grown-junction method, actually 
take the physical form shown in Fig. 2-17. Most other junction tran-
sistors assume somewhat different forms, although the sequence of 
emitter, base, and collector remains unaltered. The form shown in 
Fig. 2-17 lends itself quite well to the present discussion and that is 
why it is being used. 

As with the PN junction diode, the two end sections of the NPN 
transistor contain a number of free electrons, while the central P 

EMITTER COLLECTOR 

Fig. 2.17 An NPN transistor and the names of its three sections. 

section possesses an excess of holes. At each junction, the action that 
takes place is the same as that previously described for a diode; i.e., 
depletion regions develop and small potential hills appear. These are 
then modified by the external voltages which are subsequently 
applied. 

Transistor biasing. To employ the NPN transistor as an amplifier, 
we would bias the emitter and base sections in the forward, or low-
resistance, direction. This is shown in Fig. 2-18a. At the same time 
we would bias the base and collector sections in the reverse, or high-
resistance, direction, Fig. 2-18h. Both bias voltages are shown in Fig. 
2-18c. Now let us see what happens under these conditions. 

Since the emitter and base sections are biased in the forward direc-
tion, current will flow across their junction. Every time an electron 
from the emitter section crosses the junction and combines with a 
hole of the base section, an electron leaves the negative terminal of 
the battery and enters the emitter crystal. The battery cannot con-

tinue to supply electrons from the negative terminal without receiving 
an equivalent number at the positive terminal; hence, for each elec-
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tron leaving the negative terminal, the positive side receives an elec-
tron from the base section. This loss of electrons in the base creates 
holes which then travel to the junction for eventual combination with 
electrons from the emitter. 
Thus far, of course, we are on familiar ground—ground which was 

previously explored. The main carriers of electricity in P-type ger-
manium are holes. And this is precisely the situation described above. 
If the center base section were made quite thick, then practically 
the entire current flow would occur in the manner described and would 

EMITTER BASE COLLECTOR 

\\N N N 

III 
(a) Emitter-base biasing (b) Collector- base biasing 

N 

(c) Total biasing 

Fig. 2.18 The proper method of biasing an NPN transistor for use as on amplifier. 

be confined entirely between emitter and base. There would be little 
current between base and collector because of the reverse biasing ex-
isting there. 
When, however, the base strip is made exceedingly thin, transistor 

amplifying action is achieved. For with the base thin, electrons leav-
ing the emitter pass right through the base section and into the col-
lector region, where they see a positive attractive force that impels 
them on. Thus, they travel through the collector section and around 
the external circuit back to the emitter again, completing their path 
of travel. 
At this point the reader may wonder why the emitter current flows 

through the collector when it was specifically stated that the collector 
was biased in the reverse, or high-resistance, direction. If we disregard 
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the base for a moment and simply consider the path from the emitter 
to the collector internally and from the collector to the emitter ex-
ternally, we see that the two bias batteries are connected series aid-
ing. Thus, any emitter electrons that pass through the base region 
without combining with the holes present there will find the attracting 
force of the collector battery urging them on through the collector 
section. The reverse biasing between collector and base does not affect 
the emitter electrons that pass through the base and reach the collector. 
With the base strip made very thin, the number of combinations 

between emitter electrons and base holes will be quite small, prob-
ably no more than 2 per cent of the total number of electrons leaving 
the emitter. The remaining 98 per cent of the electrons will reach the 
collector strip and travel through it. Thus, while the number of elec-
trons leaving the emitter is a function solely of the emitter-base volt-
age, the element which receives most of this current is the collector. 
The analogy here to vacuum-tube behavior is very marked. In a tube, 
the number of electrons leaving the cathode ( i.e., the emitter) is 
governed by the grid-to-cathode voltage. However, it is the plate ( i.e., 
collector) which receives practically all these electrons. In a tube, the 
amount of current flowing is regulated by varying the grid-to-cathode 
voltage. In a transistor, the emitter-collector current is varied by 
changing the emitter-base voltage. 

Note, too, that because the base current is very small, a change in 
emitter bias will have a far greater effect on the magnitude of the 
emitter-collector current than it will on base current. This also is de-
sirable, since it is the current flowing through the collector that 
reaches the output circuit. ( By the same token, it is the current flow-
ing through the plate circuit in a tube that is important.) 

Transistor gain. We achieve a voltage gain in the transistor because 
the input, or emitter-to-base, resistance is low ( because of the forward 
biasing between the two elements), whereas a high load resistance 
can be used because the collector-to-base resistance is high ( owing 
to the reverse bias there). A typical value for the emitter-to-base re-
sistance is about 100 ohms, and a typical value for the load resistor is 
10,000 ohms. 
The current that reaches the collector is 98 per cent of the current 

leaving the emitter. If, now, we multiply the current gain ( 0.98) by 
the resistance gain 10,000/100, we shall obtain the voltage gain of 
the collector circuit over the emitter circuit. Numerically, this is 

000 Voltage gain = current gain X resistance gain = 0.98 X 10,= 98 
100 
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Thus we see that while the current gain here is actually a loss, this 
is more than made up by the extent to which the collector resistance 
exceeds the emitter resistance. Furthermore, this overwhelming dif-
ferential in resistance will also provide a power gain. This means that 
with a small amount of power in the input, or emitter-to-base, circuit, 
we can control a much larger amount of power in the output, or 
collector-to-base, circuit. Both of these characteristics are important; 
without them the transistor would have only limited application in 
electronics. 
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O 

+ v 

N N 

FREE 
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Fig. 2• 19 The potential- hill diagram for an NPN ¡ unction transistor. ( After H. K. Milward, Intro-

duction to Transistor Electronics, Wireless World, March, 1955) 

The voltage gain indicated above is that which would be obtained 
if the transistor operated into a very high impedance circuit. Actually, 
one of the problems which is encountered in cascaded transistor 
amplifiers is that of matching the relatively high output impedance of 
a prior stage with the low input impedance of the following stage. 
This point will be discussed in greater detail in Chap. 4. 

Potential hills. Because a complete understanding of what happens 
within the transistor is so vital to future circuit application, still an-
other approach, based on potential hills, is deemed desirable. This 
method, Fig. 2.19, reveals the effects of emitter, base, and collector 
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voltages and presents a simplified visual picture of junction-transistor 
operation. ( We continue to repeat the word "junction" because we 
shall presently consider another type of transistor.) 

When the emitter is biased in the forward direction and the collec-
tor in the reverse direction, electrons leaving the N-type emitter will 
see only a small potential hill in front of them ( at the NP junction), 
one that many of them can surmount. Once atop the hill, the "ground" 
levels off and the electrons move through the P layer of the base quite 
readily. When they reach the junction between the base and the N-
type collector, the electrons come under the influence of the positive 
battery potential and surge forward strongly. In the voltage diagram, 
this attraction is represented as a downward slope which electrons 
(like human beings) find simple to traverse. 

If the forward bias on the emitter is reduced, we are, in effect, 
raising the height of the base potential hill. Electrons leaving the 
emitter will find the higher hill more difficult to climb, and only those 
electrons possessing the greatest amount of energy will be able to 
reach its summit and, from there, move to the collector ahead. Cur-
rent will consequently be reduced. 
By the same token, increasing the forward bias on the emitter will 

reduce the height of the hill, thereby enabling more emitter electrons 
to enter the base region. Thus the biasing voltages used in a transistor 
have a very important effect on its operation. Another significant con-
trolling factor is the width of the base. This is demonstrated by the 
next two illustrations. 
Two three-dimensional representations of this potential diagram 

are given in Figs. 2.20 and 2.21. The difference between the two 
drawings lies in the width of the base sections. If the base section is 
wide, the tendency for emitter electrons ( represented here by balls) 
to end up at the base electrode ( because of combination with holes) 
is much greater than it is when the base section is narrow. In a physi-
cal model of these illustrations, the potential surfaces through the 
transistor are formed by a rubber membrane supported at several 
points. The holes in the base section are represented by a slight dip, 
or "valley," at the center of the base membrane. The wider the base 
section, the more difficult it is for the balls to roll through the base 
valley and over the edge of the precipice into the collector region 
without being trapped by the base dip. 
On the other hand, if the base region is made quite narrow, any 

balls having enough energy to surmount the initial rise of the base hill 
possess enough energy to reach the far edge of the base and fall down 
into the collector. 
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BALLS REPRESENTING 
ELECTRONS IN A STATE OF 
RANDOM MOTION DUE 
TO THERMAL AGITATION 

MEDIUM SPEED"' 
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Fig. 2.20 A three-dimensional representation of the potential levels in an NPN germanium 

transistor. Suitable bias voltages are assumed to be applied to the various electrodes. In this 

illustration, the base is made wider than normal to demonstrate its effect. ( Wireless World) 

BASE ELECTRODE 

COLLECTOR 
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Fig. 2•2 I The some illustration as Fig. 2.20 except that the base layer is narrow. ( Wireless World) 
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Thus, the width of the base section has a very direct bearing on 
transistor gain, both voltage and power. For if the percentage of cur-
rent reaching the collector decreases to very small values, it will re-
duce the voltage gain in the same proportion. Power, being propor-
tional to the square of the current, will be adversely affected to an 
even greater extent. 
From the foregoing discussion we can formulate two rules concern-

ing the normal use of this and all transistors: 
1. The emitter is biased in the forward, or low-resistance, direction. 
2. The collector is biased in the reverse, or high-resistance, direction. 
That these rules are always true can be seen if we consider their 

alternatives. If the emitter is biased in the reverse direction, it will 
not permit any electrons to reach the base region. And a reverse-
biased emitter, with a reverse-biased collector, will produce a tran-
sistor in which current never passes. There are occasions, as with 
vacuum tubes, when it is desirable to bias the transistor to cutoff. In 
the case of a vacuum tube, this is done by increasing the negative 
bias on the grid with respect to the cathode. In the case of a transistor, 
cutoff is achieved by bringing the emitter-to-base bias to zero or even 
inserting a small amount of reverse biasing voltage. In the majority 
of applications, however, the statement indicated in ( 1) is true. 

If the emitter and collector are both forward-biased, then the gen-
eral tendency will be for the emitter electrons to flow between emitter 
and base and for the collector electrons to flow between collector and 
base. In essence we shall have two junction diodes possessing a com-
mon base. If the collector forward voltage is larger than the emitter 
voltage, some of the collector electrons will flow back to the collector 
via the emitter. But in any event, the desired amplification will not 
be obtained, and the purpose of the transistor will be defeated. 
At this point, a note of caution regarding the application of reverse 

voltage to transistors is necessary. As we shall see later, the emitter 
bias voltage is quite small, on the order of 1 volt or less. The collector 
reverse voltage is generally much higher. If we should mistakenly 
connect the collector battery in the forward direction, the excessive 
current flowing through this section may develop enough heat to 
destroy the junctions and render the transistor worthless. Hence, 
always be certain the collector voltage polarity is correct before mak-
ing connections. 

It is interesting to note that a transistor possesses a bidirectional 
facility that is impossible to achieve in vacuum tubes. That is, we can 
forward-bias the collector with a low voltage, reverse-bias the emitter, 
and then feed the signal in at the collector. The current gain under 
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these conditions will be somewhat less than it is when the unit is 
employed normally. As a matter of fact, in Chap. 7 there is described 
a television phase detector in which the emitter and collector sections 
are structurally identical and each takes turns sending current through 

the transistor. 
Transistor amplifier. We are now ready to connect the NPN tran-

sistor into an actual amplifier circuit with the signal input at one end 
and the load resistor at the other, Fig. 2-22. The incoming signal is 
applied in series with the emitter-to-base bias, and the load resistor 
is inserted in series with the collector battery. When the signal volt-
age is zero, the number of electrons leaving the emitter and entering 
the base region is determined solely by the forward bias on the emit-

1"J 

INCOMING e 
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N N 

Fig. 2.22 The NPN transistor connected as an amplifier. 

ter. This situation can be represented by the potential-distribution 
diagram shown in Fig. 2-23a. When the signal goes negative, it adds 
to the forward bias, further reducing the height of the base hill and 
causing more electrons to flow through the transistor. This is shown 
in Fig. 2-23b. During the next half cycle, the signal goes positive, re-
ducing the forward bias of the emitter and thereby reducing the 
number of electrons leaving the emitter and entering the base and, 
subsequently, the collector regions. This is shown in Fig. 2-23c, 
where the height of the base hill has been increased. 
At the other end of the transistor, these current fluctuations produce 

corresponding voltage variations across RI„ the load resistor. When the 
input signal is negative and the current increases, the collector end of 
RI, becomes more negative. By the same reasoning, when the signal 
goes positive, current decreases and the collector end of RL becomes 
relatively more positive. 
Thus, through this transistor, amplification is achieved without the 

normal 180° phase shift we are accustomed to in vacuum tubes. This 
is not always true of transistors, and in our subsequent study we shall 
.ecome across instances when signal phase reversal does occur. 

r‘,"` Another point to note here is that with this transistor, an increase in 
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Fig. 2-23 Transistor-amplifier operation demonstrated by potential hills. 

signal polarity ( i.e., positive) causes the transistor current to decrease. 
This is in direct contrast to normal vacuum-tube amplifiers when the 
signal is applied to the grid. On the other hand, with the PNP tran-
sistors to be studied next, a positive increase in signal polarity causes 
the transistor current to increase. 
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All this is mentioned in an attempt to illustrate that although tran-
sistors and the more familiar vacuum tubes contain mans, points in 
common, they also differ in many respects, and it is suggested that the 
reader learn to think of each in terms of itself. We shall have occasion 
to make additional comparisons between these two devices. This, of 
course, is natural, since transistors do the same basic job that vacuum 
tubes do. However, transistors represent an entirely different approach 
to amplification, with many new features and characteristics. To at-
tempt at each point to find an equivalent property in vacuum tubes 
for each characteristic in transistors will, in the long run, lead only 
to confused thinking. Learn to regard transistors in terms of their own 
operation and vacuum tubes in terms of theirs. 

PNP Transistors 

In the formation of the initial transistor from a PN junction, we 
added a second N section to evolve an NPN transistor. We can ap-

BASE 

EMITTER j_— COLLECTOR Fig. >24 A PNP transistor. 

proach the same problem by adding another P section to produce a 
PNP transistor, Fig. 2-24. The emitter and collector sections are 
formed now of P-type germanium, while the base section consists of 
N-type germanium. Since this is actually the reverse—as far as mate-
rial structure is concerned—of the NPN transistor, we should expect 
differences in the mode of operation and in the polarity of the voltages 
applied to the emitter and collector. 
A typical bias setup with a PNP transistor is shown in Fig. 2-25. 

The positive side of the battery connects to the emitter, while the 
negative terminal of the battery goes to the base. The collector battery 
is attached in the reverse manner, with the negative terminal connect-
ing to the collector and the positive terminal going to the base. Holes 
are the current carriers in the emitter and collector sections; in the 
N-type base section, electrons are the principal carriers. With the 
emitter-bias battery connected as shown in Fig. 2-25, the positive 
field of the battery repels the positive holes toward the base section. 
At the same time, the negative battery terminal at the base drives the 
base electrons toward the emitter. When an emitter hole and a base 
electron combine, another electron from the emitter section enters the 
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positive battery terminal. This creates a hole, which then starts travel-
ing toward the base. At the same instant, too, that the first hole and 
electron combine, another electron leaves the negative battery termi-
nal and enters the base. In this way, current flows through the base-
emitter circuit. 

In the PNP transistor, the holes are carriers in the emitter section, 
and when they cross the junction into the base region, a number of 
them combine with the base electrons. However, well over 90 per cent 
of the holes do not combine with base electrons; rather, they pass 
through the base region and continue on to the collector. There they 
meet a negative attractive force and move toward the collector termi-
nal. When the terminal is reached, an electron from the battery com-
bines with a hole and effectively neutralizes it. At the same instant, an 

1 
Fig. 2.25 Method of biasing a PNP transistor. Fig. 2.26 A PNP transistor amplifier. 

electron leaves the emitter region and starts on its way around the 
outer circuit to the collector battery. 

Note, then, that although holes are the current carriers in P-type 
germanium, current conduction through the connecting wires of the 
external circuit is carried on entirely by electrons. This fits in with the 
current conduction that we are familiar with. 

The incoming signal and the load resistor occupy the same posi-
tions in a PNP transistor amplifier that they do in an NPN transistor 
amplifier, Fig. 2-26. Only the polarity of the biasing voltage is 
reversed. 

Point-contact Transistors 

The discussion thus far has been concerned solely with junction 
transistors. These are the only types of transistor in use today. From 
the standpoint of discovery and initial development, however, the 
point-contact transistor comes first, and it is of historical interest to 
examine its mode of operation briefly. As with the junction transistor, 
it is best to start with a point-contact diode, such as we have had 
available for several years. 
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Point-contact diodes. A point-contact diode is shown in Fig. 2.27. 
One section consists of a small square rectangular slab of germanium 
to which a controlled amount of impurity has been added. Generally, 
a pentavalent impurity is added, giving us N-type germanium. The 
other half of the diode consists of a fine phosphor-bronze or beryllium-
copper catwhisker wire which presses against the center of the ger-
manium slab. The opposite end of this wire represents one terminal 
of the diode, while a metal plate deposited on the far side of the 
germanium crystal serves as the second terminal. 

LEAD WIRE 

GLASS FILLED PLASTIC CASE 

NICKEL-SILVER "CLIP-IN" PIN 
CAT WHISKER 

MOISTURE-RESISTANT 
IMPREGNATING WAX 

GERMANIUM CRYSTAL 

Fig. 2.27 Cross-sectional view of internal structure of a germanium diode. ( CBS-Hytron) 
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Fig. 2.28 A point-contact germanium 

diode showing the approximate dis-

tribution of the N- and P-type 

germanium. 

An important step in the fabrication of this diode is the passage of 
a relatively large current from the catwhisker wire to the germanium 
slab. The purpose of this "forming" current is to produce a small area 
of P-type germanium in the region surrounding the point of contact 
of the phosphor-bronze tip. The germanium diode now consists of P-
and N-type germanium, Fig. 2.28, and the explanation of its operation 
follows exactly along the lines previously indicated for a PN junction 

diode. Maximum current will flow when the base plate is made nega-
tive with respect to the catwhisker wire, and minimum current will 
flow when these voltages are reversed. The principal current carriers 
in the N section are electrons, while the principal carriers in the P sec-
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tion are holes. The boundary between the two can be considered as a 
PN junction, even though the contour of this junction differs consid-
erably from the junctions previously discussed. 

Point-contact-transistor operation. To form a point-contact tran-
sistor, two phosphor-bronze wires are mounted side by side as shown 
in Fig. 2.29. One wire forms the emitter of the transistor; the other 
wire, the collector. A third electrode, the base, is a large-area metal 
plate deposited on the underside of the germanium wafer. The final 
preparatory step is that known as electrical forming. In this process, 
relatively large surges of current are passed through the wires to the 
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Fig. 2.29 (a) A point- contact transistor. The emitter and collector wires are each held tightly 

against the germanium block. (b) The physical construction of a point- contact transistor. 

base. As in the preceding diode, this current serves to form small areas 
or islands of P-type germanium under each wire electrode. The area of 
each P section is extremely small, possibly no more than a few atomic 
layers thick. 

To understand how a point-contact transistor functions, let us con-
nect the unit into the circuit shown in Fig. 2.30. The collector is 
biased in the reverse, or high-resistance, direction. In this case, since 
the collector wire is assumed to be the connecting terminal for a P 
layer, it receives the negative terminal of the battery. The base, then, 
is connected to the positive battery terminal. The emitter is biased in 
the forward direction; therefore, it connects to the positive terminal of 
the battery. 
Now let us place current meters, switches, and resistors in each of 

the emitter and collector branches. The resistor in the emitter branch 
is more in the nature of a limiting resistor, since this portion of the 
transistor is biased in the forward direction. The resistor in the col-
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lector circuit is a load resistor across which the output signal will be 

developed. 
As a start, let us open switch S and close switch S,. Since the col-

lector is biased in the reverse direction, very little current should flow 
under these conditions. Actually, with about 25 volts for battery B2., 
a current of a few microamperes will be found to flow. This current, 
like the reverse current in a diode, stems from the presence of free 
electrons in P-germanium sections and holes in N germanium. These 
are the minority carriers, and they obtain their energy principally from 
thermal absorption, although impinging light photons may also be a 
factor. ( The same behavior is displayed by the junction transistor.) If 
we continue to raise the value of the reverse voltage, we shall eventu-
ally reach a point where the stress of the applied electric field will be 

CURRENT 
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Fig. 2.30 A point-contact transistor with its bias voltages. These voltages follow the some rules of 

application as those indicated for junction transistors. 

great enough to produce a cumulative buildup of electrons through 
collision and a large current will ensue. This occurs at the avalanche 
breakdown voltage. In the present discussion we are far from this 
level, and only the slight current mentioned above will be measured. 

If, now, we permit the collector circuit to remain as it is and close 
switch S, two things will happen. First, current will flow in the 
emitter circuit. Second, the current in the collector circuit will rise. 
Furthermore, if an input signal is placed in series with the emitter 
bias, then as the total voltage increases ( i.e., becomes more positive), 
the current in the collector circuit will increase also. On the negative 
half cycle of the signal, when its voltage is acting in opposition to the 
bias battery and reducing the overall positive voltage applied to the 
emitter, it will be found that the collector current will decrease too. In 
other words, variations in the input circuit will produce corresponding 
variations in the output circuit. 

It is apparent from this behavior that the emitter circuit influences 
the collector circuit in point-contact transistors just as it does in junc-
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tion transistors. Since the area around the emitter catwhiskers is P-
type germanium and the base is N-type germanium, we can fall back 
on what we have already learned about junction transistors to at-
tempt an explanation. With the emitter-to-base circuit biased in the 
forward direction, the holes in the emitter section move toward the 
base junction ( the semicircular boundary of the P area). At the same 
time, the electrons in the base move toward the emitter junction. At 
the junction, a small number of the holes combine with base electrons. 
For every electron that the base loses in this manner, one electron 
leaves battery B, and moves into the base section. In the same way, 
every hole that the emitter loses by combination forces one electron to 
leave the emitter and enter the emitter wire on its way to the positive 
battery terminal. This loss of an electron produces a hole, which then 
starts migrating toward the base junction. 
The majority of the holes which leave the emitter drift toward the 

collector, attracted by the negative collector voltage. On their way 
there, some of the holes combine with the free electrons present in the 
base. The holes arriving at the collector combine with electrons 
which the negative terminal of the collector bias battery provides. For 
every such combination an electron leaves the emitter section and 
enters the emitter wire. Electron travel is from emitter through both 
bias batteries to collector, with the base being completely bypassed. 
(The reader will note that a similar current exists in junction 
transistors.) 
Now, if the foregoing represented the entire action in a point-

contact transistor, then the current flowing in the emitter circuit would 
be larger than the current flowing in the collector circuit. The differ-
ence would be that portion of the emitter current diverted to the base. 
Actually, it is found that a change of 1 ma in the emitter circuit of a 
point-contact transistor produces a 2- to 3-ma change in the collector 
circuit. Here, obviously, is a significant departure from the effects ob-
served in junction transistors, and the natural question to ask is: 
"Where does this additional current come from?" 

It is believed that the additional current is due to the fact that the 
emitter holes, in traveling to the collector, form a positive space charge 
which attracts electrons from other sections of the germanium crystal 
and causes them to add to the collector current. These additional elec-
trons ( which are separate from the electrons that combine with the 
holes from the emitter) are confined solely to the collector circuit and 
travel in the path from the negative terminal of the battery through 
the collector and base sections of the germanium crystal and out 
through the base lead back to the battery again. In effect, what the 
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holes do is reduce the internal resistance of the collector circuit, per-
mitting a greater current to flow for the same applied voltage. Partial 
proof of this is the fact that whereas the internal resistance of the col-
lector circuit in junction transistors is on the order of 500,000 ohms or 
more, in the point-contact transistor, it is typically about 20,000 ohms. 
The foregoing behavior in point-contact transistors explains why the 

two catwhisker wires must be positioned close to each other. The 
greater their spacing, the less likelihood there is of emitter holes last-
ing long enough to reach the collector area. The separation distance of 
the two wires, then, is critical. 
The reason for the marked difference in behavior of point-contact 

and junction transistors stems largely from the difference in con-
struction. In the point-contact transistor, there is a large base area 
from which electrons may be drawn to enhance the normal collector 
current. The holes, traveling from emitter to collector, serve to attract 
these excess electrons through their strong positive field. In a com-
parable junction transistor, a PNP unit, the base section is quite nar-
row and can supply only a limited number of electrons to the col-
lector current. Hence, the same current-gain effect is not observed. 
The point-contact transistor is no longer being manufactured, be-

cause the junction transistor is superior to it in nearly all respects. 
Junction transistors are easier to manufacture; hence, they can be 
made more economically. A junction transistor will handle larger 
amounts of power, because each interelement junction possesses a 
larger area than the corresponding catwhisker wire and its junction. 
Finally, a junction transistor, operated in the common-emitter mode 
which we will study presently, can provide higher current and voltage 
gains than a point-contact transistor can. 
Because of the almost complete disappearance of the point-contact 

transistor from the engineering scene, no further mention will be made 
of it. 

QUESTIONS 

2.1 Draw a simple diagram showing how the germanium atoms 
are bound to one another in a crystal. 

2.2 Since all the electrons in a germanium crystal are held fairly 
tightly, explain why germanium is considered a semiconductor rather 
than an insulator. 

2.3 What is a hole in a semiconductor, and how is it formed? 
2.4 How do holes travel through a semiconductor? 
2.5 When an electric field is applied to a semiconductor, what is 

the effect on holes and free electrons? 
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2-6 How is N-type germanium formed? List several substances 
which could be employed in this process. 

2-7 How is P-type germanium formed? List several substances 
which could be employed in this process. 

2.8 Are holes ever found in N-type germanium or electrons in 
P-type germanium? Explain. 

2-9 Draw a PN junction showing the donor and acceptor atoms 
and the free holes and electrons on their respective sides. 
2-10 What prevents the wholesale recombination of excess holes 

and electrons at a PN junction? 
2.11 What do we mean by a "potential hill"? 
2.12 How is a battery connected to a PN diode in order to 

initiate a flow of current? In order to prevent current flow? 
2.13 Explain the mechanism of current flow through a crystal 

diode when the diode is biased in the forward direction. 
2.14 Draw the characteristic curve of a germanium diode. Explain 

the reason for the reverse current. 
2.15 What is the avalanche voltage in a crystal diode? 
2-16 How is an NPN junction transistor formed? Sketch such a 

transistor and label each section. 
2.17 Describe the rules that must be followed in biasing a tran-

sistor. 
2-18 Why must the base section be made as thin as possible in a 

transistor? What happens when it is made too wide? 
2.19 Explain how a transistor operates. 
2-20 How is gain achieved in a junction transistor? 
2.21 Why is there no signal reversal between input and output of 

the amplifier shown in Fig. 2-22? 
2.22 Draw the diagram of an amplifier using a PNP transistor. 
2.23 Describe the flow of current through a PNP transistor. 
2.24 How do point-contact and junction transistors differ in struc-

ture? 
2-25 Describe the operation of a point-contact transistor. 



CHAPTER 3 

Transistor Characteristics 

WHEN TRANSISTORS N% ere first developed, they could handle only 
milliwatts of power, and that at fairly low frequencies. Both of these 
limitations were serious drawbacks which severely limited transistor 
application. Since then, the frequency limitation has all but been re-
moved, while the power-handling capabilities have been increased 
several thousand times so that we now possess many transistors capa-
ble of handling from 5 to 100 watts. Transistors still are subject to 
many limitations, and the more important of them will be covered in 
this chapter. Substantial manufacturing progress has taken place, 
however, and it is reasonable to expect that progress will not only 
continue at its present pace but even accelerate. In any event, the 
transistor is today a finely engineered device that possesses a high 
degree of stability capable of performing a wide variety of functions. 

In the paragraphs to follow, we shall examine the more important 
characteristics of transistors, physical as well as electrical. In addition, 
we shall compare transistors with vacuum tubes to achieve a clear 
understanding of the differences and similarities. 

Power 

The power capability of a transistor is limited by three major fac-
tors. First, there is the maximum reverse voltage which the collector 
can withstand. When this reverse voltage is raised beyond a certain 
point, an electrical breakdown is created between the collector and 
base. This is generally the avalanche effect previously noted on 
page 34. 
There is also another mechanism of voltage breakdown, called 

punch-through. This results from an expansion of the depletion region 
that exists on either side of the PN junction between the base and col-

52 
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lector ( see page 30). When a negative voltage is applied to the 
collector of a PNP transistor ( positive voltage terminal to the base), 
the holes in the P-type collector will be attracted to the negative po-
tential. Similarly, the electrons in the N-type base will be attracted 
by the positive potential applied to the base terminal. This attraction 
of the carriers away from the junction creates a depletion region in 
which there are no free carriers, Fig. 3. la. As the voltage across the 
junction is increased, the depletion region expands and, at some par-
ticular voltage, will expand through the entire base region and ac-
tually come in contact with the emitter junction. This is shown in Fig. 
3. lb. The voltage at which this effect takes place is called the punch-
through voltage. When punch-through occurs, and at higher voltages, 

(a) 

DEPLETION 
REGION 

(b) 

Fig. 3-1 Mechanism of punch-through voltage. 

DEPLETION 
REGION 

the normal transistor action ceases and the base can no longer control 
the current flow. As a practical matter, the resultant dynamic short 
circuit between collector and emitter permits a flow of current that is 
limited only by the resistance in the external circuit. 
With either of the above two conditions, the transistor may be dam-

aged if too much current flows. If the current flow is not excessive, 
however, the transistor may not be damaged. 
A second factor that limits the maximum power capability of a 

transistor is the decrease in current gain with increased current. This 
will be examined more fully later because it involves a current factor 
(beta) which has not yet been discussed. With a decrease in current 
gain, however, the power gain similarly decreases and this reduces the 
effectiveness of the unit to function as an amplifier. ( Power gain is 
proportional to the square of the current gain.) 
The third factor which establishes a limit to the maximum power 

output of a transistor is the safe amount of heat which the material or 
junction can withstand. Another way of stating this is to indicate the 
maximum power dissipation of the transistor internally, although this 
is generally the collector dissipation since the greatest amount of heat 
is developed in the collector. Since the collector and emitter currents 
are nearly equal, differing only by the relatively small amount of cur-
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rent diverted by the base, the reader may wonder why more heat is 
generated at the collector. The answer lies in the fact that power is 
equal to /2R and the collector, being reverse-biased, has a far higher 
internal resistance than the emitter has. 
To assist transistors in achieving higher collector-dissipation ratings, 

special heat sinks, Fig. 3.2, in which these transistors are mounted 
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Fig. 3.2 Typical transistor heat sinks. 

have been developed. These heat sinks, or heat dissipators, help con-
duct the heat away from the collector. Also useful for this purpose 
are metallic housings for transistors, Fig. 3.3. 

It is customary, when the power dissipation of a transistor is given, 
to specify the temperature ( usually 25°C) at which this dissipation 
can be obtained safely. Low-power transistors are rated in reference 
to the surrounding, or ambient, air temperature; medium- and high-
power units are rated in reference to case or housing temperature. 
If it is desired to operate the transistor at a temperature higher than 
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25°C, the power-output rating must be lowered or derated. Either a 
specific derating factor, such as 1 watt per °C, is given or a derating 
curve is included with the specification sheet. 

If a derating factor is given, then for each degree centigrade rise 
in temperature, the maximum power dissipation must be lowered by 
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Fig. 3-3 A power transistor housed 

in a metallic container. The unit shown 

will provide a maximum power output 

of 6 watts when operated class 
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Fig. 3.4 A power-transistor derating curve. 
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the amount indicated, here 1 watt. If a derating curve is given, this in-
formation can be obtained directly. A typical curve is shown in Fig. 
3.4 for a 2N174 transistor. Up to 25°C, the power dissipation is 150 
watts. Beyond this temperature, the dissipation decreases linearly. 
Hence, at 60°C case temperature the power dissipation can only be 
80 watts, while at 100°C it has been reduced essentially to zero. Fail-
ure to heed these derating factors will not only shorten the life of the 
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transistor but will also frequently cause the transistor to burn out in 

short order. 
Several types of power transistors are shown in Fig. 3 • 5. As a 

general rule, the higher the power rating, the larger the transistor 

housing. 

Noise 

Transistors, like vacuum tubes, develop a certain amount of internal 
noise which can be disturbing in low-signal circuits, such as we find 

Ft C A 
ea 5089 

Fig. 3%5 Typical power transistors. 

in the front end of a receiver or in the front end of a high-power audio 
amplifier. In the early days of their development, junction transistors 
tended to be considerably noisier than vacuum tubes. It was not un-
usual to find a transistor with a noise figure of 30 db compared to a 
3-db noise figure for many vacuum tubes ( at 1,000 cycles). Since 
then, transistor noise figures have been steadily lowered until, at the 
present time, they range between 4 and 20 db, with most values falling 

below 10 db. 



TRANSISTOR CHARACTERISTICS 57 

Noise figure is a relative term designed to permit comparison be-
tween similar electronic devices or circuits. For example, if the noise 
figure of a transistor were 0 db, then the transistor would not be gen-
erating any internal noise. Such a transistor, inserted in any circuit, 
would add no noise to that already existing there and possibly stem-
ming from any resistance present. When a transistor has a noise figure 
other than 0 db, however, then it contributes noise to the circuit. The 
higher the noise figure, the greater the noise being added. 
The noise behavior of a typical transistor is shown in Fig. 3.6. The 

characteristic turns up at either end, but in between it remains quite 
flat and unchanging. At the low-frequency end, the noise figure is 
inversely proportional to frequency, dropping down to the flat base in 
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Fig. 3.6 Noise behavior of a typical transistor. 
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the frequency range between 100 and 1,000 cycles. The source of this 
noise has been traced to surface leakage and imperfections in manu-
facture. In recent transistors, special surface treatment has tended to 
reduce the extent of this disturbance and has extended the flat seg-
ment of the curve toward the low end. 
The central section of Fig. 3.6 is developed by the diffusion of car-

riers within the transistor and from the thermal agitation of current 
carriers. The first of these effects is directly related to the shot noise in 
vacuum tubes, which arises from the physical flow of electrons from 
cathode to plate. The second, or thermal noise, is analogous to the 
noise voltages generated in any resistor or other conductor of current. 
Both of these noise voltages are completely random in their nature 
because their effect ( i.e., polarity) cannot be predicted at any specific 
instant of time. 
The second upturn of noise, at the right side of the curve, Fig. 3.6, 

is due to the drop in power gain of a transistor because of the fre-
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quency limitation of the device. Since the noise factor, by definition, 
depends on the ratio of signal to noise, anything that reduces the 
signal causes the noise figure to worsen. 

Frequency Response 

in any application of a transistor, its frequency limitations must be 
known not only for economic reasons ( to avoid using a high-cost 
transistor with an extended high-frequency response where only a low-
frequency response is required) but also because power gain falls off 
rapidly with frequency ( above a certain point). There is no single 
factor which, by itself, completely controls frequency response. The 
end result is always a compromise of a number of considerations the 
more important of which will be discussed here. 
An important characteristic in establishing the frequency behavior 

of a transistor is the time required for a signal to travel from emitter 
to collector. This, in turn, depends upon the mobility of the carriers 
within the germanium. Typical values are as follows: for electrons, 
about 3,600 cm2 per sec per volt of potential difference; for holes, 
about 1,900 cm2 per sec per volt of potential difference. We cannot 
apply signals whose frequency changes so rapidly that the carriers 
(holes or electrons) are unable to transport the changes from emitter 
to collector. 
We have an analogous situation in vacuum tubes when the signal 

applied to the grid changes appreciably in the time it takes an electron 
to travel from the cathode to the plate. If the grid goes positive, at-
tracting more electrons to the plate, and then turns negative before 
the electrons reach the plate, the change not only will reduce the peak 
number of electrons reaching the plate but will also cause the elec-
trons to spread out over a greater interval. Operationally, this results 
in phase and amplitude distortion. 
The mobility of the holes or electrons in a transistor is the velocity 

with which they move through the germanium when an electric field 
is applied. Since electrons move almost twice as fast as holes, we 
would expect those transistors in which electrons do most of the cur-
rent carrying to have a higher frequency response than transistors 
which depend upon conduction by holes. Thus, consider an NPN 
transistor, Fig. 3.7a. Conduction from emitter to collector depends 
upon the diffusion of electrons from the emitter to the vicinity of the 
collector. On the other hand, in a PNP transistor, Fig. 3. 7b, holes are 
the principal carriers from emitter to collector. Since holes travel 
slower than electrons, we would expect PNP transistors to have a 
lower cutoff frequency. 
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Fig. 3.7 (a) The chief carriers of current in an NPN junction transistor are electrons. (b) The flow 

paths of electrons and holes in a PNP junction transistor. Most of the current is carried by holes, 
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Another factor which limits the high-frequency response is the ca-
pacitance between sections of a transistor. The higher the frequency, 
the lower the impedance of the shunting capacitor and the greater its 
shunting effect on the applied signal. This is true in both the input 
and output circuits, as well as between input and output. 
The frequency response of a junction transistor can be improved by 

making the central base-region layer as thin as possible. That is, the 
frequency f is inversely proportional to base width in accordance with 

the equation 
f 2d 

W 2 

where d = diffusion constant, i.e., mobility, cm2 per sec 
tv = base width, cm 

One encounters manufacturing difficulties when the width is made 
too small, however. Moreover, decreasing base width serves to increase 
base resistance, and the latter will degrade the power gain as the 
frequency rises. 
A higher base resistance also leads to a lower value of punch-

through voltage, which is detrimental to the power capabilities of the 
unit. One way to avoid this is to make the base resistivity lower by 
adding more impurities during the manufacturing process. But emitter 
efficiency, or the ability of the emitter to inject its majority carriers 
into the base region, depends upon having the emitter resistivity much 
lower than the base resistivity ( in other words, doping the emitter 
more heavily than the base). Thus, if we lower base resistivity, we 
lower the emitter injection efficiency, and this impairs current gain. 
Manufacturers get around this by adding a small amount of gallium to 
the indium they employ to fabricate a P-type emitter. For an N-type 
emitter, antimony is added to arsenic, the latter being the impurity 
that provides excess electrons. Another way to skirt this difficulty is 
provided by the drift transistor, which we shall study presently. In 
our subsequent study of the transistor other compromises will be ap-
parent, so that the fabrication of a transistor to achieve a certain 
operating characteristic is not a simple, straightforward process. 
There are a variety of transistor types on the market, each possess-

ing certain desirable operating and economic features. Transistors 
have also passed through various stages of development, and some 
knowledge of these stages will not only assist the reader to better 
evaluate future progress but also provide him with a better under-
standing of transistor operation and application. In the paragraphs to 
follow, an attempt will be made to show this sequence of development. 
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Grown-junction transistors. Historically, the grown-junction transis-
tor was the first junction type manufactured. Today, it is surpassed in 
performance by other transistor types and so finds very little applica-
tion, although silicon transistors still utilize the grown-junction 
method. In time, it will undoubtedly be replaced here, too, by more 
advanced techniques. 

The grown-junction transistor obtains its name from the fact that 
the junctions are proclu:•ed by what is basically a growing process. A 
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Fig. 3.8 Manufacture of grown- junction NPN transistor from single crystal to final unit. (Western 

Electric Engineer) 

small crystal of germanium or silicon, called a seed, is dipped into 
molten germanium ( or silicon) contained in a crucible ( Ref. 3.1). 
As the seed is withdrawn slowly, the liquid freezes onto the seed, 
growing a crystal. The original melt contains a suitable impurity, per-
haps arsenic for N type. After a sufficient amount of crystal has been 
grown on die seed with N-type impurity, a P-type impurity, in minute 
amount, is added to the melt to produce P-type germanium. The 
crystal is grown as P type for one-thousandth of an inch and then a 
second pellet, this time of N-type clope, is dropped into the melt. The 
amount is sufficient to overcome the P (lope and the crystal is returned 
to N type for the balance of the crystal-growing process, Fig. 3.8. 
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When the desired crystal has been grown, it is cut up into a number 
of wafers by a diamond saw, lapped smooth with an abrasive, cut up 
into little squares, and etched to remove any surface scratches. The 
final transistors have dimensions of 0.025 by 0.025 by 0.125 in. The 
end regions to which emitter and collector leads are attached are N 

type; the very thin base is P type. 
The grown-junction transistor has several major limitations which 

prevent it from being employed more extensively than it is. Frequency 
is greatly dependent on base width, and for even nominal frequencies 
a very narrow base width is required. With the seed-growing tech-
nique it is difficult to achieve such narrow widths with sufficient 
accuracy to provide a suitable manufacturing process with a high 

degree of reproducibility. 
A second limitation is base resistance. This tends to be high not 

only because the base is narrow, but also because contact be-
tween the base and the outer circuit occurs at a single point only. 
Much more desirable is a ring-type contact, but this is not feasible 
in this transistor. The foregoing limitations restrict the grown-junction 

transistor to frequencies below 20 Mc. 
Alloy-junction transistors. The greater part of present-day transistor 

manufacture is devoted to the alloy-junction transistor. This process 
produces a wide variety of amplifier transistors ( both low and mod-
erately high frequency) as well as switching transistors in the low and 
medium speed ranges. The fabrication of alloy-junction transistors has 
been automated today to such an extent that units for the entertain-
ment field can be sold for less than a dollar. This enables these tran-
sistors to be highly competitive with vacuum tubes also used in that 

range of frequencies. 
The alloy-junction fabrication technique is quite different from the 

grown-junction technique. Whereas the latter is a batch-processing 
technique, the present alloy units are essentially made individually 
(although in large number at any one time). The starting point is a 
wafer of germanium about 0.080 in. square and 0.003 to 0.005 in. thick. 
(This wafer is grown similarly to that for a grown-junction transistor, 
except that the crystal is grown with uniform doping using one type 
of impurity only, either N or P. In the present discussion, N-type 
germanium will be assumed.) The crystal is cut into a multiplicity 
of wafers and then diced into the dimensions required for transistor 
production. This is indicated above to be about 0.080 in. square and 

0.003 to 0.005 in. thick. 
An impurity metal, usually indium, is then placed on opposite faces 

of the germanium and heated. The temperature is above the melting 
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point of indium but below the melting point of germanium. While the 
indium is molten, it dissolves the germanium actually in contact with 
it. On cooling, the dissolved germanium recrystallizes onto the undis-
solved germanium. Since it is freezing from a melt containing indium, 
the recrystallized germanium is highly doped to P type. Thus we have 
a PNP transistor with the emitter and collector P type and the base 
N type, Fig. 3.9. Connections to the emitter and collector are made 
by wires soldered to the alloy. The other ends of these wires are then 
spot-welded to leads that make contact to the circuit in which the 

COLLECTOR 
LEAD 

COLLECTOR 
JUNCTION 

BASE 
LEAD 

N TYPE 

BASE LAYER 

EMITTER 
JUNCTION 

P TYPE 

EMITTER LEAD 

RING- SHAPED 
BASE CONTACT 

Fig. 3.9 Cross section of an alloy- junction PNP transistor. The collector and emitter elements are 

grossly exaggerated in size. (Western Electric Engineer) 

transistor is placed. The base contact is usually made in the form of a 
ring that completely encircles the emitter. This permits a low-resist-
ance connection to be achieved, Fig. 3.10. 
With the alloy method of construction, several things have been 

accomplished. First, the separation between collector and emitter 
regions is on the order of only 0.0005 in. This permits a significant 
reduction in transit time between these two elements. Second, the base 
resistance can be made low by the use of a relatively thick germanium 
wafer at all points except in the small section between emitter and 
collector. Also, the emitter and collector diameters, 0.010 and 0.015 
in., respectively, are kept small, thereby reducing the various capaci-
tances which these elements introduce. 
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The alloy method is feasible for both PNP and NPN transistors. 
For an NPN unit, a P-type germanium wafer would be used and a 
pentavalent element ( such as phosphorus) would be substituted for 

the indium. 
The diffusion process. In the sequence of transistor development, 

the discovery of how to apply diffusion techniques to the fabrication 
of these devices represented a significant advance. Not only did it 
make commercially possible the manufacture of transistors capable of 
operating in the kilomegacycle region, but it also provided a means of 
accurately controlling the formation of a nearly unlimited junction 
area. 
The process of diffusion is a process of mixing, on an atomic scale, 

two different sets of molecules through the random thermal motion of 

Fig. 3.10 An alloy- junction transistor. 

molecules and atoms ( Ref. 3.5). For example, if you place a drop of 
a colored dye in a glass of still water, you will find after several hours 
that the dye will be spread through the entire glass. The spreading has 
been accomplished by the random motion of the molecules of the dye 
and of the water. 
The same process will take place in a gas or in a solid. In solids, 

however, diffusion is ordinarily ignored because it occurs so very 
slowly. For example, the colored dye mentioned above would, if 
dropped on a cake of ice, take millions of years to diffuse through the 
cake thoroughly. 

All diffusion processes can be greatly speeded up by heat. In the 
fabrication of transistor junctions by the diffusion process, a tempera-
ture of about 1300°C is generally employed. Even at that temperature, 
several hours may be required to establish a junction only a few ten-
thousandths of an inch below the surface of a semiconductor crystal. 
If it is desired to achieve a greater depth, the temperature can be 
raised. 

Diffusion is well suited to the introduction of impurities into ger-
manium or silicon crystals. Since the process is slow, the depth of 
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penetration of the impurity can be accurately controlled. Different 
impurities move with different speeds; hence, their concentration and 
depth can be varied over a wide range. Also, since the impurity is 
added after the crystal is grown, the crystal itself can be developed 
under simpler growing conditions, i.e., from a melt possessing uniform 
characteristics. 

The general approach in diffusion fabrication is as follows. After the 
crystal has been formed by the growing technique previously de-
scribed, it is cut up into many small pieces and exposed in a furnace 
to an atmosphere containing one or more impurities in small but 
known concentrations. The gaseous molecules bombard the crystal 
surface, gradually forcing their way into the crystal interior. By regu-
lating the amount of impurity present in the atmosphere, the tempera-
ture, and the exposure time, it is possible to control to a fine degree 
the penetration of the impurity into the crystal. If the crystal itself is 
N-type germanium and the impurity is indium, a PN junction can be 
formed in this manner. 
One other feature concerning the diffusion process is of importance. 

When an impurity is diffused into a semiconductor crystal, the density 
of the impurity is greatest at the surface and gradually diminishes as 
we move into the interior of the crystal. This is useful in transistor 
operation and is actually taken advantage of, as we shall see. 
The drift transistor. The drift transistor combines diffusion and 

alloy techniques. From this combination, we are able to achieve a sig-
nificant improvement in the frequency limitation of transistors formed 
by the alloy method alone. The starting point is a wafer of N-type 
germanium having a fairly high resistivity. Whenever a semiconductor 
is said to possess a high resistivity, i.e., a high resistance per unit area, 
it is meant that the substance possesses only a small amount of im-
purity. In this case, it is N-type impurity. The wafer of N-type ger-
manium is exposed, under controlled conditions, to an arsenic vapor 
at a high temperature. The arsenic impurity diffuses into the wafer, 
leaving the highest concentration at the surface. 

This skin of graded arsenic is removed from one side of the wafer 
and a P-type collector junction is alloyed into the germanium there. 
The same P-type impurity is then alloyed into the other face of the 
wafer where the graded arsenic is still present. This produces the 
emitter junction. The result, as shown in Figs. 3.11 and 3.12, is a 
transistor in which there is a high density of impurity in the base end 
nearest the emitter, with a steady decrease until the germanium pos-
sesses very little impurity ( i.e., reaches the original state of the wafer 
before the diffusion treatment) somewhat before the center of the 
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base region. From there to the collector, the germanium remains uni-
form in characteristic. At the collector, the P-type condition appears. 
A major difference, then, between the drift transistor and alloy 

unit resides in the varying impurity distribution that occurs in the 
base of the drift transistor. Just how this affects transistor operation 
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Fig. 3.12 Cross-sectional view of the drift- transistor structure. Note that the base tab is a circular 

ring. 

can perhaps be better seen if we analyze in greater detail the move-
ment of carriers from emitter to collector. 
When a signal voltage ( or any other voltage, for that matter) is ap-

plied between emitter and base, carriers from the emitter are injected 
into the base. These carriers must travel across the thin base layer 
and arrive at the collector junction. In a PNP transistor the carriers 
from the emitter are holes; in an NPN transistor the carriers are elec-
trons. In either case, the carriers travel across the base by a process of 
diffusion. This motion, brought on by the thermal energy which the 
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holes or electrons possess, consists of movement in random paths, as 
shown in Fig. 3-13a. The particles simply wander about aimlessly, 
colliding with each other or with germanium atoms and moving in all 
possible directions. Now, while the individual particles have a random 
motion, it is possible to obtain a flow of current across the base be-
cause the particles, being charged similarly, tend to move from a 
region of high particle concentration to a region of low concentration. 
This is shown in Fig. 3.13b. If, now, we apply a strong attractive 
electric field at the low-concentration end, the particles there are con-
stantly being pulled out of the base, thereby encouraging other par-
ticles to take their place. This will produce a continuous flow of 

CHARGES PULLED 
- AWAY BY 
STRONG FIELD 

(a) 

Fig. 3.13 (a) Random motion of holes and electrons implies no direction for diffusion, but ( b) the 

holes or electrons will diffuse from a region of high concentration to a region of low concentration. 
(Fell Laboratories Record) 

particles from the region of high concentration to the region of low 
concentration. 

In a PNP junction transistor there is a high concentration of holes at 
the emitter end of the base created by the forward bias between 
emitter and base. These holes are injected by the emitter into the 
base. At the collector end of the base, there is a strong negative field 
that is due to the negative voltage applied to the collector and that 
pulls in all holes that reach this point. Thus, there is a steady current 
flow across the base region that is due to the diffusive action described 
above. 

A small but measurable time is required for holes injected into the 
base by the emitter to reach the collector. Note that there are no elec-
tric fields within the base region. Whatever bias voltage is applied 
between emitter and base appears across the junction separating the 
sections. The same is true at the collector junction, where all of the 
voltage applied between base and collector appears. Once the injected 
carriers in the base reach the collector ( in their aimless wandering), 
they then travel extremely fast because electrical forces are present 
there. 
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Now, if all the injected carriers required exactly the same travel 
time, the net effect would be simply to delay the output signal with 
respect to the input signal. In this random travel, however, not all the 
carriers take the same path, and consequently the carriers ( holes or 
electrons) corresponding to a particular part of the input signal do 
not all arrive at the collector at the same time. When the signal fre-
quency is low, this minute difference of arrival can be ignored. As we 
increase the signal frequency, however, some of the late-arriving car-
riers begin to interfere with the carriers representing the next portion 
of the signal, with resultant disturbance and cancellation effects. At 
this point the amplitude of the output signal begins to fall off. The 
dispersive effect becomes more and more pronounced as the signal 
frequency rises, and the frequency response continues to decrease. 
To minimize this effect, the base section should be made very nar-

row. As we make the base thinner, however, we steadily decrease the 
reverse voltage which can be applied between it and the collector 
section. Also, with exceedingly thin base layers, we not only run into 
manufacturing difficulties but also encounter irregularities in thickness 
or in impurity distribution which can result in the collector-to-emitter 
short-circuit effect of punch-through. ( There is also another effect, 
namely, increased base resistance, which is detrimental to high-fre-
quency operation. This will be considered at a later point.) 

In the drift transistor, we achieve the same effect as a thin base 
region without actually reducing the region to the same extent. By 
providing a graded impurity distribution in the base region, we estab-
lish an electric field there. Holes injected into the base region by the 
emitter, in a PNP transistor, are accelerated toward the collector. 
Thus, where previously they traveled aimlessly, they are now more or 
less directed toward the collector, arriving much sooner than if the 
base region possessed uniform doping. As the travel time decreases, 
the maximum operating frequency rises. 
The impurity distribution for a PNP drift transistor is shown in Fig. 

3.12. The emitter is doped fairly heavily with an acceptor impurity 
(such as indium). At the junction of emitter and base, the base im-
purity is at its highest level; thereafter it decreases until the ger-
manium impurity level is quite low. This is somewhere around the 
center of the base. From there to the collector, the germanium purity 
remains constant. Since this section of germanium contains very few 
impurities, it is frequently called an intrinsic-region material; i.e., it is 
almost pure germanium. The electric field in this intrinsic region is 
quite strong, and the holes travel through the region quite rapidly. 
( In an NPN transistor, the base carriers would be electrons.) 
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Other names for the drift transistor are graded-base transistor and 
diffused-base transistor. 
Meltback transistors. A similar type of graded-base impurity is 

achieved by the General Electric Company in their high-frequency 
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Fig. 3.14 Impurity distributions at each step of the diffused-meltback process. 

meltback transistors ( Ref. 3.3). The process starts with a germanium 
(or silicon) crystal which is intentionally doped with both N-type-
donor and P-type-acceptor impurities. The doping concentrations are 
such that the N-type impurity predominates, as shown in Fig. 3-14a. 

In the second step of the process, called meltback, one end of the 
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bar is remelted, or melted back, and then solidified again. This forms 
the teardrop shape shown in Fig. 3.14h. Because the impurities are 
less soluble in the solid silicon than in the liquid, they will segregate 
as the melted portion freezes, thereby forming the distribution shown 
in Fig. 3.14b. Just at the dividing line between the portion of the 
silicon bar ( at the left in Fig. 3.14b) that was not melted back and 
the end that was, the initial impurity concentrations drop to very low 
values. In this region, the impurity is still predominantly N type, but 
because there are fewer impurities, the resistivity here is higher. This 
high-resistivity section extends for only a few thousandths of an inch, 
and then the resistivity drops sharply as the impurity concentration 
rises. Note that after meltback, the base region has not been formed 
but is simply a junction between two N-type regions of different 
resistivity. 
The last step of the diffused-meltback process is forming the base 

region, thereby developing the final NPN transistor structure, Fig. 
3.14c. This is accomplished by subjecting the meltback bar to a long, 
high-temperature heating cycle lasting many hours. Under these con-
ditions, the impurities on the high-concentration side of the meltback 
junction diffuse within the solid semiconductor to the "plateau region" 
of lower concentration. The chief feature of this action is that the 
P-type impurity has the property of diffusing almost 20 times faster 
than the N-type impurity in silicon. Therefore, on the plateau side of 
the junction, there results an excess of P-type impurities over the 
N type, corresponding to a thin P-type base region. By carefully con-
trolling the entire manufacturing process, bases as thin as 2 microns 
can be obtained. 
The final overall impurity distribution of the diffused-meltback bar 

is shown in Fig. 3.15, where the net impurity concentration is plotted 
as a function of distance. The emitter region corresponds to the un-
disturbed portion of the original silicon bar. Just at the emitter junc-
tion, the conductivity is slightly more N type because of the loss of 
P-type impurities that diffused from the region. The junction from 
emitter to base is quite abrupt, since the diffusion of the N-type im-
purities during the heating process is quite limited. Because of the 
predominant diffusion of the P-type acceptors, the base layer is char-
acterized by a graded impurity, as shown. This introduces a built-in 
field which decreases carrier transit time in the base region, just as in 
the drift transistor. 
Grown-diffused transistors. The diffusion process has also been 

applied to grown-junction transistors to produce a device which 
has a better high-frequency characteristic than ordinary grown-
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junction units have. This is true primarily because a thinner base 
can he developed with the grown-diffused method than by the grown 
approach itself. 
The manner in which grown-diffused junction transistors are 

fabricated is as follows. There are three steps to the process. First, 
the collector is grown in the conventional manner, Fig. 3.16. Then 
the growing is stopped and the impurities required for the base 
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Fig. 3.15 Net impurity concentrations in diffused-meltback transistors. 
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Fig. 3-16 The manufacturing steps of a grown- diffused transistor. iat Collector region grown. 

(13) Base- and emitter- producing impurities added. Emitter region grown. Base- producing 

impurities diffuse into collector region to produce base region. 

and emitter are added; after this, the growing is resumed. During the 
growth that follows, the base-producing impurities diffuse up into 
the collector, thereby producing a narrow base region. The thickness 
of the base region depends on the relative doping levels, upon the 
impurities used, and upon the growth rate and time taken to grow 
the emitter region. 

This approach is possible because donor impurities diffuse more 
rapidly than acceptor impurities in germanium and thus a PNP 
structure is produced. In silicon, the acceptor impurities diffuse more 
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rapidly than the donor impurities and NPN structures are thereby 
produced. Note that because the base is formed by diffusion, the 
impurity distribution is graded, and this helps the high-frequency 
response. 
The mesa transistor. The mesa transistor represents still another 

approach to the fabrication of high-frequency transistors. This method 
is being widely employed because it lends itself to a relatively simple 
fabrication technique and because its heat-dissipating characteristics 
are more favorable than those of alloy-junction transistors. 
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Fig. 3.17 A mesa transistor. 

P-TYPE Ge 

COLLECTOR CONTACT 
TO HEADER 

The internal structure of a mesa transistor is shown in Fig. 317. 
To start, a wafer of P-type germanium is placed in a hydrogen 
atmosphere containing antimony which diffuses into the germanium 
to a depth of about 0.04 mil. The next step is to evaporate gold 
and aluminum stripes onto the diffused surface. This is done through 
a rectangular hole in a molybdenum mask that is placed over the 
top of the germanium surface, Fig. 318. The aluminum and gold 
evaporation sources are located at different positions to produce the 
two stripes. An alloying operation follows the evaporation of the 
aluminum stripe. In this step a P-type emitter is formed. Thus, we 
have a P-type emitter, an N-type base, and a P-type collector. The 
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gold stripe forms an ohmic connection to the base. After the fore-
going operation, the transistor element is attached to the plated-
metal header. 
The transistor wafer, to this point, has a rectangular structure. In 

order to reduce the area of contact between the base and collector, 
corner sections are cut away on either side to achieve the physical 
form shown in Fig. 3.17. A mesa is formed, with the collector 
flaring out at the bottom so that it covers a greater area at its base 
than the area of contact between the collector and base. By develop-
ing this shape, the lowest possible collector capacitance is formed. 
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The job is done by masking the hill, or mesa, area with wax and then 
stream-etching by using a mixture of nitric and hydrofluoric acids. 
The height of the mesa is approximately 0.5 mil. As a final step, 
gold leads are bonded to the base and emitter stripes for external 
connection to these elements ( Ref. 3.7). 
A variation of the mesa transistor is the planar transistor manu-

factured by Fairchild Semiconductor Corporation. Both units have 
basically the same structure; the difference between them lies in the 
manufacturing process. The planar transistor is fabricated by masking 
the entire surface of the germanium or silicon by an oxide layer 
except for those areas where diffusion is to occur. This results in an 
improvement in those characteristics which are sensitive to surface 
conditions, such as reverse leakage currents, breakdown voltages, 
noise figure, and current gain. 

Both the mesa ( and planar) constructions offer a wider collector 
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which, when properly connected to a metallic header, provides a 
relatively large heat-dissipating surface. Since heat dissipation is 
always an important problem with transistors, any physical structure 
which facilitates heat removal is more desirable than structures which 

do not. 
Epitaxia I transistors. Recently, a new manufacturing technique 

has been developed for the fabrication of high-frequency transistors, 
particularly those to be employed for switching operations. The 
structure is again basically that of the mesa; however, the collector 
consists of two regions instead of one, Fig. 3.19. The larger portion 
of the collector is heavily doped to provide a very low resistivity. 
This is shown in Fig. 319 as N+, indicating that there is a relatively 
high concentration of donor atoms. Over this is deposited a thin 
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Fig. 3.19 (a) Mesa transistor. (b) Epitaxial transistor. 
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film, 0.1 mil thick, of very lightly doped semiconductor material. 
The thin film combines homogeneously with the crystalline structure 
below it ( called the substrate) so that there is no discontinuity or 
break in the crystal structure. From this point, the standard techniques 
for fabricating mesas are used. 
By this construction, lower collector resistance is obtained when 

the transistor is saturated ( see page 106). The construction also results 
in a lower collector capacitance, and both of these features permit 
faster switching time, i.e., going from an "on" to an "off" condition 
and vice versa. ( The use of a transistor as a switch will be discussed 

in Chap. 8.) 
Electrochemical transistor. Another high-frequency transistor is 

the Philco surface-barrier transistor ( Ref. 3.2). In cross-sectional 
appearance, Fig. 3.20, this unit closely resembles an alloy junction 
transistor. In mode of operation, however, it represents another 
approach to a solid-state amplifier. In all the junction transistors 
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described thus far, two forms of germanium were employed, that is, 
P and N germanium. In the surface-barrier transistor, only one type 
of germanium, N germanium, is used. Electrodes serving as the 
emitter and collector are plated electrolytically on opposite faces 
of a germanium wafer. A metal contact is then soldered to one end 
of the crystal and serves as the base electrode. Unlike the situation 
in junction transistors, the emitter and collector electrodes remain 
coated to the surface of the germanium. There is no penetration of the 
germanium lattice structure by the atoms of the metals. 
To understand the operation of the surface-barrier transistor, 

additional facts concerning the behavior of electrons inside a crystal-
line structure must be known. It has been found that energy levels, 

Fg. 3-20 Schematic cross section of 

a surface- barrier transistor. 

N•GERMANIUM 
CRYSTAL 

EML7TE R COLLECTOR 

or orbits, may exist on the surface of a crystal and not be found in 
the interior. It is believed that no orderly structure of energy bands 
(such as we have described in Chap. 1) exists on such a surface. 
Rather, the leftover bonds of germanium atoms, together with any 
atoms of other substances on the surface, form a two-dimensional 
solid with properties which are entirely different from those in the 
interior. It is felt that there are no forbidden bands among the 
surface atoms comparable to the forbidden bands found in the 
interior atoms. It is because of this absence that a number of free 
electrons move to the crystal surface and concentrate there in 
sufficient strength to produce a negative field which repels other 
electrons of the N germanium toward the interior, thereby creating 
a nearly insulating region containing a strong electric field just 
beneath the surface. This is the reason the N germanium in Fig. 3.20 
is shown shaded in the interior but left unshaded in a narrow strip 
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along the surfaces. The insulating strip is referred to as a surface 

barrier. 
A metal electrode which is brought in contact with the germanium 

crystal, Fig. 3-20, can communicate with the main body of the 
crystal only through the surface-barrier region. If we apply a negative 
potential to the metal plate, it will further repel the interior electrons 
away from the surface and cause the intervening layer to become 
wider. Making the metal electrode positive will attract the interior 
electrons and reduce the width of the insulating layer. Current flow 
between the surface electrode and the inner portion of the crystal 

can thus be made smaller or larger as desired. 
To form a transistor with the N germanium, we require an ap-

propriate distribution of holes which will travel from emitter to 
collector as they do in a comparable PNP junction transistor. In the 
surface-barrier transistor it is found that a population of holes exists 
just under the germanium surface. These holes arise from the valence 
electrons that are thermally excited enough to leave their atoms and 
move into some of the energy levels at the surface which are 
intermediate between the conduction band and the valence band. 
The electrons come from the atoms located near the surface, and for 
every such electron departure, a hole is created. This action is 
confined to the atomic layer just below the surface; the rest of the 
germanium interior produces relatively few holes. Some metal contacts 
produce a denser hole population under the surface of the germanium 
than others. The most useful metals for this purpose are indium and 
zinc. 

In review, then, we see that the surface-barrier transistor owes all 
its characteristics to the special conditions which exist at the surface 
of a crystalline structure. The strong electron field at the surface 
forces free electrons to remain in the interior. Also, because of the 
presence of intermediate energy levels at the surface, holes are found 
concentrated just below the surface. When a metal contact to the 
crystal is made positive, it repels these holes through the barrier. 
This would be the emitter electrode. The other electrode, the 
collector, is reverse-biased ( i.e., biased negatively), and holes coming 
within its field after passage through the germanium body will be 
drawn to the surface. 
The surface-barrier transistor thus consists of a germanium crystal 

which forms the base plus two metal electrodes, on opposite faces 
of the crystal, which serve as the emitter and collector electrodes. 
A positive emitter will drive the holes toward the collector, but at 
the same time it will attract the interior electrons. For efficient 
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transistor operation, the electron current should be reduced as much 
as possible, since only the hole current is desired at the collector. 
This was achieved by bringing the collector electrode within 0.0002 
in. of the emitter. The negative charge on the collector drives the 
germanium free electrons away from the emitter, while at the same 
time, it presents a greater attractive force for the holes. 
To achieve the minute spacing required, a process of "electrolytic 

machining" is employed. Two tiny jets of a metal salt solution are 
directed from miniature glass nozzles toward opposite faces of a 
germanium wafer, with the latter serving as the anode and electrodes 
in the glass nozzles serving as the cathodes. This action etches away 
the germanium under each jet until the desired amount of material 
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Fig. 3.21 Jet- etching and plating the surface- barrier transistor. 

has been taken away. Then the voltage polarity is reversed, and now 
the same jets are made to electroplate the metal ions of the salt 
solution directly upon the freshly etched surface of the germanium, 
Fig. 3 • 21. This forms the desired emitter and collector electrodes. 
Thus, electrolytic machining is a very efficient and ingenious method 
of using a salt solution to accomplish both etching and electroplating. 
Diameter of the emitter is 0.005 in., and that of the collector is 
0.007 in. 
A later version of the surface-barrier transistor ( commonly called 

SBT for short) is the microalloy transistor (MAT). This differs 
from the surface-barrier transistor in that it employs extremely 
shallow alloy contacts in place of the surface-barrier contacts. 
The result is a higher carrier injection efficiency ( emitter to base) so 
that greater current gains can be achieved at higher frequencies. 
The microalloy transistor is fabricated as follows ( Ref. 3-4). A 

germanium blank is mounted on a base tab and jet-etched to a 
thickness of about 0.1 mil. Indium contacts of the order 3 to 8 mils 
in diameter are jet-plated in the bottom of the etch pits to a thickness 
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of about 1 mil. A lead wire having a drop of solder composed of 1% 
to 1 per cent gallium in indium is brought into contact with the 
jet-plated electrode, Fig. 3.22a. A hairpin-shaped heating element 
supplies the heat for the solder operation. 
When the surface-barrier transistor is fabricated, the low-melting-

point solder that is used prevents the indium from melting during 
the soldering of the lead. In the MAT, the indium-gallium solder 
melts at the same temperature as the jet-plated indium dot. The 
solder flows down into the jet-plated electrode and dissolves a small 
amount of germanium. Upon freezing, or solidifying, the germanium 
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Fig. 3-22 (a) Cross section of jet- etched ¡ et- plated blank microalloy transistor with lead wires not 

soldered. ( b) Lead wires soldered. 

is redeposited back onto the original germanium blank. This rede-
posited germanium is highly doped P type by the indium, Fig. 3.22b. 
Thus, we now more closely approach the PNP alloy-junction transistor. 
A still later version is the so-called microalloy diffused transistor 

(MADT), in which the base has a graded or diffused impurity. 
This provides still higher frequency operation than either of the 
preceding two types. Prior to the jet-etching process, impurities are 
diffused into the starting material in a manner similar to that already 
described for the drift transistor. Thereafter, the processing con-
tinues as it does for the MAT. 
The foregoing discussion has covered the most important types of 

transistors and their fabrication techniques. Variations of these 
methods wherein several methods have been combined to achieve 
a desired set of operating characteristics will be found. In time, 
newer techniques which will either modify existing methods or replace 
them completely may come along. At the present time, however, the 
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frequency capabilities of transistors extend into the kilomegacycle 
range. 

Cutoff Frequency 

The frequency characteristic of a transistor is often given in terms 
of a cutoff frequency. One such frequency is that at which the ratio 
of collector or output current to emitter or input current drops to 
0.707 ( i.e., 3 db) of its value at 1,000 cycles. This ratio, incidentally, 
is designated by the Greek letter alpha ( 

It will be found that transistors will operate as oscillators at much 
higher frequencies than the indicated cutoff frequency. On the other 
hand, for amplification, a transistor having a 3-db drop in the current-
amplification factor at, say, 3 Mc may have a significant reduction in 
voltage or power gain at 0.5 Mc or loss. Thus, for any useful gain, 
it is frequently necessary to restrict the operation of a transistor well 
below the rated cutoff frequency. 
There are other ways of specifying the frequency characteristic of 

a transistor, for example, fTe , fmax, or fae. These will be discussed after 
we have examined the operation of transistors in various circuits. 

Temperature Effects 

The ability of properly processed germanium to serve as a transis-
tor depends wholly on the electronic bonds and lattice structure 
existing within the germanium crystal. It was noted previously that 
too high a concentration of impurities will increase the conductivity 
of the germanium to such an extent that the effectiveness of the 
base in controlling emitter and collector current is destroyed. Con-
ductivity will also rise with temperature. An increase in thermal 
energy will lead to more broken covalent bonds, more free electrons 
and holes, and a greater current flow in both input and output 
circuits for the same applied voltages. This, in turn, will reduce 
control of the collector current by the base and practically nullify 
the transistor action in the germanium. It is even possible for the 
thermal action to feed on itself and eventually destroy the transistor 
completely. The higher temperature results in more current, which 
raises the temperature even higher, which results in more current, 
etc., until the entire unit is permanently damaged. ( This effect is 
frequently referred to as thermal runaway.) 
Even if the increase in temperature does not prove detrimental to 

the transistor, it can be the cause of distortion because of a shift in 
operating point. When a transistor is employed in a circuit, say an 
amplifier, a suitable operating point is selected. This operating point 
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represents a certain collector current at a certain collector voltage, 

perhaps 5 ma at 6 volts. When the signal enters the stage, it varies 

the collector current and the collector voltage follows suit. These 

variations in the collector circuit represent the output signal. 

Suppose, now, that because of temperature, the operating collector 

current increases ( in the absence of a signal) to 6 ma. This will 

cause a greater voltage drop across the load resistor and leave less 

voltage for the collector. Signals now passing through this stage can 

swing the collector voltage over a smaller range before cutoff occurs. 
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Fig. 3.23 Typical collector characteristic curves for a transistor. 

Furthermore, as the collector voltage decreases, the transistor charac-

teristic curves tend to become more nonlinear, Fig. 3.23, and this, too, 

is a source of distortion. Finally, by raising the collector-current 

operating-point value, more collector dissipation develops. This leaves 

less leeway for the signal before the maximum safe dissipation value 

is reached. 

In transistor-characteristic charts, such as we shall study presently, 

the maximum collector dissipation is specified at a definite tem-

perature ( generally 25°C). If the operating temperature exceeds 

this value, then it becomes necessary to lower the collector-dissipation 

rating. 
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Sometimes, two maximum temperature ratings will be given: 
one, the lower one, in free air; the other when the transistor is 
mounted flush against a metallic surface ( such as an aluminum 
chassis) which will conduct the heat away. These heat conductors 
are the heat sinks previously discussed on page 54, and they can 
make an appreciable difference in the maximum dissipation rating. 
For example, one Sylvania NPN transistor has a collector-dissipation 
rating in free air of 2.5 watts and a rating of 4.0 watts when mounted 
flush against an aluminum chassis. This is a significant point to keep 
in mind, particularly when the transistor is to be operated near its 
maximum rating. 

In addition to an operating temperature, there is a maximum 
storage temperature. This is determined by life tests and is limited 
by the melting point of the materials within the transistor case or 
by parameter stability. Parameter instability ( i.e., changes in operating 
characteristics) results because of the increased chemical action at 
elevated temperatures affecting the surface of the transistor. This, 
in turn, affects the transistor parameters or characteristics. 
For example, the a cutoff frequency of a transistor will generally 

decrease with temperature. Another important parameter, lello, in-
creases with temperature, approximately doubling in value for every 
10°C rise. leB0 is an important characteristic that will be encountered 
again and again, and some explanation of it is in order. leao is var-
iously called the collector leakage current and the collector saturation 
current. Actually, saturation current is a preferable term, since leakage 
is only one component of its total value. 

is the current that flows through a transistor when the collector-
base junction is reverse-biased and the emitter is open, Fig. 3.24. 
The notation /rim was selected to reflect this fact. Thus, the CB 
following the capital letter I stands for collector and base. They are 
the two elements that are reverse-biased. The condition of the third 

element, here the emitter, is open-circuited, as indicated by the 
letter O. 
With the collector-base diode reverse-biased, one would expect 

zero current. In reality, however, it is impossible to fabricate P-type 
semiconductors without some free electrons or N-type semiconductors 
without some excess holes. These minority carriers account for a 
small current flow even though the collector-base diode is reverse-
biased. Current flow takes place in the following manner. The 
minority carriers from each section, electrons in the P region and 
holes in the N region, are forced toward the junction under the 
influence of the applied battery voltage. Some of the electrons and 
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holes combine and neutralize each other's electrostatic charge. But 
this loss of electrons from the P section upsets the electrical neutrality 
that originally existed there, leaving it with a net positive charge. 
The positive field attracts additional electrons from the negative 
terminal of the battery. At the same time, the loss of holes ( due to 
the same action above) leaves the N region with a net negative 
charge. ( Remember, both sections were electrically neutral before 
the battery was connected to them.) To satisfy this charge, additional 
holes are formed in the N section, while the electrons that were 
combined with these holes move to the positive terminal of the 
battery. 
The foregoing provides a continuous flow of current, with electrons 

traveling from the negative battery terminal into the P section, while 

Fig. 3.24 The manner in which Ireo 

is measured. 

electrons from the N section enter the positive battery terminal. Since 
the number of minority carriers originally available was small, the 
current under reverse-bias conditions is also small. 
The small current that flows when the collector-base diode ( or 

any PN junction) is reverse-biased actually consists of two compo-
nents. One is the current indicated above, i.e., the current produced 
by the minority carriers in each section. This current is the saturation 
current, and it doubles for approximately every 10°C rise in junction 
temperature. The heat sensitivity stems from the fact that as the 
temperature rises, thermal energy is imparted to the atoms forming 
the diode, enabling some of the previously held valence electrons 
to break loose from their covalent bonds. And, of course, for every 
electron that breaks loose, a corresponding hole is created. Thus, the 

supply of minority carriers rises and, with it, the reverse current rises. 
The second component of /,80 stems from the leakage of current 

across the outer surfaces of the transistor. This component is voltage 
dependent because it basically follows Ohm's law, E = IR. It is 
also somewhat temperature sensitive, however, probably because the 
resistance presented by the semiconductor surface itself is tempera-

ture sensitive. 



TRANSISTOR CHARACTERISTICS 83 

Although /cm, is ordinarily less than 10 pa for germanium at 25°C, 
it rises rapidly as the temperature goes up. Thus, at 65°C, it will 
attain a value of 160 p.a, or 0.16 ma, a value too large to be ignored. 
lepo is detrimental to transistor operation because it represents an 
uncontrolled current which will, through its presence, upset the 
designated operating conditions for the circuit. Hence, '( RO must be 
taken into account in any circuit design. /en() is the full notation for 
this current; frequently, however, it is shortened to ICO. 
The collector-current rise with temperature may also be caused 

by a change in the emitter-to-base resistance. This effect is discussed 
in Chap. 12. 

Silicon Transistors 

The emphasis in the preceding discussion has been on germanium 
as the semiconductor m- aterial from which transistors were made. 
It is also possible to employ silicon as the fundamental building 
block for a transistor, and this is indeed being done. Silicon is suitable 
for diode and transistor operation because its physical properties 
closely parallel those of germanium. Thus, silicon is a semiconductor 
with four valence electrons and, in the solid state, will form a 
cubic crystal lattice in which the various atoms are held together 
by the same mechanism of covalent bonds. It is possible to replace 
some of these atoms by impurities, of either the donor or acceptor 
variety, and form N-type or P-type silicon. By combining suitable 
P- and N-type sections of silicon, rectifier diodes or complete transis-
tors can be fabricated. 

In view of the physical similarities between silicon and germanium, 
it is only natural to investigate both substances to determine which 
is best suited for transistor operation. Actually, as we shall see, 
there are certain advantages and disadvantages to either, and it 
becomes a matter of selecting the unit that possesses the greatest 
suitability for a specific application. 
Of the two substances, silicon is far more abundant in nature than 

germanium. As a matter of fact, silicon compounds form over 85 
per cent of the earth's crust. All sand, for example, is silicon dioxide, 
while additional silicon compounds are present in many rocks. Un-
fortunately, silicon is never found in the free state, and in order 
to utilize it for transistor manufacture, extensive separation and 
refining methods must be employed. This represents a major obstacle, 
because silicon is not easily reduced to the pure state. It is an 
extremely difficult substance to melt or purify, and its processing 
requires high-powered, complex, and expensive furnaces. In spite of 
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these difficulties, silicon is being mass-produced, and an increasing 
variety of silicon diodes and transistors is being marketed. 
One of the most important advantages of silicon, which is in 

large measure responsible for much of the attention being devoted 
to this element, is the low collector saturation current Io which 
silicon transistors exhibit. Table 3-1 contains a comparison between 
what might be termed typical junction-transistor characteristics for 
both silicon and germanium, and the great disparity in /co values 
is readily observed. The ratio might be anywhere from 100:1 to 
500:1. The rate of increase in /co with temperature is about equal 
for both types of transistors. Since the value of /co for silicon is so 
extremely small at room temperature, however, the unit can be used 
at much higher temperatures before it becomes troublesome. 
Another property in which silicon excels is its collector resistance 

r,. This value is higher than the comparable collector resistance of 
germanium transistors. As we raise the operating temperature, re in 
both types of transistors will decrease, but since we start with a higher 
value in silicon, it is possible to go to higher temperatures before re 
becomes too small to use. When the behavior of 1,0 and re is con-
sidered, it is seen why silicon transistors possess higher maximum 
dissipations and why they are useful as high as 150°C. 
These characteristics are directly attributed to the larger energy 

gap that exists between the valence band and the conduction band in 
silicon atoms. It will be recalled, from Chap. 1, that in order for 
an electron to jump from the valence band to the conduction band, 
a certain amount of energy is required. More energy is needed 
to accomplish this jump in silicon than in germanium. This same 
factor also explains why more bias voltage is needed to produce 
a certain current in the emitter. This is indicated in Table 3.1, 
which also shows that the base resistance is higher in silicon 

transistors. When the silicon unit is employed as a grounded emitter, 
the higher base resistance requires more driving power from the 
preceding stage. 

Both current and power gains of silicon units are lower than those 
of corresponding germanium transistors. The mobility of electrons 
in silicon is about one-seventh that of electrons in germanium. This 
tends to work against the frequency response of silicon transistors. 
There are, however, other factors that have to be taken into con-
sideration when considering frequency response. For example, col-
lector capacitance Ce is a very important frequency-determining 
factor ( as we have already seen in this chapter), and in silicon 
units this value is lower than in germanium transistors. Another 
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compensating factor is that higher collector voltages may be employed 
with silicon transistors; this serves to decrease further the effective 
value of Ce and thus aid the frequency response. 

Silicon transistors are currently being fabricated by essentially the 
same methods as those employed for fabricating germanium transis-
tors. These include grown-junction, alloy-junction, diffusion, and 
meltback techniques. The manufacturing processes are more difficult, 
and the best silicon crystals produced to date are still not so pure 

Table 3-1 Comparative Characteristics of Silicon and Germanium Transistors 

Germanium 
Silicon 

Symbol Grown Grown Alloy 

Collector: 
Voltage (maximum), volts 40 40 25 
Dissipation (maximum), mw 150 50 50 
Cutoff current, pa I.. 0.02 2 10 
Capacitance, if G 7 14 40 
Conductance—parallel, pmhos g, 0.3 0.2 1 0 

Emitter: 
Current (minimum usable), ma I. 1 0.01 0.1 
Reverse voltage (maximum), 

volts V,.moo 2 10 5 
Bias voltage, mv V. 500 160 160 
Resistance, ohms r. 100 25 25 

Base, resistance, ohms r'b 500 150 300 
Gain: 

Power, db G. 35 47 40 
Current B 26 35 40 

SOURCE: Electronic Design magazine. 

as comparable germanium crystals. In spite of this, silicon transistors 
which can operate above 100 Mc have been produced. 

Life Expectancy 

An important consideration in the application of any electronic 
device is its life expectancy. How long will this component last 
under normal operating conditions? In the case of transistors this 
is an especially pertinent question since they, like tubes, form vital 
links in circuits. 

Failure of a transistor can be one of three kinds: mechanical 
failure, bulk failure ( arising from some defect in the bulk of the 
material), or surface failure ( Ref. 3.6). We are not concerned here 
with failure due to misuse, such as a current overload or the applica-
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tion of too high a voltage. Only failures arising from manufacturing 
difficulties will be considered. 

Mechanical failure. Into this category fall such things as poorly 
made connections, excessive strain on sections of the transistor, the 
application of too much heat during the soldering operation ( when 
wires are soldered to the transistor sections), or the differential 
expansion between adjoining parts. When a transistor is properly made 
mechanically, it will withstand centrifugal forces with accelerations 
as high as 31,000 times the force of gravity ( i.e., 31,000 g) and impact 
tests with accelerations as high as 1,900 g. This is far in excess of 
the forces which will completely shatter most conventional vacuum 
tubes. 

Bulk failure. Bulk failure arises from changes in the internal 
crystalline structure of the transistor body. For example, impurities 
that exist on the inside of the transistor housing or on the surface 
of the transistor can, in time, diffuse into the body of the transistor 
and alter the internal structure, particularly in the neighborhood 
of the junction. Fortunately, at normal operating temperatures, such 
diffusion is quite small and can ordinarily be neglected. 
Of far greater importance is the effect of nuclear radiation which 

can penetrate into the transistor body and displace atoms from 
their normal positions, thereby causing them to appear at points 
where they were not intended to be. This disrupts the crystalline 
structure and modifies the electrical behavior of the unit. For example, 
the resistivity may decrease and thereby increase the leakage current 
for a particular applied voltage. Or the current gain may be affected, 
usually lowered, because the disrupture of the crystal structure in 
the base prevents as many minority carriers from reaching the 
collector. 
The effects of nuclear radiation are generally cumulative, so that 

what may start out to be only a minor change in characteristics 
ends up by becoming a pronounced change. It is for this reason that 
transistors must be carefully shielded from all types of nuclear 
radiation. 

Surface failure. By far the greatest number of transistor failures 
stem from changes at the surface of the transistor. Water vapor, for 
example, which condenses on a transistor surface will decrease the 
collector breakdown voltage and increase the collector current. 
Neither condition is desirable. A reduction in the collector breakdown 
voltage means that less collector voltage can be applied to the unit, 
and this limits output power. An increase in collector current means 
higher internal heat generation at the operating point and hence 
less leeway for the signal. 
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To avoid these changes, transistors are now hermetically sealed in 
a dry atmosphere. Even with hermetic sealing, surface changes may 
still occur. To minimize them, many manufacturers place a coating 
over the transistor surface which acts to protect the surface without 
reacting with it. Such transistors may be encapsulated with an inert 
gas such as hydrogen, argon, or helium, or the housing may be 
filled with an inert substance such as silicone grease. 

Finally, it must be appreciated that in transistors we are dealing 
with extremely small dimensions, particularly at the junctions. Even 
a microscopic particle of dust falling across a junction can completely 
short-circuit it. Transistors must thus be fabricated under the most 
sterile conditions, and almost every transistor-fabrication plant has 
one or more "white" rooms where extensive air-cleansing equipment 
constantly filters out any dust particles that may he brought in. 

COLLECTOR 

Fig. 3.25 The schematic symbol for 

a transistor. 

EMITTER 

These precautions extend even to the personnel, who are required 
to pass through special outer rooms where much of the dust from 
their clothing is removed. They then don white laboratory coats and 
even special head coverings so that any dust or dirt they may still 
carry on their bodies or clothing does not enter the atmosphere 
of the workroom. This is a far cry from the working conditions under 
which other components are fabricated, but the minuteness of the 
transistor structure and the sensitivity of the transistor to contamina-
tion make the precautions obligatory. 

Transistors are too new a development to have enabled us to 
gather sufficient data concerning their full life span. It is, however, 
expected that they can be macle to last more than 200,000 hr, either 
on the shelf or in operation. This means that a transistor might 
operate continuously for 20 years, a period greater than that we 
can now reasonably expect from all but a very few specially made 
vacuum tubes. 

Transistor Symbols 

Circuit symbols for transistors are still somewhat in a state of 
flux, although the point at which one will see fewer and fewer varia-
tions has been reached. The basic symbol for a transistor is shown in 
Fig. 3.25. The emitter element has an arrowhead, the base is a 
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straight line, and the collector element is shaped like the emitter, 
but it possesses no arrowhead. This symbol is used for both point-
contact and junction transistors and, like the tube symbol, may be 
placed in any position. 
To distinguish between NPN and PNP transistors, the method 

shown in Fig. 326 is employed. If the emitter is a P-type germanium, 
the arrowhead is directed in toward the base. On the other hand, if 
N-type germanium is used for the emitter, the arrowhead points 
away from the base. 
Three minor variations that have been employed are shown in 

Fig. 3-27. Their use is not extensive, and actually they would not 
cause any confusion. In addition, there are other types of transistors, 
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Fig. 3.26 To distinguish between PNP and 

NPN transistors, the method shown is fre-

quently employed. This notation will be 

followed in this book. 
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Fig. 3-27 Three additional symbols that have been employed to represent transistors. 

and where their form differs significantly from the transistors dis-
cussed, other symbols are used. A number of these transistors are 
examined in Chap. 8, and appropriate symbols will be given there. 

Comparison with Vacuum Tubes 

Transistors are designed to perform the same functions as vacuum 
tubes, and it is therefore only natural to want to compare the two 
electrically to see wherein they differ and wherein they are similar. 
As a first step, let us consider these two components in the light of 
their internal operation. In a transistor, current flow through the 
various germanium sections is initiated by the flow of electrons or 
holes from the emitter section. In a vacuum tube, this initiation 
starts at the cathode. Thus we could say that the emitter in a transistor 
is equivalent to the cathode in a vacuum tube. ( The word "emitter," 
of course, is a clue to the function of this element.) 
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The recipients of this current flow are the collector in the transistor 
and the plate in the vacuum tube; hence, these two elements can 
be considered to be equivalent in their actions. This still leaves the 
grid in the vacuum tube and the base in the transistor, and the 
equivalence of these elements is seen in the fact that whatever 
current flows from emitter ( or cathode) to collector ( or plate) must 
flow through the base ( or grid) structure. Current flow in both 
devices is governed by the potential difference between emitter or 
cathode and base or grid. Figure 3.28 illustrates these analogies 
between transistor and vacuum tube. 
The next step is to consider both devices in terms of the d-c volt-

ages which are applied to their elements. In a vacuum tube the 
grid is practically always biased negatively with respect to the 
cathode. This makes the grid impedance very high ( except at high 

PLATE 

BASE 

COLLECTOR 
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Fig. 3.28 Comparable elements in tubes and transistors: grid and base, cathode and emitter, and 

plate and collector. 

frequencies, where other effects enter the picture). The plate, on the 
other hand, is always given a potential which is positive with respect 
to the cathode. The purpose of the plate is to attract the electrons 
emitted by the cathode, and since electrons possess a negative charge, 
a positive potential is needed to attract them. 

In the transistor, conditions are somewhat different, though we 
wish to accomplish the same purpose. To initiate a flow of current, 
there must first be a flow of current between emitter and base and 
the bias battery must be connected to produce that current flow. This 
is what determines the polarity connections of the bias battery. 
If the emitter is formed by P-type germanium, the base will con-
tain N-type germanium and current flow will occur between these 
sections when the positive battery terminal connects to the P-type 
emitter and the negative battery terminal connects to the base. We 
have spoken of this as forward-biasing, and under these conditions 
the impedance of the emitter circuit is low. Here, then, is a marked 
departure from conventional amplifier practice as we know it now. 
When we employ N-type germanium for the emitter and P-type 

germanium for the base, we must reverse the battery connections 
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if we are to obtain the desired current flow through the emitter. Thus, 
the guiding thought in the emitter circuit is current flow, and we alter 
the battery conditions to suit the type of germanium being used in 
order to achieve our objective. Here is a radical departure from 
anything we have known in vacuum-tube practice, and it points up 
something which we have hinted at throughout the preceding dis-
cussion. That is, transistors are current-operated devices, while vac-
uum tubes are voltage-operated. «, for example, is the symbol 
representing the ratio A/c/à/E, where àic is the change in collector 
current and /1/E is the change in emitter current. The counterpart of 
this symbol in the vacuum tube is it, the ratio of a voltage change in the 
plate circuit produced by a voltage change in grid circuit. Again we 
see the emphasis on voltage in a tube as against current in the 
transistor. 

In the collector circuit the proper battery biasing is such that the 
current flow is reduced to a minimum. ( Note that it is not zero, 
although it is only on the order of microamperes.) This is known as 
reverse-biasing and is always true with collectors. To attain this 
condition, we must connect the battery in accordance with the type 
of germanium used in the transistor. If the collector is formed of 
P-type germanium and the base has N-type germanium ( in a PNP 
junction transistor), then the negative terminal of the battery goes 
to the collector and the positive terminal to the base. Conversely, 
if the collector has N-type germanium and the base P type, the 
reverse is true. Great care must be observed when connecting the 
collector battery because biasing in the forward direction may cause 
so much current to flow through the collector-base sections that the 
resulting heat will permanently damage the transistor and render 
it unfit for further use. The excess current flow is due to the higher 
potential of collector batteries. While the applied emitter voltage 
is generally less than 1 volt, the applied collector voltage can be as 
high as 221/, volts. A junction biased in the forward direction with 
this high a voltage will receive enough heat from the ensuing current 
to be permanently affected. In a vacuum tube, no similar condition 
exists and we have never had to observe this precaution. 

Basic Transistor and Vacuum-tube Amplifier Circuits 

All vacuum-tube amplifiers can be divided into three classifications: 
grounded cathode, grounded grid, and grounded plate. A similar 
division exists for transistor amplifiers: grounded emitter, grounded 
base, and grounded collector. In the sections to follow, the basic 
differences among these groups will be examined. Further elaboration 
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will then be made in the succeeding chapters dealing with applica-
tions. 

Classifying vacuum-tube amplifiers in terms of grounded cathode, 
grounded grid, and grounded plate is a practice that has recently 
begun to gain favor among workers in the field. The term "grounded-
grid amplifier" is not particularly new, but it has not been common 
practice to call the conventional amplifier a grounded-cathode ampli-
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Fig. 319 (o) Grounded- or common-cathode amplifier. (b) Some amplifier with cathode returned 

to a d-c reference voltage instead of to ground. (c) Grounded- or common-grid amplifier, where 

grid is common to both input and output circuits. (d) Grounded- or common-plate amplifier. If the 

last stage appears strange, turn it around and the familiar cathode follower will be immediately 

evident. All the amplifiers have been drawn in the manner shown to bring out the reason for their 

indicated designations. 

fier or the cathode follower a grounded-plate amplifier. Yet when you 
stop to think about it, that is precisely what these amplifiers actually 
are. 

Consider, for example, the conventional amplifier circuit shown in 
Fig. 3- 29a. The input signal is applied to the grid, while the output 
signal is taken from the plate. The cathode usually has a resistor in 
its circuit, but the resistor is bypassed in most applications by a 
capacitor that is frequently large enough to place the cathode at 
ground potential so far as the signal is concerned. Under these 
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conditions, the cathode need not be at ground potential with respect 
to a d-c voltage and, indeed, usually has some positive voltage on it 
because of the voltage drop across the cathode resistor. Signalwise, 
however, the cathode is at ground potential. This, then, is a grounded-
cathode amplifier. 
Note the situation does not change if the cathode is returned to 

some positive or negative d-c voltage, as in Fig. 3-29b, instead of to 
ground. In this instance, we have simply changed our reference 
point from one d-e voltage ( zero) to another d-c voltage which may 
be higher than zero ( i.e., positive) or lower than zero ( i.e., negative). 
Amplifier operation, however, remains the same. Whatever the polarity 
of the d-c voltage chosen, this is still the point from which the other 
d-c voltages on the tube are measured. 
The above designation remains the same even when a cathode 

bypass capacitor is not employed. This simply has the effect of 
introducing some inverse feedback. The signal input and output 
points are unaltered, and the cathode is still common to both input 
and output circuits. 
The key word in the last sentence is "common." The more general 

definition of a grounded-cathode amplifier is one in which the cathode 
is common to both input and output circuits. Hence, the name "com-
mon cathode" is interchangeable with "grounded cathode," and both 
names will be used throughout the book. The same applies to 
grounded-grid ( or common-grid) and grounded-plate ( or common-
plate) amplifier. The word "ground," in nearly all its applications in 
electronics, should more frequently be considered in its general sense 
of being a reference point common to one or more circuits. The 
beginner in electronics is often led to believe that ground possesses 
special properties not found in other portions of the circuitry. A 
ground is best regarded as just another conductor which derives any 
special qualities it may have only by virtue of the fact that it is 
common to several circuits. The notation common-base, common-
emitter, and common-collector amplifier is also widely used. 

In a grounded- or common-grid amplifier, Fig. 3.29c, we place 
the grid at signal ground while the input signal is applied to the 
cathode and the output signal is obtained at the plate. Again, note 
that the grid may have some d-c voltage on it, for biasing purposes, 
without affecting the designation or operation of the stage. 
The final arrangement, grounded- or common-plate, is shown in 

Fig. 3.29d. Here the plate is returned to signal ground, while the 
input signal is applied to the grid, and the output signal is obtained 
at the cathode. The best-known name for this amplifier is "cathode 
follower." 
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Each of these amplifiers has its own characteristics stemming 
from the method of connection. For example, the grounded-cathode 
amplifier will provide the greatest voltage and power amplification, 
while the grounded-plate amplifier will provide the least. On the 
other hand, the grounded-plate amplifier is best suited to provide a 
match between high- and low-impedance systems. Each has certain 
characteristics which make it the most desirable arrangement for 
certain applications. It will be found that the same is true of transis-
tor amplifiers. 
Grounded-base amplifier. It is convenient to start a detailed 

examination with a grounded-base transistor amplifier. This is shown 
in Fig. 3.30a. The input signal is applied to the emitter, and the 

OUTPUT 

EMITTER = COLLECTOR 
BIAS VOLTAGE 

(a) 

INPUT 

BIAS j 

(b) 

OUTPUT 

Fig. 3-30 (a) A grounded-base transistor amplifier and (b) the analogous grounded-grid 
vacuum-tube amplifier. The polarity of the voltages used in the transistor circuit will be governed 

by the doping of the semiconductor used for the various elements. Here on NPN transistor is 
shown. 

output signal is obtained at the collector. The equivalent vacuum-
tube amplifier is shown in Fig. 3.30b. The grid, being equivalent to 
the base, is grounded. The signal is then fed to the cathode; the plate 
is the output circuit. 

In a grounded-grid amplifier, the input and output signals have 
the same polarity; i.e., passage through the tube does not alter the 
phase of the signal. In a grounded-base transistor amplifier, the same 
behavior is found. To illustrate this, the amplifier of Fig. 3.30a has 
been drawn using an NPN transistor, and the battery polarities have 
been chosen accordingly. Assume, now, that the incoming signal 
is positive at this instant. This positive voltage will counteract some 
of the normal negative bias between emitter and base and serve to 
reduce the current flowing through the transistor. This, in turn, will 
reduce the voltage drop across R2, making the collector potential 
more positive. Thus, a positive-going input signal produces a positive-
going output signal. 
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During the negative half cycle of the input signal, the emitter will 
be driven more negative than it normally is with respect to the base. 
This will increase the flow of electrons ( here) from emitter to col-
lector and cause the negative voltage drop across R, to increase. 
This will drive the collector more negative. Again we see that the 
polarity of the output signal is similar to that of the input signal. 

For the output, a load resistor of 10,000 ohms is a common value. 
In so far as current is concerned, there is less at the output ( i.e., 
the collector) than at the emitter. The difference is the 1 or 2 per 
cent that is diverted to the base. This ratio of output current, /c, to 
input current, IE, or /,.//E, is the cr, or 14,,, of the transistor. (hrn 
is the hybrid symbol for a. These hybrid characteristics or parameters 
are employed extensively on transistor data sheets and it is desirable 
for the reader to become familiar with them. They are explained at 
length in Chap. 12.) Thus, the current gain of this amplifier arrange-
ment is less than 1, and this might lead one to believe that the circuit 
has little utility. This is not true; a sizable voltage gain may be 
obtained because the output load resistance value is so much higher 
than the input resistance. Thus, if we assume an input resistance of 
50 ohms and a load resistance of 10,000 ohms, then the voltage gain 
(input to output) is 

EOUT /CRL  
Voltage gain = -- = / ,E n, nIN 

EIN 

Hence, 

1, 
TE = 0-98 

for a typical value 

Voltage gain = ,,, EouT — 0.98 X 10,000 
I-% IN 50 

= 0.98 X 200 

= 196 

By the same token, a power gain is also possible: 

Power = PR 
POUT 

Power gain — 
PIN 
/C2 IIL 

=  
./E2 RIN 

= 0.982 X 200 
= 0.96 X 200 

Power gain = 192 
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We have indicated above that the input impedance of a transistor 
in the grounded-base configuration is quite low. The output im-
pedance, if we remove the load resistor and look into the collector, 
is very high, on the order of 1 to 2 megohms. However, when we 
connect a load resistor of 10,000 ohms, then this is the value of the 
output impedance since it completely swamps the 1 to 2 megohms 
with which it is basically in parallel. It is well for the reader to keep 
this distinction in mind, because reference is often made in the 
literature to the high output impedance of the common-base arrange-
ment, and this means, we indicated above, without the load resistor. 
Once a much smaller load resistance is connected to the collector, 
its value will essentially determine the output impedance. 

OUTPUT 

Fig. 331 (a) A grounded-emitter amplifier and ( b) its vacuum-tube counterpart. An NPN transistor 

is used in a; for a PNP transistor, the polarities of the batteries would have to be reversed. 

Grou tided-emitter a mplifier. The grounded-emitter amplifier, Fig. 
331a, is the most popular of the three types. The input signal is 
applied to the base, and the output signal is obtained at the collector. 
The equivalent vacuum-tube amplifier is shown in Fig. 3. 31b, and the 
reader will immediately recognize this as the most common amplifier 
in use today. 

It turns out, when the mathematics of grounded-emitter circuitry 
is worked out, that this arrangement possesses a number of advantages 
for the junction transistor over the grounded-base approach. For 
one thing, the input impedance is higher, averaging between 700 
and 2,000 ohms. The output impedance, looking into the collector 
before any load resistor has been connected, is about 500,000 ohms. 
This is less than the value presented by the common-base amplifier. 
The same 10,000 ohms of load resistance is usually employed here 
as well, however. 

Since the input signal is applied to the base in the common-emitter 
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arrangement, it is the variations in signal which control the collector 

current. Hence, current gain here is 

Current gain = Lc 
I B 

=,3 or hFE 

This ratio is called beta ( fl), or hFE when the hybrid notation is 
employed. In a typical transistor, if the emitter current is 5 ma, the 
base will get 0.1 ma, while the collector will receive the rest, or 
4.9 ma. Substituting these values into the equation, we obtain 

4.9 e = _ 
0.1 

= 49 

Note that a sizable current gain is obtained, in contrast to the 
small loss occasioned in the preceding amplifier. The gain arises from 
the fact that very minute variations of the base current produce 
significant variations in the collector current. 
A voltage gain is also obtained because there is not only a current gain 

but also a resistance gain. If we assume an input resistance of 2,000 
ohms and a load resistance of 10,000 ohms, then the voltage gain is 

Voltage gain = current gain X resistance gain 
/c v 

= J, RIN 

= 49 X 10'000 
2 000 

= 245 

This is somewhat larger than the voltage gain achieved with the 
common-base circuit. The difference is not very much, however. 
Power gain, is considerably better: 

1C2 RL  
Power gain — 

I B2 RIN 
= 492 X 5 
= 12,005 

It is because of its higher current and power gains that the common-
emitter amplifier is the most popular arrangement employed in tran-
sistor circuits. 
An interesting feature of the grounded-emitter form of connection 

is the phase reversal that occurs as the signal passes through the stage. 
In this the grounded-emitter amplifier is similar to its vacuum-tube 
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prototype, the grounded-cathode amplifier. The reason for the reversal 
can be understood by considering the amplifier shown in Fig. 3.31a. 
The base-emitter circuit is biased in the forward direction, with the 
negative side of the bias battery connecting to the emitter and the 
positive side of the battery to the base. ( In this way, the negative 
battery terminal repels the excess electrons in the N-type emitter 
toward the PN junction while the positive battery potential drives the 
holes in the base to the same junction. ) 

If, now, we apply a signal to the base, here is what will happen. 
When the signal is negative, it will tend to reduce the bias potential 
applied between emitter and base. This means that the electrons in 

INPUT 

:0) 

BYPASS 
.-T ,CAPACITOR 

OUTPUT 
INPUT 

BYPASS 

fl  CAPACITOR 

B + 

OUTPUT 

Fig. 3.32 ( a) A grounded-collector amplifier and ( b) its vacuum-tube counterpart. The cathode 

resistor in b would have a fairly high value. 

the emitter and the holes in the base will have less compulsion to over-
come the inherent separating force at the junction and less current 
will flow. This, in turn, will reduce the collector current and provide 
less voltage drop across the load resistor. As a result, potential at the 
collector will become more positive. 
During the positive half cycle of the signal, the total voltage in the 

emitter-base circuit will rise. This will increase the flow of current 
through the emitter, the collector, and 112. The increased voltage drop 
across the collector resistor will make the top end of this resistor more 
negative. Thus, in ground-emitter amplifiers, the output signal is 180° 
out of phase with the input signal. 
Grounded-collector amplifiers. The final transistor amplifier circuit 

arrangement is the grounded-collector one. This is shown schemati-
cally in Fig. 3.32, together with its vacuum-tube counterpart. Note 
that the plate of the vacuum tube is not d-c grounded, since this ele 
ment still requires a positive potential ( relative to the cathode) in 
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order to attract electrons. However, the plate is at a-c ground by vir-
tue of the large bypass capacitor, and that is actually what we are in-
terested in. 
The grounded-plate vacuum-tube amplifier will be recognized as 

the familiar cathode follower. It possesses a high input impedance be-
tween cathode and grid and a low output impedance. Voltage gain 
of this arrangement is always less than 1. In the grounded-collector 
arrangement we find many of the same characteristics. Thus, the 
input impedance, base to collector ( which is here the common 
element), is quite high because of the reverse bias which exists be-
tween these two elements. ( In contrast, the input impedance of the 
two preceding arrangements was low because the input circuit was 
between the base and emitter and the diode was forward-biased.) 
Of course, R, in Fig. 3-32 is hung across the input, and if this re-
sistor is low-valued, it will cause the input impedance to be low. If 
R, has a high value, however, then we can obtain input impedances 
as high as 1 megohm in this circuit. The output impedance, on the 
other hand, is low, frequently falling below 100 ohms. 
The current gain of a common-collector circuit is slightly higher 

than )0; actually, it is fi ± 1. This can be shown quite simply as fol-
lows. The input current is the base current, Ig. The output current 
which flows through R2, Fig. 3-32, is the emitter current, IK, and this, 
we know, is equal to /8 + /c. Hence, 

/E /c /13 
Current gain — 

IC 
=- TB+ 1 

Current gain = + 1 

The voltage gain is always less than 1, although generally it is not 
much less than 1. This is true here for the same reason it is true in a 
cathode follower. The emitter ( or cathode) resistor is fairly large and 
unbypassed. Hence, the signal voltage which develops here bucks the 
input signal at the base, so that only a small portion of the input 
signal is effective in producing an output voltage. In short, what we 
have is considerable degeneration. 
Power gain is achieved in this stage because of the large current 

gain, but the gain is less here than it is in the other two configura-
tions. Phase reversal of the signal does not occur in this stage. Any 
signal applied to input will appear at the output with the same phase. 
This, too, is like the cathode follower. And to complete the anal-
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ogy, the common-collector circuit is frequently referred to as an emit-
ter follower. 
Table 3.2 summarizes the general characteristics of the three am-

plifier configurations. 

Table 3.2 

Characteristic 
Common Common Common 
emitter base collector 

Current gain Large 1, approx Large 
Voltage gain Large Large 1, approx 
Power gain Largest Large Lowest 
Input resistance Low Lowest Highest 
Output resistance High highest Lowest 
Signal phase shift between output 
and input 180° None None 

Transistor Characteristic Curves 

The difference in operation between transistors and vacuum tubes, 
i.e., that one stresses current while the other voltage, is reflected in the 
characteristic curves of the two devices. In the characteristic curves 

16 
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Fig. 3.33 The Ee l, characteristic curves for a 6AG5 pentode vacuum tube. 

for a 6AG5 pentode, Fig. 3.33, the plate-current—plate-voltage curves 
are given for a series of grid-voltage values. The corresponding set of 
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curves for a transistor is given in Fig. 3.23. Here, collector voltages 
and collector currents are plotted for various values of base current. 
Note the great similarity between these two sets of curves. In the case 
of the 6AG5 pentode, the plate current is relatively independent of the 
plate voltage from approximately 50 volts on. The only factor that 
determines plate current is grid voltage. For the transistor, collector 
current is likewise independent of collector voltage and is wholly a 
function of emitter current. This follows from the basic operation of 
a transistor, wherein the base-emitter potential determines how many 
minority carriers the emitter injects into the base. Because of its very 
low value, it is inconvenient to measure base-emitter potential. The 
base current, which is related to the base-emitter potential, is a more 
easily measured component and hence is employed as the governing 
parameter on the family of 1,-E, curves. Furthermore, the input re-
sistance is not linear. That is, the input resistance will change as the 
input current changes. If we attempted to use the base voltage as the 
running parameter, the characteristics would be made unnecessarily 
nonlinear. 
An interesting feature of the transistor characteristic curves is the 

fact that when we reverse the collector voltage ( as we do at the left-
hand side of the chart), the collector current drops sharply to zero 
and then, if the chart had extended down, would have rapidly re-
versed itself and started flowing in the opposite direction ( i.e., the 
forward direction). The latter condition is not desired, since it would 
quickly lead to excessive current flow with consequent overheating 
and permanent damage to the crystal. 

In the plotting of graphs, it is customary to place the more important 
(i.e., the independent) variable along the horizontal axis. This should 
be done with the transistor curves; i.e., the collector-current axis 
should be placed horizontally and the collector-voltage axis vertically. 
In practice, both types of presentations will be found, with perhaps 
greater emphasis given to the form shown in Fig. 3.23 because of its 
correspondence to the more familiar vacuum-tube curves. 

It is not uncommon to find collector-voltage values listed with 
negative values in these characteristic charts. This is to indicate that 
the applied collector voltage is negative in polarity, such as we would 
use with a PNP transistor. For an NPN transistor, the collector voltage 

would be positive. 
Negative signs are also found in front of the current figures, and 

there their presence is associated with the direction of collector-
current flow in relation to the conventional indication of current flow 
through a circuit. Conventionally, electric current is taken to flow 
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from the positive side of a voltage source through the circuit to the 
negative side. Electron flow, with which most technicians are familiar, 
travels in the opposite direction. Because of this difference in treating 
current direction, it is suggested that any negative signs appearing in 
front of collector-current values be ignored. As long as the proper 
battery polarity is applied to the collector, the current will take care 
of itself. 
Most manufacturers, when they give transistor characteristics, in-

clude the output characteristic curves for the common-emitter con-
nection. Occasionally, the curves for the common-base connection will 
be given, although this practice is decreasing. 

Alpha and beta. We have seen that the a of a transistor is the 
ratio of the collector current to the emitter current when the transistor 
is connected in a common-base arrangement. The collector current 
should be measured with no load resistor in the collector circuit be-
cause, by definition, a is the short-circuit current gain. The # of a 
transistor is defined as the ratio of the collector current to the base 
current when the transistor is connected as a common-emitter am-
plifier. Here, too, the collector current should be measured with no 
resistance in the collector circuit because, by definition, 13 is the short-
circuit current gain of the transistor. ( By defining a and # in this way, 
a definite frame of reference is established for all such measurements.) 

Since the a and /3 are characteristics of the same transistor, they 
are related to each other. We know that the emitter current is equal 
to the sum of the base and collector currents. That is 

IE = /c (3- 1) 

= IE IC (3.2) 

We also know that the collector current /E is equal to al b:. Hence, ex-
pression ( 3.2) can be written 

Rearranging, we obtain 

IB — IE — «IR 
IR = IE(1 — «) 

Now we divide /E = a/E by Eq. ( 3.3): 

Ic  alp  
I8 (1 — a)IE 

" 1 — a 

(3.3) 

(3.4) 
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Conversely, we can express a in terms of fi: 

a 
a — 1+a 

Equation ( 3- 5) is derived by simply rearranging Eq. ( 3-4). 

(3-5) 

Typical Transistor Data 

An indispensable tool for anyone dealing with the design, opera-
tion, or service of electronic equipment is a tube manual. Here we 
find the mechanical and electrical specifications for each type of tube, 
plus a set of characteristic curves. In similar fashion, equivalent data 
are published by transistor manufacturers for each of their products. 

Transistor manufacturers' sheets contain the specifications of a 
particular transistor, including maximum ratings, characteristic curves, 
and physical outline. Some of the more important items described are: 

1. Transistor number 
2. Collector-junction voltage 

rating 
3. Emitter-junction voltage 

rating 
4. Current-handling capacities 
5. Power rating 
6. Temperature limitation 
7. Thermal resistance 
8. Transistor-case outline 

9. A-c h parameters 
10. 'co 

1 I. /co 
12. a cutoff frequency 
13. Static collector characteris-

tic 
14. Temperature variation of 

transistor parameter 
15. D-c j3 and 
16. Saturation resistance 

Each of these parameters may be used in circuit design and specifi-
cation of a particular transistor. The location of the parameters on the 
data sheet need not be the same and the method of presentation 
may also vary. Furthermore, not all parameters may be given for any 
specific transistor; only those that are deemed necessary will be in-
cluded. 
A typical specification sheet ( General Electric Company) is shown 

in Fig. 3-34. The various sections of this listing are numbered 1 to 10, 
and appropriate explanations of each are given below. 

1. The lead paragraph is a general description of the device and 
usually contains three specific pieces of information: The kind of 
transistor, in this instance a silicon NPN triode; a few major applica-
tion areas, here amplifier and switch; and general features such as 
electrical stability and a standard size hermetically sealed package. 

2. The absolute maximum ratings are those ratings which must not 
be exceeded. To exceed them may cause device failure. 
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The General Electric Types 2N337 and 2N338 are 
high-frequency silicon NPN transistors intended 
for amplifier applications in the audio and radio 
frequency range and for high-speed switching cir-
cuits. They are grown junction devices with a 
diffused base and are manufactured in the Fixed-Bed Mounting design for extremely 
high mechanical reliability under severe conditions of shock, vibration, centrifugal 
force, and temperature. For electrical reliability and parameter stability, all transistors 
are subjected to a minimum 160 hour 200°C cycled aging operation included in the 
manufacturing process. These transistors are hermetically sealed in welded cases. The 
case dimensions and lead configuration conform to jEDEC standards and are suitable 
for insertion in printed boards by automatic assembly equipment. 

2N337. 2N338 

SPECIFICATIONS 

0,{ ABSOLUTE MAXIMUM RATINGS 25 C. 

Voltage 
Collector to Base 
Emitter to Base Vzzo 

Current 

Collector Ic 

Collector lletor Dissipation* Pc 

Temperature 
Storage Storage TR.ro 
Operating TA 

Outline Drawing No. 4 

45 volts 
1 volt 

20 ma 

125 tow 

—65 to 200 *C 
—6.5 to 150 •C 

ELECTRICAL CHARACTERISTICS: ( 25*C) 
Unless otherwise specified; 
Vra = 20v; le = — 1 ma; 
f = 1 he) 2N337 214338 

Small-Signal Characteristics Min. Typ. Max. Min. 

C>C Current Transfer Ratio hr. 

Input Impedance his 
Reverse Voltage Transfer Ratio hi.b 
Output Admittance hob 

High- Frequency Characteristics 

CI{ Alpha Cutoff Frequency hie 
Collector Capacitance (f = 1 mc) Cob 
Common Emitter Current Cain 

(f = 2.5 mc) ht. 

o-
D-C Characteristics  

Common Emitter Current Cain 
(Vez = 5v; lc = 10 ma) 

Collector Breakdown Voltage 
(11.nn = 50 ga; In = 0 ) 

Emitter Breakdown Voltage 
( term = —50 ga; Ir = 0) 

Collector Saturation Resistance 
le -,-- 1 ma; le = 10 ma) 

(I s ma; le = 10 ma) 

14 24 

Typ. Max. 
19 55 39 99 
30 47 80 30 47 80 ohms 

180 2000 200 2000 X 10-
.1 1 .1 1 µmho 

10 30 20 45 mc 
1.4 3 1.4 3 aid 

20 26 

hre 20 35 55 45 75 150 

BVcao 45 45 volts 

BVER0 1 1 volt 

Ilse 75 150 ohms 
Rag 75 150 ohms 

Cutoff Characteristics  

Collector Current 
(Viii = 20v; If: = 0; TA = 25*C) Iran 

Collector Current 
(Vca = 20v; le = 0; TA = 150•C) Irmo 

Switching Char sties 

Rise Time 
Storage Time 
Fall Time 

Ir 
t. 
tr 

.002 1 

100 

.002 1 ga 

100 µa 

.02 .06 

.02 .02 

.04 .14 

•Derate 1 mwrC increase in ambient temperature over 25°C 

Fig. 3.34 A transistor specification sheet. (Genera/ Electric Co.) 

asees 
users 
µsees 
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3. The power dissipation of a transistor is generally limited by the 
junction temperature. Therefore, the higher the temperature of the 
air surrrounding the transistor ( ambient temperature), the less power 
the device dissipates. A factor which indicates how much the transis-
tor must be derated for each degree of increase in ambient tempera-
ture in degrees centigrade is usually given. Note that the 2N337 
(given on this specification sheet) can dissipate 125 mw at 25°C. 
By applying the given derating factor of 1 mw for each degree in-
crease in ambient temperature, we find that the power dissipation will 
drop to 0 mw at 150°C. This, then, is the maximum operating tem-
perature of this transistor. 

4. All of the remaining ratings define what the device is capable 
of under specified test conditions. These characteristics are needed 
by the design engineer to develop matching networks and to calculate 
exact circuit performance. 
There is one important difference between the absolute maximum 

rating and the design characteristics listed on specification sheets. 
The absolute maximum rating must not be exceeded under any cir-
cumstance and to exceed it automatically releases the transistor man-
ufacturer from any warranty he may give with the unit. Characteris-
tics, on the other hand, although they may entail some guarantee, are 
presented primarily as a guide to the user. Some of the parameters, 
for example, /(.0, life, VISE, etc., have their maximum values guaranteed 
but not at end of life ( i.e., usually after 1,000 hr). Other parameters, 
such as breakdown voltage, are rated on an end-of-life basis. How-
ever, none of the typical values listed are guaranteed. 

5. "Current-transfer ratio" is another name for /3. In this case we 
are talking about an a-c characteristic, so the symbol is hp,. If the d-c 
beta is meant, the symbol is hp,. /3 is partially dependent on fre-
quency, so some specifications list it for more than one frequency. 
The remaining h parameters in this section deal with items necessary 
for transistor circuit design. h, is the hybrid symbol for input im-
pedance. If a small b subscript is added, that is, h,b, then the symbol 
stands for the input impedance of a common-base amplifier, generally 
given at zero a-c collector current. By the same token, h„ is the input 
impedance of a common-emitter amplifier. 
hrb is the reverse voltage transfer ratio for the common-base ampli-

fier. It is the ratio of the a-c voltage appearing at the emitter to an 
a-c voltage applied to the collector for essentially an open circuit to 
alternating current at the emitter. h„ is the reverse voltage transfer 
ratio for the common-emitter configuration. In this instance, it is the 
ratio of a-c voltage at the base to the a-c voltage at the collector. 
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hob is the output circuit conductance for the common-base con-
figuration with the input open-circuited. Conductance is the reciprocal 
of resistance, so that 1/hob is the output impedance of the transistor. 
It is defined as the ratio of the a-c collector current to the a-c collec-
tor voltage. hoe is the output circuit conductance with the input open-
circuited for the grounded-emitter configuration. It too is the ratio 
of the a-c collector current to the a-c collector voltage. 
The h parameters are measured at 1,000 cps and are useful in 

ampifier design since they can be used to determine the input im-
pedance, the output impedance, and the current gain of a transistor. 
At this point in the book, the hybrid parameters will probably prove 

more confusing than enlightening. It is suggested that the reader wait 
until he reaches Chap. 12, where a full discussion of hybrid and other 
parameters is given. The only reason for mentioning these parameters 
at this time is that they appear on the data sheets. 

6. The frequency cutoff fob or feb of a transistor is that frequency 
at which the grounded-base current gain drops to 0.707 of the 1,000-
cycle value. It gives a rough indication of the useful frequency range 
of the device. 

7. The collector breakdown voltage BVcno is the inverse voltage be-
tween the collector and base with the emitter open at which there is 
a sharp increase in current flow between the collector and base. This 
point is known as the avalanche breakdown, in which minority elec-
trons, passing the PN junction, gain sufficient energy to knock off 
valence electrons bound to the crystal lattice and raise them to the 
conduction band ( see page 13). /317c80 is usually specified at some 
value of reverse leakage current. 

Emitter breakdown voltage BVEho is the maximum voltage which 
can be safely applied between emitter and base when these elements 
are reverse-biased ( with the collector open) at some specified value 
of reverse leakage current. This value is given in specification sheets 
in order to indicate how large a reverse voltage may be applied to the 
input of a common-emitter amplifier before the input circuit will 
break down. 

Application of voltages in excess of the maximum breakdown values 
may or may not damage a transistor. In most instances, the transistor 
can be made to operate again satisfactorily after the excessive voltage 
has been removed. In some instances, however, sufficient damage is 
wrought that the transistor becomes unusable. The emitter-base break-
down voltage value will depend on how the transistor was fabricated. 
For alloy transistors, it is comparable to the collector-base breakdown 
voltage. With diffused transistors, however, it is much less than the 
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collector-base breakdown voltage. In the specification sheet of Fig. 
3-34, the emitter breakdown voltage is 1 volt, whereas the collector 
breakdown voltage is 45 volts. In normal circuit design all voltages 
should be kept well below the maximum ratings, because transients 
or other voltage variations which drive the transistor into the break-
down region can cause an immediate and permanent damage. 

8. Collector saturation resistance. A transistor is saturated when 
both junctions are forward-biased. The saturation resistance for this 
condition is equal to the collector-to-emitter voltage divided by the 
collector current. It consists of two components. The first component 
is the bulk resistance of the material from the collector and emitter 
terminals to their respective junctions. The second component is due 
to the transistor action of the device; it decreases as the base current 
is increased for any given value of collector current. Thus, overdriving 
the transistor will reduce the saturation resistance. 

Collector saturation resistance is generally of considerable im-
portance to engineers who are designing logic circuits in which the 
transistor itself acts as a switch, going from a very high impedance 
condition, when it is essentially cut off, to a very low impedance con-
dition, when it is saturated. In such design work it is important to 
know the saturation resistance, or the resistance of the transistor when 
it is in the low-impedance condition. 
The saturation region on the characteristic curves of a transistor is 

at the extreme left-hand side where the curves appear to come to-
gether, Fig. 3-35a. Actually, when this portion of the graph is en-
larged, Fig. 3-35b, it can be seen that each curve is separate and 
distinct. In this region the curves slope downward in a straight line 
and, if the ratio of collector voltage to collector current at any point 
is computed, the saturation resistance value is obtained. ( Another way 
of stating the same thing is to say that the reciprocal of the slope of 
a curve in this region is the saturation resistance.) 
Many manufacturers will list a collector saturation voltage 

VeR(sat). This voltage is essentially the minimum voltage necessary, 
at a particular collector current, to sustain normal transistor action, 
and it occurs when the emitter-base voltage equals the emitter-collec-
tor voltage. At lower collector voltages, the base-collector diode be-
comes forward-biased and the current-voltage relationship changes 
abruptly. This is the region where the curve lines slope sharply down-
ward. 

It might be noted, in passing, that there is also a cutoff region on 
the characteristic-curve plot. This occurs below the curve marked 
/R = O. In Fig. 3-35a the cutoff region is somewhat below the curve 

marked /il = 0.02 ma. 
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9. The collector cutoff current is the current from collector to base 
when no emitter current is being applied. This is the /,,,, which has been 
mentioned previously. It varies with temperature changes and must 
be taken into account whenever any semiconductor device is designed 
into equipment which is used over a wide range of ambient 
temperatures. 
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10. The switching characteristics show how the device responds to 
an input pulse under the specified driving conditions. These response 
times are very dependent on the circuit used. The terms used in this 
section of the specification sheets are explained in Fig. 3-36. 
td is the delay time, or the time it takes from the application of the 

input voltage at point A, Fig. 3.36, until the output voltage has 
reached 10 per cent of its final value. 
tr is the rise time or the time interval required for the output to go 

from 10 to 90 per cent of its saturation value. 
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4 is the storage time, or the time it takes from the removal of the 
input signal for the output to go from its saturation value to 90 per 
cent of that value. 

tf is the fall time, or the time interval required for the output to go 
from 90 to 10 per cent of its saturation value. 
The delay time is partly due to the time required to discharge the 

emitter-base capacitance which has been charged to the reverse space 
emitter bias voltage ( — 10 volts in Fig. 3.36) through the base resist-
ance. Secondly, time must be allowed for the emitter current to diffuse 
through the base region. The rise time refers to the turn-on of the col-
lector current. The storage time is due to the length of time required 
to sweep out the stored charge carriers in the base region which re-
sulted from the collector-base region being forward-biased during 
saturation. ( During saturation, both the emitter and collector inject 
carriers into the base region. The emitter normally does this under 
all circuit conditions; the collector only when it is forward-biased, as 
it is during saturation.) This is true for alloy transistors. For grown-
diffused and mesa transistors, the primary charge storage takes place 
in the collector region rather than in the base region. As soon as the 
carriers have been swept out of the base region or the collector re-
gions, the transistor begins to turn off. 

In reading symbols, it is necessary to note carefully what upper-
and lowercase letters are used in both the major letters and their sub-
scripts. Lowercase letters are used as major letters to represent in-
stantaneous ( or alternating) values of current, voltage, power, or 
whatever. Examples are i, v, and p. Uppercase or capital letters are 
used as major letters to represent d-c or rms values. Examples are 
/, V, and P. 

In subscripts, d-c and instantaneous values are indicated by upper-
case letters. Examples are Ico, VER, hEE. Lowercase subscripts, such as 
those in Vac, ic, and life, indicate a-c component values. ( Readers wish-
ing to learn more about the IRE standards for semiconductor notation 
are referred to the July, 1956, issue of the Proceedings of the IRE, 
pages 934 to 937.) 
The final item which is found on transistor specification sheets is 

an outline of the transistor housing and an indication of the position-
ing of the transistor leads. Transistor cases are assigned so-called TO 
numbers such as TO-1, TO-5, and TO-9. The letters "TO" stand for 
Transistor Outline. 
Lead placement varies. Sometimes leads are arranged in a straight 

line, sometimes they are arranged around a circle, and sometimes 
they are bunched together at a single point. The illustrations in 
Fig. 3.37 are representative of the more common arrangements. In 
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Fig. 3.37 Above and on the two pages following are shown typical transistor housings and lead 
arrangements. In instances when four leads are found, one is usually connected to the case and 

should be grounded (generally) in the circuit. In the larger power transistors, where only two leads 

or terminals are found, one is the base and the other is the emitter. The transistor case then serves 
as the collector connection, being internally connected to the collector element. 
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all instances, the manufacturer's specification sheets should be checked 
before any connections are made to transistor leads. 

Transistor Equivalent Circuits 

As one works with transistors, one finds that there is a considerable 
degree of dependence between the input and output circuits. This is 
in direct contrast to vacuum tubes, where the input and output circuits 
are relatively independent of each other. ( Feedback effects which 
may occur can generally be counteracted by suitable means.) 

In the common-emitter arrangement, for example, the variation in 
input resistance with load resistance is as shown in Fig. 3.38. Note 
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how the input resistance decreases with increase in load resistance, 
eventually leveling off to a value of about 500 ohms when the load 
resistance becomes inordinately large. This is for a typical junction 
transistor. 

Similar curves showing the effect on the output resistance for dif-
ferent input resistances could be drawn. The reason for these inter-
actions can perhaps be better understood when the equivalent elec-
trical circuit of a transistor is examined. Equivalent circuits are con-
venient devices that enable an engineer to develop a relatively sim-
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Fig. 3.38 Variation of input impedance with load resistance in o junction transistor 

pie electrical network which will function in the same manner elec-
trically as some complex circuit which he may be investigating. It is 
interesting to study the engineer's approach to equivalent circuits be-
cause it will give the reader a better appreciation of the value and 
purpose of these circuits. The start is made with a little black box in 
which the circuit or system to be analyzed is contained. Access to 
the box is prohibited, and all we have from the box are four terminals, 
two representing the input and two the output. The procedure then 
is to take this black box and perform a series of four measurements 
on it. One measurement is to apply a signal to the input terminals 1 
and 2 and record the voltage that is applied and the current that flows 
in the input circuit with the output circuit open, Fig. 3.39a. This will 
give us, when V1 is divided by Ii, the input resistance RI. 
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A second measurement is made by applying the signal to the input 
terminals of the black box and recording the current flowing in the 
input circuit and the voltage developed across the output circuit. This 
is illustrated in Fig. 3-39b. This measurement indicates what effect 
the input circuit has on the output circuit. 
The third test is made with the signal generator connected across 

the output terminals and the voltage and current meters recording 
these respective quantities in the output circuit, Fig. 3.39c. The input 
circuit is open. 

II 

SIGNAL 

(c) 

3 
—o 

OUTPUT 
.4 OPEN 

__L_ 

SIGNAL 

(b) 

SIGNAL 

Fig. 3.39 Voltage and current measurements made on a system in order to determine its equiva-

lent circuit. (a) Signal is applied to input. Voltage and current measurements are made on input 

with output terminals open. (b) Signal is applied to input. Current flowing in input is measured, 
together with voltage across output. (c) Signal is applied to output with input open; voltage and 

current in output are measured. (d) Signal is applied to output. Current flowing in output is measured, 

together with voltage across input. 

The final check is made under the conditions indicated in Fig. 
3.39d. Here we apply the signal to the output circuit and measure 
the voltage it produces across the input circuit. 
The results of these four measurements are then used to draw a 

simple network which will give exactly the same results when the 
measurements indicated above are made. If such a network can be 
found, then we know that it will act, under all conditions, as the cir-
cuit or system in the black box acts, and we can call this latter net-
work the equivalent of the box system and deal with it rather than 
the generally more complex system it replaces. 

Using the foregoing method, one equivalent network obtained for 
a transistor is as shown in Fig. 3.40a, where re is the internal resistance 
of the emitter, rb is the internal resistance of the base, and r,. is the 
internal resistance of the collector. Note that the base resistance is 
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common to both the emitter and collector circuits, a fact that we 
discovered previously when studying the manner in which current is 
conducted through the transistor. 
Now, if all we had in our equivalent circuit were these three re-

sistances, then we would have a simple resistive network in which sig-
nals ( or voltages) could pass from input to output or from output to 
input with equal ease. This, we know, is not true of transistors. 
Furthermore, a simple resistive network could introduce only attenua-
tion, not amplification, and transistors do amplify. Obviously, some-
thing more is needed, and that something is the small generator placed 
in series with re. For mathematical reasons which are related to 
the design equations of transistors, this generator is given a value of 

where ie is the current flowing through the emitter resistance 

Fig. 3.40 Steps in the development of an equivalent circuit for a transistor. (a) Preliminary 

equ•valent circuit of a transistor. ( b) A more nearly complete equivalent circuit of a transistor 

re and r„, is a mutual resistance of the system. For our purpose here, 
we need simply regard this generator as adding its voltage to that of 
the input signal to produce a greater (i.e., an amplified) signal at the 
output. In this way we achieve an equivalent circuit which reveals how 
a signal applied to a transistor is amplified and just what that amplifi-
cation will be under various types of load resistances. 
For those readers who find this added generator strange or confus-

ing, attention is directed to the equivalent circuit for a triode vacuum 
tube, Fig. 3.41. We note that a voltage ei applied between grid and 
cathode produces the same effect as a voltage in the plate circuit which 
is ix times greater. it, of course, is the amplification factor of the tube. 

Returning to Fig. 3.40, we begin to see why the input and output 
circuits of a transistor are so dependent on each other. Any current 
flowing in the collector circuit will also flow through r„ and the voltage 
developed here will directly influence the current flowing in the 
input circuit ( containing re and rb). And, of course, anything that 
happens in the input circuit will be immediately felt in the output cir-

cuit. In a vacuum tube, where the grid is negative and the frequency 
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is not very high, the equivalent circuit of Fig. 3.41 shows quite 
plainly that the grid and plate circuits are isolated from each other 
and we do not have the same dependence between the impedances in 

each circuit that we have in a transistor. 
A more extended discussion of transistor equivalent circuits will be 

found in Chap. 12. It is recommended, however, that the reader not 

G= GRID 
c••CATHODE 
I"- PLATE 
rp-PLATE RESISTANCE 

.FIL= LOAD RESISTOR 

Fig. 3.41 The equivalent circuit of a vacuum tube The incoming signal el appears in the plate 

circuit as a greater voltage µe l 

turn to this chapter immediately, but wait until he reaches it in the 

normal sequence of reading. 
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QUESTIONS 

3. 1 What factors limit the power-handling ability of transistors? 

Describe each briefly. 
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3.2 How does the noise figure of transistors vary with frequency? 
3.3 List some of the factors which govern the frequency response 

of transistors. 
3.4 Why does an NPN transistor have a higher frequency response 

than a comparable PNP transistor? 
3-5 Describe briefly how grown-junction transistors are fabricated. 
3.6 What major limitations do grown-junction transistors have? 
3.7 Why is it possible to manufacture alloy-junction transistors 

with higher cutoff frequencies than grown-junction transistors? 
3.8 Describe briefly how alloy-junction transistors are manu-

factured. 
3.9 In what respects is the diffusion technique of transistor 

manufacture superior to either alloy or grown methods? 
3.10 Can the alloy and diffusion techniques be combined for 

transistor maufacture? Explain your answer. 
3.11 What does a drift transistor possess that is not present in an 

alloy-junction transistor? In what way is this helpful? 
3. 12 Describe how a grown-diffused transistor is manufactured. 
3.13 What is the difference between a mesa transistor and an 

epitaxial mesa? 
3.14 How does the surface-barrier transistor operate? 
3 • 15 What is the difference between an SBT and an MAT unit? 
3.16 Define ICBO, 1E0, BV E no. 
3.17 What differences exist between silicon and germanium in their 

use in transistors? 
3.18 Why is 'Co important in transistor operation? 
3.19 Why must the collector-dissipation rating of a transistor be 

reduced when the unit is employed above a certain temperature? 
3.20 Name some of the ways in which the collector-dissipation 

rating can be increased. 
3.21 How are PNP and NPN transistors differentiated schemati-

cally? What other conventions arc employed in drawing transistor 
symbols? 
3.22 Compare the elements in a triode vacuum tube with the 

sections of an NPN transistor. Do the same thing with respect to the 
d-c voltages which each device receives. 

3.23 Draw the circuit of a grounded-base transistor amplifier, 
complete with d-c biasing voltages and input and output terminals. 
Draw the vacuum-tube counterpart of this circuit. 
3.24 Follow the same procedure as in Question 3.23 for a 

grounded-emitter transistor amplifier. Draw the vacuum-tube counter-
part of this circuit. 
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3 • 25 Answer Question 3-24 for a grounded-collector transistor 
amplifier. 

3-26 Which of the three types of amplifier is best suited for a high-
input-impedance low-output-impedance application? Which arrange-
ment provides the best voltage and power gains? Would the same 
results be obtained if vacuum-tube amplifiers were employed? Explain. 

3-27 Differentiate between the a and ,8 values of a transistor. 
3-28 Describe how the )3 value of a transistor may be determined 

from its characteristic curves. For your illustration, use Fig. 3-22. 
3-29 How can you identify the various element leads of a tran-

sistor? Indicate two methods. 
3-30 What characteristics are generally given for a transistor in 

the manufacturer's listings? 
3-31 Why is there greater dependence between the input and 

output circuits of a transistor than of a vacuum tube? 
3-32 Draw the equivalent circuit of a transistor. 



CHAPTER 44 

Transistor Amplifiers 

IN PRECEDING CHAPTERS we noted how a transistor functions 
internally and how it achieves the desired goal of amplification. 
Several simple amplifier circuits were touched on in the course of this 
discussion; they were, however, incidental to the main discussion of 
transistor characteristics. In the present chapter we shall turn our 
attention completely to transistor amplifiers to see what forms they 
take and how they operate. 

Transistors, like tubes, can be employed in three different configura-
tions designated as grounded, or common, base; grounded, or common, 
emitter; and grounded, or common, collector. By way of review, it 
will be recalled that the common-base arrangement provides less than 
unity current gain, a very low input impedance, a high output imped-
ance, and no phase reversal of the amplified signal. In the common-
emitter amplifier, the current gain /3 is quite large, the input impedance 
is relatively low, the output impedance is moderate, and the signal 
suffers a phase reversal in going from input to output. In the final 
configuration, the common collector, the input impedance is high, the 
output impedance is low, and there is no signal phase reversal. The 
last arrangement is the direct counterpart of the vacuum-tube 
cathode follower. 

Common- base Amplifier 

Practical circuits employing each of the three transistor amplifier 
arrangements are shown in the illustrations on the pages to follow. In 
Fig. 4.1 a 2N104 transistor is used. If we did not know offhand 
whether this was an NPN or a PNP transistor, we could use the emitter 

and collector battery polarities as our clue. The emitter must be biased 
in the forward direction. This means that the positive terminal of /31 

119 
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must drive the emitter carriers to the emitter-base junction. A positive 
field, produced by the positive battery terminal, will repel holes. There-
fore, we know that the emitter section is formed of P-type germanium. 
It follows then that the base has N-type germanium and the collector 
has P-type germanium. In short, the 2N104 is a PNP transistor. 
The input signal is RC-coupled to the emitter. The emitter bias is 

established by battery B„ 6 volts. Current flow through the emitter is 
governed by R„ a 10,000-ohm resistor. By using Ohm's law, 

we find that 
E = IR 
6 = I X 10,000 
I = 0.6 ma 

Actually, by this reasoning we completely neglect the resistance of 
the emitter-base section. The latter is so small with the indicated 

2N104 

CI 
1-10 MF 

SIGNAL INPUT 

Fig. 4.1 A common- base transistor amplifier. 

R2 
6.8 K 

1-10 MF 

SIGNAL OUTPUT 

battery arrangement, however, that it scarcely alters the total current 
flow. Actually the emitter-base potential is on the order of 0.1 volt or 
possibly less. 
The output, or collector, circuit possesses a 9-volt battery and a 

6,800-ohm load resistor. Signal voltages developed across R, are then 
capacitively coupled to the next stage or output device. 
The two coupling capacitors C, and C2 are shown with capacitance 

ranges from 1 to 10 ef. The use of such high values is dictated by the 
relatively low input impedance of this stage ( and for C2, the relatively 
low input impedance of the following stage). With an input impedance 
on the order of 200 to 300 ohms, it is desirable that the impedance 
offered by Ci to the lowest operating frequency be no more than 20 
ohms. To achieve this, large values of capacitance must be used. 
Fortunately, the working voltage requirements are extremely low 
(here on the order of a volt or two), so that high-valued electrolytic 
capacitors can be manufactured at reasonable cost and with consider-

able compactness. 
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It is, of course, desirable to make C, ( and C2) as large as possible. 
When 1-,f values are used, the frequency response is such that the gain 
at 100 cycles is 16 per cent of the gain at 1,000 cycles. When we 
change to 10 cf, the 100-cycle gain rises to 46 per cent of the 1,000-
cycle value, thus showing a marked improvement. The extent of the 
high-frequency end of the curve is governed by the capacitances shunt-
ing the circuit and the manner in which a drops off with frequency. 
The use of two batteries is somewhat of a disadvantage, however, 

and this can be remedied by a voltage divider, as shown in Fig. 42. 
Since resistors R, and R, have values in the ratio of 2:3, the voltages 
developed across them will have the same ratio. Thus, 6 volts will 
develop across R, and 9 volts will develop across R,. Across R, the 

1-10 MF 

) 

INPUT 

2N104 

Fig. 4-2 A common- base amplifier using only one bias battery. 

R3 R., 
2K 3K 

1-10 MF 

SIGNAL 
OUTPUT 

ungrounded end is positive, while across R, it is negative. This will 
provide the proper polarity voltages for the emitter and collector and 
enable the circuit to function in the same manner as that of Fig. 41. 

In using the voltage-divider arrangement of Fig. 4 - 2, it is desirable 
to make R, and R, as low as possible so that variations in emitter or 
collector currents will not have any appreciable effect in altering the 
current through R, and R, and, in consequence of this, their voltage 
drops. On the other hand, if R„ and R, are made too small, the current 
drain on the battery will become excessive. The values shown in Fig. 
4.2 represent a compromise between these two conflicting goals. 

Common-emitter Amplifier 

Much more widespread than the use of common-base transistor 
amplifiers is the use of common-emitter amplifiers. With the common-
emitter arrangement we obtain greater current and power gain. A 
circuit using the 2N104 in a common-emitter arrangement is shown 
in Fig. 43. Connection of the input and output resistors and capacitors 
remains the same as in the preceding amplifier. Note, however, the 
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use of a single battery for both circuits. This is possible because the 
emitter is common to both input and output circuits and both collector 
and base require voltages which possess the same relative polarity with 
respect to the emitter. ( In the present discussion, the emphasis is on 
circuit form rather than the selection of the most stable circuits. An 
analytical method of determining the sensitivity of an amplifier cir-
cuit to temperature and other factors is given in Chap. 12. ) 

Fig. 4.3 A single- stage common- emitter amplifier. 

o  

INPUT 

=' 9 V 

Fig. 4.4 A common-emitter amplifier that employs a stabilizing resistor R2. 

A form of common-emitter amplifier that is frequently seen is shown 
in Fig. 44. The chief difference between this circuit and that of Fig. 
43 is the 5,000-ohm resistor R, and filter bypass capacitor C, which 
have been inserted in the emitter lead. Resistor R, serves to d-c 
stabilize the circuit by compensating for differences between transistors 
and by reducing the effects caused by temperature drift. Capacitor CI 
is shunted across R, to prevent degeneration with its reduction in gain. 
In some instances, the added stability provided by a-c degeneration 
may be desired, in which case C, would be omitted. 
The problem of amplifier stability being affected by temperature 

changes is more serious in common-emitter and common-collector cir-
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cuits than it is in common-base circuits because of the presence of a 
cutoff current /co, which was mentioned briefly in Chap. 3. L.0 is the 
current that flows through the collector-base diodes when the emitter 
current is zero. It stems from the presence of minority carriers in the 
base and collector sections, and it gives rise to a small current when 
the collector is reverse-biased. /co is generally below 10 ¡La, and it is 
independent of the emitter current. Its value is determined chiefly by 
the particular transistor being used and by the temperature. It is the 
latter dependence which is particularly significant. 
When a transistor is connected with the base common to both input 

and output circuits, as in Fig. 4.1, then the total collector current that 
flows is made up of two components; these are 

IC = aIE Ica 

That is, /c, in a junction transistor, is equal to 98 per cent ( or so) of 
the emitter current 1E plus the collector cutoff current /co. Since L0 is 
in microamperes and /E is in the milliampere range or higher, changes 
in 'CO, unless they are drastic, will not seriously increase the heat 
dissipated at the collector or significantly change the operating point. 
Hence, we need not take other than the normal precautions with 
common-base amplifiers. 

Consider, now, the common-emitter circuit, Fig. 4.3. /co still flows 
between the base and collector sections, but now the base current de-
termines the amount of collector current flowing. This, too, we noted 
in Chap. 3, and it was because of this relationship that we developed 
a second current-gain factor fl, which is equal to a/ ( 1 — «), and 
values of f3 of 50 or more are not unusual. The total collector current 
now flowing is given by 

/c = /3/8 + ( I ± a)/co 

Previously, the factor ( 1 + )/(.0 was ignored. When the transistor is 
subjected to fairly wide ranges in temperature, however, it is possible 
for this factor to develop values high enough to affect transistor 
operation seriously. /co is extremely sensitive to temperature, and any 
increase in this current will be magnified 50 or more times because of 
the presence of ( 1 ± fl). This can have a marked effect not only on 
the collector current but—what is equally disturbing to the circuit—on 
the bias or operating point. What it will do is shift this point out of the 
linear region, giving rise to an increase in distortion. 
The insertion of a series resistor in the emitter leg is designed to 

prevent the foregoing action from occurring. If we use the circuit of 
Fig. 4.4 as an illustration, all of the collector current will flow through 
the emitter resistor. The voltage drop produced across R2 serves to 
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make the emitter negative with respect to ground. Note, however, that 
the base is also negative with respect to ground, and hence the base-
emitter voltage will be the difference between the battery voltage 
drop across 11, and the smaller voltage drop across R2. Now let us say 
that the collector current rises because of a temperature-induced rise 
in I(0. This will cause the voltage drop across Ft, to increase, making 
the overall base-to-emitter voltage less negative than it was before. 
This is actually working against the forward biasing voltage of the 
base-emitter circuit, resulting in less emitter current. Hence, we are 
counteracting the rise in /0 by decreasing IB and /E. In this way we 
achieve stabilization of our amplifier circuit. 

OUTPUT 

Fig. 4.5 A variation of the stabilized amplifier for Fig. 4.4. 

A variation of this stabilization circuit is that shown in Fig. 4.5. 
Here the base is connected to a voltage divider. This arrangement 
provides greater stabilization than its predecessor, but the additional 
resistor does absorb more power from the battery and from the 
signal source. In this sense, then, this circuit is less efficient. 
The reader will recognize that every transistor circuit has two kinds 

of stability, d-c and a-c ( or signal). In d-c stability, we desire to main-
tain the same operating point irrespective of any changes in the 
transistor or in the values of any of the other components in the 
circuit. Generally, it is the changes in the transistor that cause the most 
trouble, but variations in the values of circuit resistors can also have 
a marked effect on circuit operation. 

Alternating-current stability refers to the ability of the circuit to 
treat any signals that pass through in the same way. The most common 
variation occurs in the amplification accorded different-frequency 
signals, but different-amplitude signals can also be treated differently. 
For example, a strong signal may receive a greater distortion than a 
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smaller signal. In Fig. 45, removal of the 10-id capacitor shunting 
the 5,000-ohm emitter resistor will provide more uniform amplification 
to signals over a wider frequency and amplitude range than if this 
capacitor were permitted to remain. This is called current feedback. 
Another method is voltage feedback, and this will be illustrated 
presently. 

Common-collector Amplifier 

A single-stage common-collector amplifier is shown in Fig. 46. The 
input signal is applied between base and ground. Since the collector 
is at a-c ground potential because of C„ however, we can say that 

Fig. 4.6 A single- stage common- collector amplifier. 

the signal is effectively being applied between base and collector. The 
output is taken from a load resistor between emitter and ground or, 
what is the same thing, between emitter and collector. This circuit 
has a high input impedance, on the order of 100,000 ohms or more, and 
an output impedance of 200 ohms. The voltage gain of a common-
collector amplifier cannot exceed 1, and in the circuit shown it is about 
0.9. Power gain, however, is 15. The voltage gain is relatively inde-
pendent of frequency, but the current gain falls off with frequency 
exactly as it does for a common-emitter amplifier. The fall-off of power 
gain, with frequency, is therefore about midway between that of a 
common-base amplifier and that of a common-emitter amplifier. 

Still another variation of the common-collector amplifier is shown in 
Fig. 4 7a. The load resistor is the 47,000-ohm resistor in the emitter leg. 
In addition, there is feedback ( furnished by C2) between the emitter 
and base. The latter is designed to decrease the shunting effect of the 
hase voltage divider. 
The frequency response of this circuit for two different bias voltages 

is shown in Fig. 4 7b. Note that in neither case does this gain exceed 
1. ( The change in circuit presentation is purposely being made to help 
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the reader become familiar with the different methods of illustration 
that he will encounter. The important items to look for are the point 
of application of the input signal and the takeoff point of the output 

signal. ) 
Another name for this circuit is bootstrap circuit. 
It is relatively simple to derive the current gain of a common-

collector amplifier. The input current is /E, since the incoming signal 
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Fig. 4•7 (a) Another common- collector circuit. ( b) The frequency response of the circuit shown in 
(a) for two different bias voltages. ( After P. G. Sulzer, Junction Transistor Circuit Applications, 

Electronics, August, 1953) 

is fed to the base. The output current is /E, since the load resistor is in 
the emitter lead. Hence 

Current gain = —IE 
IR 

Further, IE = In ± IC 
± IC 

Thus, Current gain = 

/c 
= 1 IB ± 

Current gain = 1 ± 
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To all intents and purposes, this is equal to ft, because beta is 
normally greater than 30. Thus, the common-emitter and the common-
collector amplifiers provide the same current gain. 
The input impedance of a common-collector stage is approximately 

equal to ft times /it, or flitL. This can be shown as follows. The input 
impedance of the stage RIN is equal to the input voltage divided by 
the input current. From Fig. 4.8, the input voltage is equal to 

Fig. 413 

Vg// VOUT. (These voltages can be added directly because they are 
always in phase for a resistive load. Thus, 

VER VOUT 
RIN 

IR 
VER VOUT 

RIN =  r 17. 
.11; R 

(4.1) 

Now, 17)21)//), is the internal resistance between base and emitter rbe, 
and since this junction is forward-biased, the value is very low. On the 
other hand, VorT//8 depends on the circuit as well as the transistor. 
We noted just above that /),//8 is equal to f3 ± 1 or, essentially, ft. 
From this we may state 

V ouT OVOUT 
IR 

Since VotiTi/E = RI„ we have 

VOUT 
— i3RL 

18 

Substituting this into Eq. ( 4.1) above, we obtain 

R IN = Tb, OHL 
1311L 

This demonstrates that it is desirable to use as high a value of R, as 
practical in order to obtain a high input impedance. In turn, this means 
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that for common-collector amplifiers, the operating bias current should 
be as low as possible; otherwise, the d-c voltage dropped across RI, 
would be so high that an uneconomically large bias supply voltage 
would be required. 
One word of caution. RIN is governed not only by R,, and ig but also 

by any resistor which connects to the base. Thus, if the base bias 
current reaches this element through a low-valued resistor, the input 
impedance will be lowered accordingly because the resistor will shunt 
the input circuit. Also, circuit capacitance across the base will affect 
the input impedance, particularly as the operating frequency rises. 
This, of course, is just as true of transistor amplifiers as it is of 
vacuum-tube amplifiers. For example, at 16 kc, a 10-pef capacitor 
presents an impedance of 1 megohm. At 100 kc, the capacitive 
impedance has decreased to about 167,000 ohms. The drop is signifi-
cant, and it must be remembered that 10 izt.i.f is quite small and readily 
developed through stray circuit-wiring capacitance alone. Hence, 
considerable care must be exercised when designing and constructing 
such stages. 
By way of contrast, common-base and comon-emitter amplifiers have 

quite low input impedances and much more shunt capacitance would 
be required before the input impedance is affected. 

Since /3 can also be represented by hFE or h,, the above formulas 
are frequently shown using the latter symbols. hFE is the d-c beta 
and hie is the a-c beta. 

Cascaded Amplifiers 

Transistor amplifiers, like vacuum-tube amplifiers, are seldom used 
singly. Rather, it is more common to find them in groups, with two, 
three, or more stages following each other in order, i.e., in cascade. 
When vacuum-tube amplifiers are used, it is a relatively simple matter 
to connect them one after the other, because a conventional vacuum-
tube amplifier has a much higher input impedance than output 
impedance. Hence, when we attach the input of one stage to the output 
of the preceding stage, we do not ordinarily affect the preceding stage. 

Consider, however, a transistor amplifier, say one designed with a 
common emitter. The input impedance is on the order of 1,000 ohms. 
The operating output impedance is more likely to be between 10,000 
and 20,000 ohms. Obviously, a direct connection between two stages 
will result in a significant loss in gain due to the mismatch. If we 
accept this reduced gain, then it becomes necessary to use more stages 
in order to obtain a desired amplification. Another solution would be 
to insert a device ( i.e., a step-down transformer) which will match 
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the higher output impedance of one stage to the lower input imped-
ance of the following stage. This solution has been used, and special 
miniature transformers, Fig. 4 - 9, have been devised for the purpose. 
Transformers, however, do not ordinarily possess the same flat fre-
quency response that can be obtained from RC networks. Also, trans-
formers are more costly, and hence it is often more desirable, from an 
economic standpoint, to add an extra amplifier stage and use RC 
coupling than to revert to transformer coupling. Both methods are 
used, however, and typical amplifiers of both types will be examined. 

Fig. 4.9 A special miniature transformer designed for transistor application. 

A two-stage transformer-coupled grounded-emitter amplifier is 
shown in Fig. 4 - 10. The interstage transformers have primary imped-
ances of 20,000 ohms each and secondary impedances of 1,000 ohms 
each. Capacitors C, and C2 are 10 ps in value, and resistors R, and R2 
are 150,000 ohms each. The two resistors are needed to establish the 
proper forward bias for the base-emitter circuits, and the two capaci-
tors are inserted to prevent grounding of the base bias through the 
low d-c resistance of the transformer secondary windings. Overall 
power gain of this particular combination is approximately 50 db. 
A resistance-coupled grounded-emitter amplifier that will provide 

approximately the same amount of overall power gain is shown in Fig. 
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4.11. Note that three stages are required because of the mismatch 
between the Output of one stage and the input of the following stage. 
A two-stage amplifier with high input impedance and cl-c stabiliza-

tion is shown in Fig. -1-12. The higher input impedance is achieved by 
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Fig. 4.10 A two-stage t ansformer-coupled grounded-emitter amplifier. Two 2N464 transistors 

are used. 
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Fig. 4.11 A re istance-coupled grounded-emitter amplifier that will provide approximately the 
same amount of overall power gain as the amplifier of Fig. 4.10. Three 2N464 transistors are used. 

Fig. 4.12 A two-stage amplifier with high input impedance and d-c stabilization. 

the use of a grounded-collector stage, the signal of which is forwarded 

to a grounded-emitter amplifier. Insertion of IŒ000-( )i  resistors in 
the emitter leads of both transistors provides amplifier stabilization 

against temperature changes. The first 10,000-ohm resistor cannot, of 



TRANSISTOR AMPLIFIERS 131 

course, be bypassed, since the signal is obtained from this point. In the 
second stage, however, an 8-ef bypassing capacitor is employed. 
The frequency-response behavior of this two-stage amplifier, at two 

different bias voltages, is shown in Fig. 4-13. In transistor circuits, 
as in vacuum-tube circuits, we obtain more gain for higher voltages. 
The only precautions to observe are those dictated by the maximum 

120 

E — 22.5V 
100 

V
O
L
T
A
G
E
 
GA
IN
 80 

60 

40 

20 

o 

E. 3 V 

3 10 30 

FREQ. IN KC 

100 200 

Fig. 4.13 The frequency-response behavior of the amplifier shown in Fig. 4.12 at two different 
bias voltages. 
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Fig. 4.14 A resistance-coupled amplifier with a decoupling filter C., and R. It might be desirable 

to add additional filter sections if motorboating is encountered. The transistors are 2N191's. 

safe operating currents, the temperature, the breakdown-voltage 
values, and collector dissipation. 

In cascaded amplifier circuits, it is frequently desirable to employ a 
decoupling filter across the battery or power supply. This is shown in 
Fig. 4.14, where Rf and Cf serve this function. The need for these 
components stems from the impedance of the power source ( be it 
battery or an a-e supply) and the necessity of preventing positive feed-

back from a later stage where the signal level is high to a prior stage 
where it is low. 
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In choosing values for Rf and Cf, it is best to restrict Rf to fairly 
small values so that the operating voltage to the stages situated prior 
to Rf is not reduced to a value which will materially affect their gain. 
Remember, however, that the smaller Rf becomes, the larger Cf must 
be made in order to obtain effective filtering action. In general, the 
time constant of Rf X Cf should be greater than 1/f for the lowest 
frequency passed by the amplifier. In computing this time constant, 
Cf is expressed in farads, Rf in ohms, and f in cycles per second. The 
values indicated for Rf and Cf are typical. 

Negative Feedback in Transistor Amplifiers 

Negative feedback can be employed in transistor amplifiers for the 
same reason and in the same manner as in vacuum-tube amplifiers. 
Negative feedback will improve amplifier stability, reduce distortion, 
increase input impedances, and reduce the variations in gain caused 
by different transistors ( or tubes). The last feature is particularly im-
portant in transistor amplifiers because of the fairly wide range in 
characteristics that one encounters among transistors of the same type. 
Fortunately, this situation is being steadily improved, and one can de-
pend upon a greater uniformity among transistors today than, say, two 
or three years ago. However, a wide latitude will still be found among 
similar units, and the use of negative feedback can often reduce the 
variations in amplifier performance caused by these differences to a 
considerable extent. 

All the advantages of negative feedback are not obtained without 
some penalty, this being the loss in gain. The loss is not a serious one, 
however, because of the higher and higher voltage amplifications 
which transistors are providing. We seldom lack sufficient gain; usually, 
we have more than we actually require. 
A simple form of negative feedback is obtained by leaving the d-c 

stabilization resistor in the emitter lead unbypassed. This is a single-
stage approach to be used or not as desired by each of the various 
stages. 
Another form of negative feedback is shown in the two-stage am-

plifier of Fig. 4.15. The feedback loop here extends from the output 
circuit of X.2 to the emitter circuit of X,. Involved in this feedback are 
two resistors R, and R, and one capacitor C.,. R, is needed to provide 
a means of inserting the feedback energy into the emitter circuit of X,; 
hence, it was left unbypassed. R2, in the same emitter circuit, is by-
passed by Ci, and no feedback voltage is developed across these two 
parallel components. 112, however, does provide d-c stabilization for X,. 
R, does the same for X2. 
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In the negative feedback of voltage, we know that the phase of the 
signal fed back must be 180° from the phase of the incoming signal. 
It may be instructive to check the signal polarities in the circuit of Fig. 
4.15 to see if this condition holds true. ( The procedure will also help 
the reader become familiar with the methods of checking signal 
polarities in transistor circuits.) If we assume that the incoming signal, 
applied to the base of X„ is positive at some instant, then the signal 
voltage at the collector of this transistor is negative. This stems from 
the 180° phase reversal that occurs in a common-emitter amplifier. 
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Fig. 4.15 A two-stage amplifier employing negative feedback. Two 2N464 transistors or their 

equivalent are employed. 

The negative signal at the collector of X, is also negative at the base 
of X,. This produces a positive signal at the collector of X,, and a por-
tion of this signal is fed back to the emitter of X,. Thus, we have a 
positive signal at the base and a smaller positive signal at the emitter. 
Since these two voltages will work in opposition to each other in forc-
ing current through the emitter base, we obtain negative feedback. 
The effect of negative feedback on the frequency response is shown 

in Fig. 4.16. Note how much flatter the curve is with the feedback. 
Also instructive are the two curves in Fig. 417. The left-hand curve 
shows how the overall gain will vary with different transistors when 
there is no feedback. Note how much better the action becomes when 
feedback is employed. 
The point of feedback return is governed by the phase conditions in 

the circuit around which the feedback is sent. Consider, for example, 
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the two-stage amplifier circuit shown in Fig. 4.18. The first stage is a 
grounded collector, and it does not introduce any phase reversal in 
the signal. The second stage is a grounded emitter, and it causes a 
180° reversal. Under these conditions, the feedback line from the col-
lector of the second stage can be brought back to any signal point 
prior to the base of this stage. The point chosen in this particular 
circuit is the base of the grounded-collector stage, but it could just 
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Fig. 4 16 The effect of negative feedback on the frequency response of the amplifier shown 
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Fig. 4.17 Negative feedback in an amplifier (such as the one shown in Fig. 4.15) will serve 
to reduce the variations in overall gain that different transistors will introduce owing to varying 
characteristics. 

as easily have been the emitter of this stage or the base of the second 
stage. At all these points, signal polarity is the same. The feedback 
in Fig. 4.18 is voltage feedback, in contrast to the current feedback 
obtained when the emitter resistor is left unbypassed. 

Transistor-circuit Considerations 

In dealing with transistors and transistor circuits, a careful distinc-
tion must be drawn between the limitations of the transistor as a de-
vice and the circuit in which it is placed. Perhaps the most obvious 
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example of this occurs at the low-frequency end of an amplifier re-
sponse characteristic. Here it is the external circuit elements—capaci-
tors and resistors which are responsible for a drop-off in gain. The 
transistor itself is capable of amplifying down to direct current, and 
once the signal is brought to the transistor, it will receive as much 
amplification at 30 cycles as at 300 or 3,000 cycles. It is in bringing 
the signal to the transistor through the coupling network that fall-off 
occurs. 

25 MF 30K 

Fig. 4.18 Another negative- feedback arrangement. ( Electronics) 

Fig. 4.19 Simplified diagram of interstage 

coupling network between two transistor 

stages. 

At this point, still another factor must be recognized. That is, while 
the transistor itself has uniform amplification at the low frequencies, 
it can influence the external circuitry by its input and output im-
pedances. For example, the common-base amplifier has a very low 
input impedance. That means that any coupling capacitor connected 
to the transistor input must itself possess a very small impedance so 
that it does not rob any signal from the transistor. This is shown in 
simplified form in Fig. 4.19. The current leaving the collector of the 
preceding stage sees two paths to follow. It can either flow through 
the collector load resistor RL or it can go through C, and the input 
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impedance of the following transistor. In both instances it can return 
to the emitter of its own transistor, thereby completing the circuit. 
Now, in order to bring as much signal to X, as possible, it is desir-

able to divert as much collector current through C, and the input 
impedance of X, as possible. Since the input impedance of X, is very 
low, C, must be made as large as possible so that its reactance will 
be small. 

Consider, now, a common-emitter circuit at X,. Its input impedance 
will be larger than for a common-base circuit. Consequently, it will 
not be necessary to employ as large a capacitor C, as before because, 
with the input impedance larger, lowering the impedance of C, below 
a certain point will not measurably alter the total series impedance 
of the input circuit. Finally, with a common-collector arrangement at 
X,, we will see a large input impedance. This means that C, will have 
even less effect on the total series impedance and so a smaller value 
of C, can be employed than in either of the two preceding circuits. 
The reader will recognize, of course, that what we are dealing with 

here is the relative impedance of C, and the input to the transistor. 
If the transistor input is lower, C, will need to be larger before its 
effect can be considered negligible. As the input impedance rises, the 
best value for C, can change accordingly. In this sense, the transistor 
can affect its connecting circuit. But given a certain transistor, we can 
then look to the external circuit to establish the low-frequency end 
of the network. 
At the high-frequency end of the amplifier response, it is the tran-

sistor and the drop-off in its (3 that govern circuit behavior. This will 
be discussed more fully presently. While the transistor is usually the 
primary cause, poor external-circuit design can also affect the high-
frequency cutoff. For example, too large a shunting capacitor will 
lower the upper cutoff frequency. This, too, was noted previously. 
Also, too small a coupling capacitor can reduce the signal voltage 
reaching the next stage. But if the circuit has been properly designed, 
then in most instances it is the transistor which establishes the upper 
frequency limit. 

Bias considerations. Another factor to consider when comparing 
the three transistor-amplifier arrangements is the precaution to observe 
when biasing these circuits. A very common biasing method, one 
which helps to maintain amplifier stability, is the circuit shown in 
Fig. 4.20. R, and R, form a voltage divider which provides the base 
with the necessary potential to forward-bias the base-emitter diode. 
With a given battery voltage, R, and R, can assume a wide range of 
values to achieve the proper voltage division for the base. The smaller 
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R, and R, are, however, the more stable the circuit. Now, let us see 
what complications this brings with the three transistor configurations. 
For a common-base amplifier, R, and R, can have their lowest values 

because the input impedance of the common-base arrangement is low. 
Hence, very little difficulty is encountered here. 

In a common-emitter circuit, the input impedance is higher and 
we must be careful not to make R, and R2 SO low that they bypass 
the signal current arriving from the preceding stage. Also, if R, and 
R, are low, they will load the preceding stage more than the input 
impedance of the transistor they are attached to would, and this will 
lead to a lower overall circuit gain. In selecting higher values for 
R, and R2, however, we reduce the temperature stability of the circuit. 

Another Fig. 4.20 A widely used biasing network, Fig. 4.21 

R1 and R.2. transistor. 

method of biasing a 

Finally, in a common-collector stage, where the input impedance 
is very high, we would try to avoid using the bias approach of Fig. 
4.20 and go to something like the method shown in Fig. 4.21. The 
temperature stability of the stage with this bias network of Fig. 4.21 
is much poorer than it would be by using the bias circuit of Fig. 
4.20, but R, and R, of Fig. 4.20 would act to reduce the input im-
pedance and thus undercut one of the major features of the common 
collector. 

Direct-coupled Amplifiers 

We have spoken of and demonstrated RC- and transformer-coupled 
amplifiers. Another type of amplifier that is extensively used is the 
direct-coupled amplifier. In this circuit, a d-c path exists from the 
output of one stage to the input of the next stage. In its simplest form, 
a direct-coupled stage would appear as shown in Fig. 4.22. Here, the 
output device, a pair of headphones, is directly connected to the col-
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lector element of the amplifier stage. In order to employ the phones in 
this manner, their impedance should match the amplifier output, their 
operation should not be affected by the collector current flowing 
through them, and their d-c resistance should not be too high or the 
resulting voltage drop will reduce the collector voltage to too low a 
value. In place of phones, we might use a relay, a meter, or any one of 
a number of devices. 
Another direct-coupled amplifier is illustrated in Fig. 4.12, where 

a direct path exists between the emitter of the grounded-collector 
stage and the base of the following grounded emitter. Any decrease in 
low-frequency response in this circuit would be due entirely to the 
input capacitor C, and the second emitter bypass capacitor C2. 

HEADPHONES 

Fig. 4.22 A simple direct-coupled transistor amplifier. 

Another type of direct-coupled transistor amplifier takes advantage 
of the fact that there are two basic kinds of junction transistors: NPN 
and PNP units. Each is the symmetrical counterpart of the other, and 
the polarity of an input signal necessary to increase conduction in a 
PNP transistor is the opposite of that necessary to increase conduction 
in an NPN transistor. 
A direct-coupled amplifier that makes use of this symmetry is shown 

in Fig. 4.23. The first transistor is an NPN unit; the second, a PNP 
type. The first stage is set up so that the collector current flowing 
through its load resistor R, develops just enough voltage there to make 
the base of the PNP transistor negative with respect to its emitter. 
This establishes the proper conditions in the emitter-base circuit of the 
PNP unit to bias it in the forward direction. Thus, by the proper 
choice of resistor values and battery potential, both stages will operate 
as class A amplifiers. 
The application of a signal to the base of the NPN stage will result 

in an amplified signal appearing across FL. For example, when the sig-
nal at the base of the NPN transistor goes positive, an amplified nega-
tive voltage will appear across R, (collector end negative with respect 
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to battery end). This increasing negative voltage will provide an even 
greater forward bias for the base-emitter circuit of the PNP transistor 
and cause an increased flow of current through this unit. Electrons 
will flow up through RG, making the top end positive with respect to 
the bottom end. 
Thus, the positive signal applied to the input of this amplifier 

appears with the same polarity, but in amplified form, at the output. 
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Fig. 4.23 A direct-coupled amplifier that makes use of the complementary nature of NPN and 

PNP transistors. Voltage gain of this system is 660; power gain is 53 db. (After R. D. Lohmen, 

Complementary Symmetry Transistor Circuits, Electronics, September, 1953.) 
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Fig. 4•24 A direct- coupled pulse amplifier. 

Note the simplicity of this arrangement, requiring as it does no cou-
pling capacitors and only one battery supply. ( Both 22%-volt poten-
tials shown would come from one source.) 
Another two-stage amplifier designed along somewhat similar lines 

is shown in Fig. 4.24. This system has for its sole purpose the amplifi-
cation of pulses, and its mode of operation is therefore modified ac-
cordingly. For example, if you examine the base-to-emitter circuits of 
both stages, you will note that no forward bias is employed. The 
characteristic curves for grounded-emitter operation ( such as we have 
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here) reveal that \\ hen the base current is zero ( that is, /b = 0), 
the collector current is quite small. In terms of operation, this means 
that the transistor is biased close to cutoff. This is true in both am-
plifiers of Fig. 4.24, although the second stage is not so close to 
cutoff as the first stage. This is because the small collector current 
that flows from the first transistor passes through R, and the small 
forward biasing voltage that is developed shifts the operating point of 
the second transistor away from cutoff. 

In the circuit of Fig. 4.24, a positive pulse of 0.25 volt input to the 
first stage is amplified to a 20-volt peak at the output of the second 
stage. Conduction is required only when the pulses are applied, hence 
the reason for the cutoff biasing. 

Direct-coupled amplifiers are not used as extensively as they might 
be because of the stability problems they present. Any change in the 
d-c operating point of one stage immediately alters the d-c operating 
points of all succeeding stages. This in itself might not be so bad if it 
were not for the fact that most stages are connected common-emitter 
and a change in input base current produces et times that change in 
the collector circuit. Since common values of # range from 50 to 
100 or more, it will be readily recognized that in a direct-coupled 
string of stages, an infinitesimal change in an early stage will quickly 
build up, after a few stages, to substantial proportions. To prevent 
this buildup, considerable d-c feedback must be employed, and this 
will not only add to the expense of the circuit but also generally act 
to affect the gain adversely. 
The principal offender, in most instances, is the change in Io with 

temperature. Hence, any arrangement of direct-coupled amplifiers 
that may be devised must somehow minimize the effect of changes 
in I. This has led to circuit designs such as the one shown in Fig. 
4.25. Two 2N1428 silicon transistors are directly coupled, with the 
signal output from Xi proceeding directly through R4 to the base of 
X2. The two transistors share a common-emitter resistor Re, and this 
has the effect of eliminating the degeneration that normally results 
from an unbypassed emitter resistor. Degeneration is effectively elim-
inated because the a-c signals through RE from each transistor are 
180° out of phase. 
The effect of the /co, of X, on X2 can be seen from the following 

analysis. Any increase in /co, will cause a change in the collector 
current of X, by a factor of 131(,),. This increased current flowing 
through R„ will produce a greater voltage drop, with the collector 
end of R„ becoming more positive. Since X, is a PNP transistor, this 
increase in positive voltage across R„ will drive it closer to cutoff; 
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hence, this will alter the operating point of X, and certainly modify 
its effect on any signals passing through the circuit. 

In this arrangement, the /co, of X, and the ico, of X, are made to 
offset each other's effects. /co, flows in the path indicated by the solid 
arrows in Fig. 4.25, and 1( 02 flows in the path indicated by the dotted 
arrows. By adjusting the value of R4, we can regulate the additional 
current that the voltage across R„ sends into the base of X,. (Consider 
the additional voltage drop across R„ as a small battery. Then the cur-
rent fed to the base of X, will be proportional to this voltage divided by 

—Vgg 

INPUT 

Fig. 425 A low- drift direct- coupled amplifier. ( Philc° Corp.) 

OUTPUT 

X2 
2NI428 

R,. This, of course, is Ohm's law.) R, is selected to have this current 
equal L•02. Since the two currents flow in opposite directions, changes 
in Lo, and /(.02 can be minimized. By using similar transistors for 
X, and X,, we are more likely to have fairly identical variations in 
'co, and /(.02, and this will permit compensation over a wide range of 
temperatures. Figure 4.26 shows the low drift in voltage gain with 
temperature for this arrangement. 
Two bias supplies are required in the amplifier. This is the case 

because R„ is small compared to R,„ yet each transistor should have 
approximately the same operating point. Since the emitter voltage is 
developed across a common-emitter resistor, the collector supply 
voltage is necessarily smaller for the transistor with the smaller load 
resistor. 
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Power Amplifiers 

Since all transistors are current-operated devices, all serve essen-
tially as power amplifiers. In this section, however, we are concerned 
with high-power units, those which are capable of dissipating powers 
in excess of 1 watt. 
A high-power transistor means, in essence, one that develops con-

siderable amounts of current, generally in the ampere range. The 
initial approach to this goal is to simply enlarge the dimensions of the 
emitter, base, and collector elements until the desired amount of 
current is achieved at the specified heat-dissipation rating. For the 
lower-power transistors, this is all that is required. 

40 

VOLTAGE GAIN 
VERSUS 

TEMPERATURE 

30 40 50 60 70 80 90 100 110 120 130 
TEMPERATURE, °C 

Fig. 4.26 The variation in voltage gain vs. temperature for the direct-coupled amplifier of 

Fig. 4.25. 

As the transistor dimensions are increased, however, it is found 
that the emitter efficiency ( or the emitter ability to inject carriers 
into the base) decreases. The reason for this stems from the fact that 
in a very large transistor, the base current is fairly substantial and, 
in flowing through the base layer, produces an ohmic voltage drop 
which reduces the forward bias on parts of the emitter distant from 
the base electrode. As a result, most of the emitter current is ob-
tained from a very narrow strip around the edge of the emitter, while 
the central emitter region is less effective. 
To get around this difficulty, a number of manufacturers use a ring-

shaped emitter, Fig. 4-27. By making this ring large enough, sufficient 
current is obtained; at the same time, because of its shape, efficiency 
is maintained. 
A variation of this construction is shown in Fig. 4.28. A small second 

base contact is placed at the center of the emitter ring and connected 
to the outer base ring. This additional base segment develops an elec-
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trie field which helps to pull carriers from the emitter inward toward 
the collector and thereby assists in directing the flow of current from 
emitter to collector. 

Still another high-power transistor is shown in Fig. 4.29. This 
transistor employs a mesa-like construction, using a long narrow 
emitter ( in the center) surrounded on three sides by the base elec-
trode. The collector, which cannot be seen, is underneath. 

Fig. 4.27 A power transistor utilizing a ring- shaped emitter. 

(a) 

(b) 

1 
(c ) 
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EMITTER 
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BASE 

BASE 

BASE 

EMITTER BASE--

Fig. 4.28 

Alloy-junction transistors, as well as many of the other types previ-
ously discussed, have been employed for power application. The power 
transistor shown in Fig. 4.30, for example, combines alloying and dif-
fusion techniques. An alloyed junction is employed for the emitter, 
while the collector has a diffused structure. This makes it possible to 
eliminate the indium or lead alloy at the collector, where its high 

thermal resistance between the collector junction and the heat sink 
impedes the removal of the heat generated at the junction. With the 
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diffused construction, a lower-thermal-resistance connection can be 
made to the heat sink, thereby permitting higher allowable dissipa-

tion. 
Thermal resistance impedes the flow of heat just as ohmic re-

sistance impedes the flow of current. By employing materials having 
low thermal resistance, we are able to draw the heat away from the 
collector junction more quickly and prevent a buildup of heat with 

its consequent deleterious effect on the transistor. 

Fig. 4-29 A power transistor using a mesa- like construction. 
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Fig. 4.30 Cross section of an alloy- emitter diffused- collector power transistor. (RCA Review) 

In order to keep the junction temperature at a safe value, it is 
usually necessary to provide a means for rapidly transferring heat 
from the junction to the surrounding air or other medium. Copper 
and aluminum are suitable materials for the construction of heat sinks 
which have low thermal resistance. The efficiency of a heat sink in-
creases with an increase in the surface area which is exposed to the 
cooling medium. ( Application Note 1-A, Transistor Heat Sinks, Delco 
Radio Division, Kokomo, Indiana.) When a transistor is used in a 
low-dissipation application, the use of a copper or aluminum chassis 
will provide sufficient cooling if there are no other sources of heat 
on the same chassis. 
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High-dissipation applications will generate more junction heat than 
can safely be dissipated by the chassis itself. If unlimited space is avail-
able, plain sheets of copper or aluminum may be used as heat sinks. 
Figure 4-31 indicates the variation which may be expected in the 
heat-radiating efficiency of 1/8-in. aluminum as its area and orientation 

Fig. 4.31 The variation in heat-

transfer characteristics of 

thick aluminum aluminum as its area and 
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Fig. 4.32 The variation in heat. 

radiating efficiency of I ,- in.-thick 

copper as its area and method of 

mounting are varied. 

are varied. Figure 4-32 gives corresponding data for 1/8-in. sheet 
copper. 
When space limitations forbid the use of large sheets of metal as 

heat sinks, it is possible to use finned heat sinks of a design which 
permits the concentration of large surface areas within a small space. 
The heat sink shown in Fig. 4-33 compresses 80 in.2 of radiating 
surface into an overall volume which measures 4% by 1% by 3 in. 
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Made of extruded aluminum, the heat sink is painted flat black to 
facilitate the radiation of heat. 
The graph in Fig. 4.34 shows the temperature differential between 

the collector mounting stud and the ambient air at various collector-
dissipation levels, with the heat sink in the horizontal and vertical 
positions. 

HEAT SINK 

INSULATING 
SPACER 

80 

Cr 
Zt 

<I - I— 
LJ 60 z 

u_ o 
.5 - 40 
LJ D 
CC I— 

V) 

z 
LeJ e= 20 a_ z 
D 

là..1 
F-

IND 
3.125 

4.625 
4.675 

1.335 
1.375. 

Fig. 4.3 3 A heat sink for limited 

space. 
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Fig. 4.34 Thermal characteristics of the heat sink shown in Fig. 4.33. 

Figure 4.33 also shows an insulating spacer which may be used for 
electrically isolating the heat sink from the chassis. Electrical isola-
tion of the transistor from the heat sink can be accomplished by 
special transistor-mounting kits shown in Figs. 4.35 and 4.36. The 
mica insulators will, however, have a thermal resistance which must 
be added to the thermal resistance of the heat sink. Best heat dissipation 
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._—HIGH-POWER TRANSISTOR 

MICA INSULATOR 
I-1/4 SO x 0.001 TO 0.002 THK 

INSULATING BUSHINGS 
USE ONE FOR MOUNTING ON 
MATERIAL 1/8" TO 15/64" THK 
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1/4" OR GREATER THICKNESS 
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- METAL WASHER 
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10-32 HEX NUT 

Fig. 4.35 The method of mounting a transistor on a heat sink. 

Fig. 4.36 Heat sinking another 
type of transistor. 
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is achieved when the transistor is mounted near the lower edge of the 
vertically mounted heat sink. This heat sink is prepunched to allow 
mounting either of the illustrated transistors—JETEC Type TO-3 
(diamond) and JETEC Type TO-6 ( doorknob)—directly to the heat 
sink. If the transistor is to be insulated from the heat sink, the user 
may enlarge the mounting holes to allow the use of the appropriate 
mounting kit. 
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A variety of heat sinks are available, and some typical units are 
shown in Fig. 3.2. 
Any consideration of transistor heat dissipation should include an 

explanation of the factors which affect the generation of heat in a 
transistor junction. As a generalization it may be said that heating is 
determined by the mode of operation ( switching service, audio 
amplifier, etc.), the level of bias and signal applied to the transistor, 
and the waveform of the applied signal. 

Operation of a transistor as a square-wave oscillator or as a class B 
amplifier of square waves results in less junction heating than does 
the generation of sine or complex waves or operation as a class A 

amplifier. 
In the generation or amplification of square waves, the transistor is 

alternately cut off and saturated. When cut off, no heating occurs 
because there is practically no current flowing through the junction. 
When saturated, the resistance of the junction is so low that there is 
practically no voltage developed across the junction which would 
cause power losses. 

Efficient square-wave operation requires the application of relatively 
high levels of signal to the control element of the transistor in order 
to assure complete cutoff and saturation. Any rounding of the wave-
form indicates power losses which are dissipated as heat. 

Class A operation of transistors for the amplification or generation 
of a sine or complex wave results in the dissipation of power in the 
transistor junction. This is true because the transistor is operating 
essentially as a variable resistor rather than as a switch. In class A 
operation the transistor bias is adjusted to a value which will keep the 
transistor operating on the linear portion of its characteristic curve. 
Thus there is flowing a no-signal collector current which is equal to 
about one-half of the peak value of collector current. The power dis-
sipated in the junction by this no-signal current is in the form of heat. 
Power transistors are physically larger than low-level transistors and 

are mounted in metal cases which offer low thermal resistance. Several 
typical units are shown in Fig. 3.5. 

Class A power amplifiers. Circuit arrangements of single-ended 
power amplifiers do not differ to any marked degree from those of 
corresponding voltage amplifiers. Figure 4.37 illustrates two class A 
power amplifiers designed to drive the loudspeaker of an audio 
amplifier ( or a radio or television receiver). In one instance, two 
batteries are employed; in the other, a single battery is employed. The 
output transformer would be designed to match the impedance of the 
collector on one hand and that of the loudspeaker on the other. The 
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amount of power that may be obtained from this arrangement will 
be governed by the size of the battery and the permissible dissipation 
in the transistor itself. As in vacuum-tube practice, a single-ended 
power amplifier can be operated only class A. 
Power amplifiers can also be operated in push-pull. A typical illus-

tration of an audio amplifier using a single driver stage and a class A 

(a) (b) 

Fig. 4.37 Two class A power amplifiers. 

Fig. 4-38 An amplifier using a 2b136 driver and two 2N37's in push-pull. All these transistors 

are PNP units. The 10-ohm resistors in the emitter leads are designed to stabilize the transistor 

against temperature changes. 

push-pull output stage is shown in Fig. 4.38. All transistors are op-
erated with common emitters, and transformer coupling is employed 
between the driver and output stages and between the output ampli-
fiers and the loudspeaker. The resistance R, is variable and is adjusted 
for a total collector current of 8 ma. 
Push-pull amplifier operation results in the cancellation of second 

harmonics within the stage. For the same amount of distortion, then, a 
class A push-pull amplifier can be driven harder, thereby providing 
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greater output. This also means that we can obtain more output with 
push-pull operation than we can get by using two similar transistors 

as single-ended amplifiers. 
Class B power amplifiers. In class A push-pull operation, the aver-

age current that flows remains steady, whether or not a signal is being 
applied to the stage. More efficient operation can be achieved with 
class B operation, where each transistor is biased to cutoff. When no 
signal is applied, practically no current flows and no power is being 

dissipated. 
The circuit of a class B push-pull amplifier is shown in Fig. 4.39. 

Three power transistors are employed; the first one serves as a class A 

AUDIO DRIVER 
11001 

INPUT 

1 VOLUME 10K 

... 

0.1 

AUDIO OUTPUT 
2N225 

—6V 

Fig. 4•39 A two-stage audio amplifier. The output stage is operated class B. 

driver amplifier and the remaining two serve as a class B output stage. 
Efficiency of the class B stage is close to 75 per cent. This is achieved 
because, with no signal, the total class B collector current is extremely 
low, since the stage is biased near cutoff. In a class A amplifier, the 
efficiency is perhaps half this amount or less because a fairly sizable 
collector current always flows, signal or no. 

Input signals are applied to the base of the first audio amplifier. A 
2,200-ohm bypassed resistor in the emitter circuit of this driver stage 
provides thermal stabilization only; it does not introduce signal de-
generation. However, just above it is an unbypassed 120-ohm resistor, 
and this does provide signal degeneration. 
The output of the driver stage is transformer-coupled to the class B 

amplifier not only for proper impedance matching but also to provide 
two signals 180° out of phase with each other ( as required by the 
class B amplifier). A 6.8-ohm resistor in the emitter circuit of this out-
put stage introduces a small amount of signal degeneration to improve 
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the stability of the circuit. The base circuit contains a 33-ohm resistor, 
across which a small voltage from the negative 6-volt supply is de-
veloped. The purpose of this voltage is to reduce crossover distortion. 
(This will be explained presently.) The collector elements of the two 
output transistors connect to opposite ends of the output transformer, 
and the d-c voltage is brought in at the center tap. The 0.1-4 
capacitor across the primary of the output transformer removes the 
highs from the output signal for a more mellow output tone. The 
speaker is an extremely small one which, because of its dimensions, 
naturally tends to emphasize the higher frequencies. This is counter-
acted somewhat by the 0.1-4 capacitor. 

Class B audio amplifiers are favored in many transistor receivers not 
only for their greater power and reduced distortion but also because 
their current drain is practically zero when no signal is being received. 
If two class A output amplifiers were connected in push-pull, an aver-
age current would always flow and impose a constant drain on the 
battery. Since these are power transistors, their current requirements 
are fairly large and a significant amount of power would be dissipated. 
Now let us examine the reason for the 33-ohm resistor in the base 

circuit of the output amplifier. Its purpose is not so much to provide 
base-emitter bias as it is to minimize a condition known as crossover 
distortion. When transistors are connected back to back in push-pull 
arrangements and the bias is zero, there is a region near cutoff where 
their respective characteristic curves tend to become nonlinear, Fig. 
4.40a and b. Note the jog in both curves near the origin. If we now 
introduce a sinusoidal base current into the input circuit, Fig. 4.40c, 
we will obtain the distorted collector current indicated to the right of 
the characteristic curve. This distortion becomes more severe as the 
signal level decreases. 

To prevent crossover distortion, a small amount of forward bias is 
introduced between the base and emitter of each transistor. In Fig. 
4.41a, the transfer characteristics of the transistors are shown back 
to back for zero base bias. These curves are not combined. The dashed 
lines indicate the base-current values when forward bias is applied to 
provide the overall dynamic operating curve of the amplifier. With this 
forward bias, the two curves must be shifted until the dashed lines 
are aligned with each other, Fig. 4.41b. Note that now the jog at the 
center of the curve has disappeared. If we apply a sine-wave signal, 
the undistorted output shown in Fig. 4.41c is obtained. The 33-ohm 
resistor in Fig. 4.39 provides this forward bias for the output stage. 
The output of the audio system in Fig. 4.39 is approximately 150 
mw to a 3-in. speaker. 
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A second audio system is shown in Fig. 4.42. There is one small 
circuit variation in Fig. 4.42 that the reader should become familiar 
with. This occurs in the class B output stage, where two PNP transis-
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Fig. 4.40 The mechanism of 
crossover distortion. (a) A single 
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tors are employed. The voltage from the battery is applied to the 
emitter and base from the + 12-volt line. The collectors, however, are 
returned to ground ( negative side of the battery in this circuit). In a 
vacuum-tube amplifier, this would be equivalent to placing a large 
negative voltage on the cathode and returning the plate to ground. 
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Since it is the relative potential between the two elements that pro-
duces current flow through the device, it makes little difference 
whether the cathode is made negative or the plate is made positive. 
The same type of reasoning applies to transistors. Note, however, 
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that because a large positive voltage is applied to the emitter, the 
same +I2-volt line must also be directly connected to the base circuit. 
If the base were similarly grounded and the large positive voltage 
were applied to the emitter, excessive current would flow through 
the base-emitter circuit and destroy the transistors. 
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A similar voltage arrangement is employed in the driver stage pre-

ceding the class B output amplifier. 

Complementary Push-Pull Amplifiers 

The complementary symmetry of PNP and NPN transistors was em-
ployed previously in direct-coupled amplifiers. These same features 
may also be utilized to obtain push-pull operation without any input 
or output transformers. This is possible because the collector cur-
rents of NPN and PNP transistors react in opposite ways when sub-

jected to the same applied signal. 

2N225 

3.2 

To see this more explicitly, consider the class A push-pull amplifier 
shown in Fig. 4.43. At the top of the illustration we have a PNP tran-
sistor; below, an NPN unit. Both are suitably biased with a 22.5-volt 
battery ( one for each transistor). R, and R, for the PNP transistor and 
R:, and R4 for the NPN transistor serve to establish the base-to-emitter 
bias suitable for class A operation. The 560-ohm emitter resistors pro-

vide d-c stabilization. Each of these resistors is suitably bypassed to 
prevent a-c degeneration, which would reduce the gain of the am-
plifier. The load is a 500-ohm voice coil of a loudspeaker, and it is 
directly connected to the collectors of the two transistors. A single 
input line is provided, with the base of each transistor connected to 

this line. 
Assume, now, that a sine wave is being amplified and, at the moment 

in question, the positive half of the sine wave is active. This means 
that both bases will be driven positive simultaneously. In X,, this will 
cause the base-emitter current, and with it the collector current, to 
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decrease. Since the collector current flows up through RI, (i.e., the 
speaker voice coil), it will serve to make the top, or collector, end of 
this load impedance less positive or more negative. 
Now let us turn to the NPN transistor. The path for its output cur-

rent is from the collector to RI,. Hence, the voltage drop across RL due 
to this transistor is such as to make the top end of /it negative. 
When the positive half of the applied signal reaches the base of the 

NPN transistor, it acts to increase the forward bias there, thereby in-
creasing the base-emitter current. This, in turn, increases the collector 

INPUT 

50 

500-OHM 
LOUDSPEAKER 

Fig. 4.43 A push- pun class A amFbrier using nether input nor output transformers. 

current, causes more of a voltage drop across RL, and raises the nega-
tive potential present at the top of the load. This serves to work with 
or strengthen the voltage drop produced by the PNP transistor. 
During the next half cycle, when the negative half of the signal is 

active, the reverse set of conditions occurs. That is, the current through 
the PNP transistor increases, producing more of a positive voltage 
across RL. At the same time, the current through the NPN transistor 
decreaqes, lowering its negative voltage drop across R1,, which, in 
essence, is equivalent to a positive increase. 

Thus, both sections of this circuit work in unison with each 
other, producing a larger output than either one could by itself. This 
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is demonstrated in Fig. 4.44, where the individual output waveforms 
of each transistor are shown, together with the combined waveform. 

Note the differences in relative sizes. 
A class B push-pull transistor amplifier with complementary sym-

metry that can feed its output directly to the 16-ohm voice coil of a 
loudspeaker is shown in Fig. 4.45. Across the top section of the dia-
gram we have a PNP transistor directly coupled to an NPN transistor. 
Across the bottom section we have the reverse situation. Both halves 

WAVEFORM WITH THE N-P.N UNIT ONLY 

WAVEFORM WITH THE P- N-P UNIT ONLY 
WAVEFORM WITH ROTH UNITS 

IN THE CIRCUIT 

Fig. 444 Waveform in the push-pull amplifier of Fig. 4 43. 

P-N-P N.P.N 

Fig. 445 Another push-pull amplifier using complementary symmetry. ( Proc. IRE) 

are similar to the direct-coupled amplifier of Fig. 4.23 and operate in 
the same manner. In addition, the two sections form a push-pull 
arrangement. Power gains on the order of 30 db ( i.e., 1,000:1 ratio) 
have been obtained in this manner. 

Phase-inverter Circuits 

Oppositely phased signals of closely similar amplitudes can be ob-
tained from a single transistor stage as shown in Fig. 4.46. One output 
voltage is taken from across the emitter resistor, while the secqnd out-
put voltage ( of opposite phase) is obtained from the collector load 
resistor. While perfect balance cannot be obtained, because the cur-
rent gain « is not equal to 1, the voltages can be made to approach 
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each other quite closely. Typical values of voltage gain to both outputs 
are shown in the diagram. 

In a vacuum tube, the grid does not ordinarily draw any current. 
Hence, whatever current passes through the plate circuit also flows 
entirely through the cathode resistor, Fig. 4.47. By having equal-
valued resistors in the plate and cathode legs of the tube, equal output 
voltages will be obtained. In the transistor circuit, Fig. 4.46, a portion 

\ OPPOSITELY PHASED 
OUTPUTS 

Fig. 4-46 A transistor phase inverter. (Electronics) 

65N7 
2.2 K 
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Fig. 4-47 A vacuum-tube phase inverter. 

of the emitter current does not reach the collector. Hence, equal-valued 
collector and emitter resistors will not produce equal output voltages. 
If we alter the resistances to achieve better balance, we change the 
circuit operating conditions, including the various currents that flow. 
Thus, while we may come close, we shall not attain a perfect balance. 

It is, of course, possible to obtain balanced signals of opposite 
polarity by using two transistor stages. One stage will serve to provide 
one polarity signal, while the other stage will take a portion of this 
signal, amplify it, and invert it and thereby provide the required 
second signal. 



158 TRANSISTORS 

Volume-control Placement 

In the amplifiers that have been shown and discussed thus far, 
volume controls were omitted in order to keep the circuitry down to 
its essentials. However, volume controls are normally found in 
amplifiers, and it is important that we understand the do's and don't's 
of volume-control application. 

(b) 

VOLUME 
CONTROL 

INPUT 

INPUT 

(a) 

VOLUME 
CONTROL 

OUTPUT 
INPUT 

VOLUME 
CONTROL 

OUTPUT 

OUTPUT 

 ) 

VOLUME 
CONTROL 

o 
OUTPUT 

,e 

Fig. 4,18 ( a) and ( 6) satisfactory and ( c) and ( d) unsatisfactory methods of connecting a volume 

control into a transistor amplifier circuit. 

Four examples of how volume controls may be wired into a circuit 
are shown in Fig. 4-48. In Fig. 4-48a and b variation of the volume-
control arm does not vary the base current, the collector current, or 
the value of the load as seen by the transistor. In the first case, Fig. 
4-48a, we are varying the amount of voltage being taken from the 
load resistor; in thé second instance, Fig. 4•48b, we vary the amount 
of signal voltage being fed to a transistor. 
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In the third and fourth illustrations of Fig. 4.48, rotation of the con-
trol arm will alter the operating conditions in the transistor amplifier. 
For example, in Fig. 4.48c rotating the volume-control arm will vary 
the base current and, with it, the collector current. In Fig. 4.48d the 
volume control will vary both the collector current and load im-
pedance. Hence, neither of the two latter arrangements would be 
desirable in actual circuits. 
Tone controls present similar problems, and they, too, must be 

so inserted that they do not affect either the direct operating currents 
or the load impedance of the transistor. 

Radio- and Intermediate- frequency Amplifiers 

With the development of diffusion methods for fabricating transis-
tors, units capable of operating with a fair amount of gain at hun-
dreds of megacycles became possible, and this barrier to transistor 
utilization has all but disappeared. As a matter of fact, transistors 
which will function in the kilomegacycle region ( i.e., thousands of 
megacycles) can be built today. This is far higher than any conven-
tional vacuum tube can attain. 

In dealing with transistors in low-frequency circuits, any decrease 
in stage gain is due not to the transistor, but rather to the external 
circuitry. For example, in an audio amplifier, the gain drop-off as the 
frequency is decreased stems from the rising impedance of the cou-
pling capacitors such as the 10-µf units shown in Fig. 4.14. Eventually, 
so much signal voltage is dropped across these coupling capacitors that 
very little reaches the transistor. Hence, very little can appear in the 
output. 

At high frequencies, things are quite different because now the 
current gain 13 enters the picture. Current gain, or )3, can be defined 
in two ways. The first, d-c /3, is given as 

re 
d-c f3 = T1; 

where 1, = d-c collector current 
d-c base current needed to produce this collector current 

The second, small-signal or a-c S, is defined as 

Small-signal 3 = 
lb 

where 1, = a-c collector current 

ib = a-c base current needed to produce this collector current 
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In addition to the letter /3, another symbol is employed extensively 
for current gain. This symbol, for d-c /3, is 4E; for a-c p, it is hie. 

In order to specify and measure small-signal 13 ( hie), it is necessary 
to specify also the frequency at which it is being measured. A typical 
variation of small-signal f3 as a function of frequency is shown in Fig. 
4.49. Specifically, this graph is for an output that is short-circuited 
for alternating current ( i.e., the a-c load impedance is zero). With an 
actual load resistor, the same shape curve is obtained, but with lower 

ig values. 
In Fig. 4.49, /3° at the left-hand side of the chart represents the 

value of hie at some low frequency, perhaps several hundred cycles. 

3db 

t_ 
6db/OCTAVE PORTION 

A fT 
FREQUENCY (LOG SCALE) 

Fig. 4.49 Typical variation of ,L.1 with frequency. 

This value remains fairly steady over a limited range of frequencies 
and then starts to decrease. fo in Fig. 4.49 is the frequency at which 
the current gain is 3 db ( i.e., 0.707 /3.) down from its So value. 
Beyond fo, the curve slopes down at a constant rate of 6 db per octave. 
This simply means that each time the frequency is doubled, hie de-
creases by 6 db. Eventually, the value of hie reaches 1, and this fre-
quency is labeled fr. This latter value is listed frequently in transistor 

data sheets. 
It should be noted that while frequency determines the value of 

small-signal the collector-to-emitter voltage and collector current 
also affect this characteristic ( age control of stage gain is based on 

this behavior). 
lnterstage coupling networks. The most widely used amplifier con-

nection is the common emitter, and with this arrangement the input 
impedance is fairly low ( on the order of 1,000 ohms or so) while 
the output impedance is in the neighborhood of 10,000 to 20,000 ohms. 
It is the purpose of the interstage coupling network not only to pro-
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vide whatever frequency selectivity is desired but also to match these 
input and output impedances. 
There are a number of interstage coupling networks possible, and 

the more important of these are shown in Fig. 4.50. In the first group, 
Fig. 4.50a, the second amplifier is connected directly into the parallel-

(a) 

!( 

Fig. 4.50 Various methods of coupling transistor stages together. ( After W. F. Chow, High 

frequency Transistor Amplifiers, Electronics, April, 1954) 

resonant circuit, either in series with the inductance or in series with 
the capacitance. 

In the second group, Fig. 4.50b, the second stage is connected to 
the junction of two capacitors C, and C2, which resonate with the in-
ductance. By properly proportioning the values of C, and C2, we can 
use the network to match the high output impedance of the first tran-
sistor to the much lower input impedance of the second transistor. 
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The third group, Fig. 4.50c, employs inductive coupling between 
stages. In the first illustration of Fig. 4.50c, the primary circuit is 
tuned, offering a high impedance to the first transistor stage. The signal 
is then transferred to an untuned secondary containing fewer turns. 
This step-down action enables the low-impedance input of the second 
transistor to match the output of the first stage. In the second illus-
tration of Fig. 4.50c we obtain the same electrical action by dispens-
ing with the secondary winding and tapping directly into the primary 
inductance. In this arrangement, a coupling capacitor is needed to 
prevent the higher collector bias of the preceding transistor from 
reaching the base of the second unit. 
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MIXER 
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100 K 
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1st I.F. 
2N293 
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10 MMF 
1 K 

0.1 

_EH 

125 MMF 

22n2d9I.3F. 
N 

Fig. 4.51 A two-stage i-f system operating at 465 kc. ( Raytheon Mfg. Co.) 
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30 MF2  
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30 MF 

TO 2nd DET. 

In the final group of coupling networks, Fig. 4.50d, double tuning 
is employed. Again note how the second stage must be tapped down 
in order to achieve the proper impedance match. 

Intermediate-frequency amplifiers. A two-stage i-f system suitable 
for a broadcast receiver is shown in Fig. 4.51. The circuit uses two 
2N293 high-frequency PNP transistors in a grounded-emitter configura-
tion. Operating frequency is 465 kc, and the overall gain is at least 
90 db. The i-f transformers have 155 total turns on the primary, 
tapped at 55 turns, with an 18-turn secondary. The coils are bifilar 
wound and enclosed in an adjustable ferrite cup. They are tuned by a 
fixed 125-p4 capacitor across the primary. 
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Each emitter possesses a 1,000-ohm d-c stabilizing resistor. Alter-
nating-current or signal degeneration is prevented by the use of 0.1-4 
bypass capacitors across these resistors. 

It will be noted that each i-f stage is neutralized by connecting a 
10-p.p.f capacitor from the base of the following stage to the base of 
the preceding stage. ( These two points are 180° out of phase because 
of the grounded-emitter arrangement.) Neutralization was deemed 
necessary because enough internal capacitance existed in the two 
2N293 transistors to lead to oscillation. There are transistors in which 

1st 1.F. 
2NI728 

TO 
CONVERTER 

4 55KC 
INPUT 

2nd I.F 
2N1728 

Fig. 4%52 A second i-f system designed for a broadcast receiver. 
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the signal feedback is so small that special neutralizing networks are 
not required and hence not used. 

The bases of both i-f stages connect into an age line. Operation of 
age systems will be explained in Chap. 6. 

Another radio-receiver i-f system is shown in Fig. 4 . 52. The tran-
sistors here, too, are connected with the emitters common to both input 
and output circuits. Transformers Ti, T,, and T, comprise three bifilar 
circuits which serve as interstage coupling networks, with essentially 
unity coupling between primary and secondary windings. 
The first i-f transformer 1', transfers the received signal to the base 

of the first i-f transistor X,. This stage is also provided with age bias. 
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The control action is accomplished by varying the base current of X, 
in step with the signal level at the second detector and this, in turn, 
varies the collector current. Figure 4.53 demonstrates what effect this 
variation has on the gain and on the input and output impedances of 
the transistor. Note that transistor gain decreases rapidly as the 
collector current drops below 0.25 ma. Observe, too, that the input and 
output impedances rise with emitter-current decrease, causing mis-
matching in the input and output circuits and further reducing gain. 
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Fig. 4.53 Variation in input and output resistance of the first i-f stage in Fig. 4-52 with changes 

in collector current. Variation in stage gain is also indicated. 

In the second i-t stage we have essentially the same circuit arrange-
ment, although age is not applied here. Because of this, the base bias 
voltage ( hence, current) is different. Beyond this stage, the signal 
goes to a 1N60 germanium rectifier where it is demodulated. It is then 
ready for the audio amplifier stages. The age voltage is developed 
across R1. This resistor is also the load for the 1N60. 

Radio-frequency amplifiers. The considerations which govern the 
design of the i-f amplifiers also hold true for r-f amplification. How-
ever, because r-f amplifiers operate at higher frequencies, we can 

expect lower gain. 
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The r-f stage of a transistor automobile radio is shown in Fig. 4.54. 
The input transformer T, is slug-tuned, with its slug mechanically 
ganged to the slugs of the converter and the local oscillator ( not 
shown) coils. The Q of T, varies from 70 to 50 across the tuning band, 
550 to 1,600 ke. The base of X, is returned to the junction point of R, 
and R,, where the d-c potential is approximately 1.5 volts. A d-c 
stabilizing resistor R, is placed in the emitter leg of X, to make the 
stage relatively insensitive to changes in ambient temperature. A small 
680-ohm resistor R, brings an age voltage to the emitter. If no age 
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Fig. esa The r-f and mixer stages of a transistor automobile radio. 

control is desired, the connection between R, and R, can be severed. 
C4, across R4, serves to place the emitter at r-f ground. C3, at the 
junction of R, and R,, serves also as a low-impedance path to ground 
for radio frequency. 
Transformer T, couples the signal from the r-f stage to the mixer. In 

the mid-frequency range of the broadcast band, the output impedance 
of X, is 10,000 to 15,000 ohms and the mixer input impedance is about 
500 ohms. These are the two impedances that must be matched by 

The r-f signal is applied to the base of X2, while the locally generated 
oscillator signal is brought into the circuit by C2 and developed across 
R1. The latter resistor, incidentally, also serves to provide bias stability 
in the same manner as R, in the r-f amplifier stage. Approximately 
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0.4 volt rms of oscillator voltage is injected into the converter stage, 
this value having been found to provide optimum conversion gain of 
X,. If the oscillator voltage is reduced below this level, the conversion 
gain drops rapidly, which means that we obtain a smaller i-f signal for 
a given amount of incoming r-f signal. On the other hand, if the oscil-
lator signal is made larger than this optimum value, conversion gain 
will again decrease, although this time more slowly. 
A fairly elaborate interstage coupling network is employed between 

the mixer and first intermediate frequency. This is designed to achieve 
the desired signal bandpass, with a fairly rapid fall-off on either side. 
Output impedance of the converter is in the neighborhood of 50,000 
ohms, and it is not affected by signal frequency. Capacitor C, and the 
oscillator circuit that it ties into offer very low impedance to signals of 
intermediate frequency, so that for i-f signals 111 is effectively bypassed 
and no degeneration results. 

Interstage coupling networks other than the network shown in Fig. 
4.54 could be employed between r-f stages, and these will follow 
closely the patterns indicated in Fig. 4.50. 

QUESTIONS 

4 . 1 How can you determine by looking at a schematic diagram 
whether a PNP or an NPN transistor is being employed? ( Assume 

that this information is not indicated.) 
4 • 2 Why do the coupling capacitors in transistor audio amplifiers 

possess high values? 
4 • 3 Explain the purpose of C, and R, in Fig. 4.3. 
4-4 Why must l„ be watched more closely in common-emitter 

amplifiers than in common-base amplifiers? 
4-5 How is the effect of leo minimized in common-emitter 

amplifiers? 
4.6 Why is it more difficult to cascade transistor amplifiers than 

vacuum-tube amplifiers? 
4.7 Why can more gain be obtained by using transformer cou-

pling rather than RC coupling between transistor amplifiers? 
4.8 Draw the diagram of a two-stage transformer-coupled tran-

sistor amplifier. 
4.9 Explain the purpose of each component in the circuit of 

Question 4.8. 
4.10 Draw the diagram of a three-stage RC-coupled transistor 

amplifier. 
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4.11 What considerations govern the choice of values for lif and 
Cf in Fig. 4.14? 

4-12 What advantages does negative feedback offer in transistor 
applications? 

4•13 Illustrate a simple method of obtaining negative feedback. 
4.14 Explain how negative feedback is obtained in the circuit of 

Fig. 4.15. Show that the feedback voltage is actually 180° out of phase 
with the voltage existing at the feedback point. 

4.15 Would the operation of the circuit in Fig. 4.15 be altered if 
the feedback line terminated at the base of X, rather than at the 
emitter? Explain. 

4.16 What do we mean by complementary symmetry in tran-
sistors? 

4.17 Explain how the circuit in Fig. 4•23 operates. 
4.18 Draw the diagram of a push-pull class A transistor power 

amplifier. 
4•19 What advantages does class B operation offer over class 

A operation in the audio range? 
4.240 How can the principle of complementary symmetry be used 

advantageously in push-pull amplifiers? 
4.21 What precautions must be observed when incorporating a 

volume control into a transistor amplifier circuit? 
4.22 Draw a transistor phase-inverter circuit. Explain how it 

operates. 
4.23 Illustrate several suitable interstage coupling networks for 

transistor r-f or i-f amplifiers. 
4.24 What is the purpose of the neutralizing circuits sometimes 

found in transistor i-f or r-f amplifiers? 
4 • 25 How is neutralization achieved? 
4.26 What is the difference between a-c and d-c fg? Why is this 

difference important in high-frequency transistor amplifiers? 
4.27 Define fí, fr, and /30. 
4.28 What do we mean by crossover distortion in a class B 

amplifier? How is it minimized? 
4.29 What is thermal resistance? Contrast it to ohmic resistance. 
4•30 What internal differences exist between low-power and high-

power transistors? 
4.31 What is a heat sink? How is it used? Describe several types 

of heat sinks. 



CHAPTER 5 

Transistor Oscillators 

TRANSISTORS WILL FUNCTION as oscillators as readily as they 
will as amplifiers. For every vacuum-tube oscillator, there is a tran-
sistor counterpart. In addition, transistors can be designed to produce 
oscillations in a way that cannot be duplicated with tubes. 

Oscillations in vacuum-tube circuits are normally produced by feed-
ing a portion of the amplified signal in the plate, or output circuit, back 
to the grid, or input circuit. The phase of this feedback signal must be 
the same as the instantaneous phase of the grid signal in order that the 
two will add and reinforce each other. This is in distinction to 
degeneration or negative feedback, where the returned signal is 180° 
out of phase with the existing grid signal. 

Low-frequency Oscillators 

A simple audio-frequency oscillator, using a vacuum tube, is shown 
in Fig. 5-1. The transfer of energy from the plate to the grid is achieved 
through transformer T,. The primary and secondary sections are so 
connected that the field set up by the secondary winding establishes 
an induced voltage in the primary which tends to maintain oscillations 
in the circuit. To appreciate the importance of winding polarity, all 
one has to do is reverse the connections to either T, winding and the 
oscillations cease. ( Of course, if the connections to both windings are 
reversed, circuit behavior will be unaffected. ) 
The cathode of the oscillator tube is grounded, and grid bias is 

developed by the combination of C, and R,. With this type of biasing, 
the circuit operates class C, which means that plate current flows in 
pulses for only a short time during each signal cycle. If desired, the 
tube can be made to function as a class A oscillator by moving C, and 

R, into the cathode circuit. 

168 
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An equivalent transistor oscillator, using the same general arrange-
ment of components, is shown in Fig. 5- 2. An output control R, with 
an output coupling capacitor C, has been added to indicate one way 
in which an output signal could be obtained from this circuit. One 
battery is employed to bias both collector and base circuits. R2 is 
inserted in the base lead to limit the current in the base circuit 
to the proper value dictated by this transistor. 

In the design of this oscillator, the windings on the transformer T1 
must match the low impedance of the base-emitter circuit on the one 

Fig. 5.1 A simple vacuum- tube audio- fre-

quency oscillator. 

It+ 

Fig. 5.2 A transistor audio- frequency oscillator. A 2N464 transistor or its equivalent can be used. 

hand and the high impedance of the collector circuit on the other. The 
problem, in this respect, remains similar to what it is in amplifiers. 
Frequency of oscillation will depend upon the inductance of the wind-
ings and their distributed capacitance, and it may be lowered by 

shunting capacitors ( such as C2) across the high-impedance collector 
winding. 
The same oscillator, using the transistor in a common-base arrange-

ment, is shown in Fig. 5.3. Two batteries are required effectively to 
bias input and output circuits with the proper polarity. 

In the common-base amplifier, it will be recalled that the signal 
polarity on the emitter ( normally the input element) is in phase with 
the signal on the collector ( the output element). Since these two 
elements are fairly close together, it is relatively simple for some of the 
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collector signal to return to the emitter. This sets up positive feedback 
between these two elements, and if enough signal voltage is fed back, 
the stage will oscillate. In amplifiers, this feedback is discouraged, but 
in oscillators it is encouraged by connecting a small external capaci-
tance between collector and emitter, or by transformer coupling as 

shown in Fig. 5-3. 
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Fig. 5.3 The same oscillator as in Fig. 5.2 in a common- base arrangement. 

L, 
1 HENRY 

C1 Ce 
0.25 0.25 

R, 
22K 

— 6V 

e\ 
4.5V A .-- 1.5V 

2N464 

 n. 

OUTPUT 

Fig. 5.4 A transistor oscillator using a Colpitts circuit arrangement. (After L Fleming, Transistor 

Oscillator Circuit, Electronics, June, 1953) 

The common-base oscillator is a widely used circuit, particularly 

at high frequencies. 
Another low-frequency transistor oscillator, this time using an 

inductor having a single winding, is shown in Fig. 5-4. A 2N464 
PNP transistor is used. Feedback of in-phase energy from the 
collector to the emitter is achieved by capacitors C, and C2 in what 
is essentially a Colpitts circuit arrangement. 

Resistor R, determines the bias between the emitter and base, and 
therefore it will govern the extent of current flow through this portion 
of the circuit during each cycle of oscillation. Any value between 
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5,000 and 100,000 ohms will work. Resistor R, is designed to limit the 
reverse collector current flow during that part of the half cycle when 
the collector is driven positive. If R, is made zero, the positive peaks 
of the voltage wave will have flat tops because the collector is driven 
to overload. The waveform is found to improve as R, is increased to a 
thousand ohms or so, and thereafter improvement occurs more slowly 
as the resistance is raised. When the value of R, reaches about 
40,000 ohms, the collector voltage is reduced to such an extent that 
oscillations cease. 
The values of Ci, C2, and Li shown in Fig. 5.4 will produce a 

1,000-cycle signal. Battery drain is less than 50 p.a. The upper fre-

ci 

OUTPUT 

CHOKE 

a+ 

Fig. 5.5 A vacuum- tube Colpitts oscillator. 

quency limit for this transistor in this circuit is in the neighborhood 
of 50 kc. 

For those readers who might find that a comparison of a vacuum-
tube Colpitts oscillator makes this circuit easier to understand, the 
circuit of Fig. 5.5 is shown. The main feature to look for in both cir-
cuits is the way the frequency-determining components ( that is, LI, 

Ci, and C2) are connected. The voltages in the vacuum-tube circuit 
would obviously be applied differently from the bias voltages of the 
transistor. This difference, therefore, must be discounted. ( Strictly 
speaking, the circuit of Fig. 5.5, to be directly equivalent to the os-
cillator in Fig. 5-4, should have its grid grounded. However, the 
arrangement in Fig. 5.5 is the one most frequently used and un-
doubtedly the one most familiar to the reader.) 
The foregoing are all sine-wave oscillators. Important, too, are re-

laxation oscillators developing pulses, square waves, sawtooth waves, 
and other nonsinusoidal forms. One such unit is the blocking oscillator 
shown in Fig. 5.6. This circuit is closely similar to that shown in 
Fig. 5.2 except for the addition of a small coupling capacitor Ci be-
tween the base and T1. The frequency of the circuit is variable be-
tween 3 and 60 kc and is inversely proportional to RiR,C,. The block-
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ing oscillator can be synchronized to a pulse or a sine-wave input by 
coupling the signal to the base through capacitor C2. Note the ex-
treme simplicity of this circuit, including the manner in which one 
battery furnishes power to the entire circuit. 
Another common vacuum-tube oscillator, particularly in television 

receivers, is the multivibrator. The basic form of this oscillator, shown 
in Fig. 5.7, is seen to consist of two resistance-capacitance—coupled 
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Fig. 5.6 A blocking oscillator. Capacitor C1 is made variable to permit the pulse width to be 

changed. 

B4-

Fig. 5.7 The basic multivibrator circuit using vacuum tubes. 

amplifiers with the output of the second stage fed back to the input 
of the first stage. Oscillations occur in this system because each 
tube reverses the voltage applied to its grid by 180° and two such 
reversals produce a signal at the plate of V, which is in phase with 

the voltage at the input of V,. 
In a multivibrator, one tube is cut off while the other one is conduct-

ing. How long this condition persists is determined largely by the 
values of the grid resistors and capacitors R1, 112, C1, and C,. To see 
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how the shift in conduction is made from tube to tube, let us briefly 
follow one cycle in the operation of a multivibrator. Assume that the 
power supply has just been connected across the circuit. Owing per-
haps to some slight disturbance in the circuit, the plate current of V, 
increases. This produces an increase in the voltage across R„ with the 
plate end of the resistor becoming more negative. Capacitor C„ which 
is connected to R„ at this point, likewise attempts to become more 
negative, and the grid of V, also assumes the same potential. The 
net result is a lowering of the current through V, and R4. 
The lowered voltage across R4 means that the plate end of this 

resistor becomes less negative, or relatively positive to its previous 
value. Capacitor C, transmits this positive increase to the grid of VI, 
and, consequently, even more plate current flows through R„. The 
process continues in this manner, with the grid of V, becoming more 
and more positive and driving the grid of V, increasingly negative by 
the large negative charge built up across R, and C2. The plate current 
of V, is rapidly brought to zero by this sequence of events. 
Tube V, remains inactive until the negative accumulation of charge 

on C, discharges and removes some of the large negative potential at 
the grid of V,. The path of discharge of C2 is through the relatively 
low resistance of r„ of V, and the relatively high resistance R,. When 
C, has discharged sufficiently, plate current starts to flow through R4, 
causing the plate end of the resistor to become increasingly negative. 
This now places a negative charge on the grid of V„ and the plate 
current through R„ decreases. The reduction in the voltage drop across 
R„ causes the plate end of the resistor to increase positively, and the 
grid of V, ( through C2) receives this positive voltage. The increased 
current through R4 quickly raises the negative grid voltage on V, 
(through CO and drives this tube to cutoff. When the excess charge 
on C, leaks off, the process starts all over again. C, loses its accumu-
lated negative charge by discharge through r„ of Vo and R,. 
The entire operation may be summed up by stating that first the 

plate current of one tube rises rapidly, driving the second tube to cut-
off. This condition remains until the second tube is released from its 
cutoff state and starts to conduct. It is now the first tube which is cut 
off. When the first tube is again permitted to conduct, the second tube 
is driven into nonconduction. The switching continues in this manner, 
with the rapidity of turnover ( i.e., frequency) determined by the grid 
resistors and capacitors. 
An equivalent multivibrator, using transistors, is shown in Fig. 5.8. 

Each transistor must be connected as a grounded-emitter amplifier in 
order to provide the necessary 180° phase reversal in each stage. For 
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the values of the components as shown, the repetition frequency is on 
the order of 2 kc. It is possible by altering these values to reach fre-

quencies in the megacycle range. 
Cutoff of a single stage is achieved in this multivibrator in exactly 

the same way that it is in the vacuum-tube multivibrator. For exam-
ple, X, in Fig. 5.8 is cut off when the emitter-base voltage is such 
that the base is positive with respect to the emitter. Normally, the 
base should be negative with respect to the emitter because the 2N501 
transistor is a PNP unit. The positive potential required by the base 
for effective cutoff is developed across resistor R3. And X2 remains 

C, 
0.1 MF OUTPUT 

SYNC. 
INPUT 

Fig. 5.8 A transistor multivibrator. The 2N501 transistors are of the PNP variety. 

cut off until the positive charge held by Cz ( and applied across R3) 
has been reduced through discharge. For transistor X1, the controlling 
components are C4 and R1. 

If a sawtooth wave instead of a rectangular wave is desired across 
the output terminals, it can be obtained by connecting a capacitor 
from the collector of Xz to ground. This is satisfactory for low-fre-
quency operation. It will not work too well at high frequencies be-
cause of the loading effect of the capacitor. 
An emitter-coupled multivibrator using a minimum of parts is 

shown in Fig. 5.9. This is closely related to the vacuum-tube multi-
vibrator of Fig. 5.10, a circuit that is employed extensively in televi-
sion receivers. 

Sine-wave RC oscillators. A sine-wave output may be obtained 
from an oscillator using an RC network in place of the inductance-
capacitance network. The RC network is positioned between the out-
put and input circuits which, in the common-emitter arrangement, 
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means between collector and base. Furthermore, since the output 
signal is 180° out of phase with the input signal, the RC-coupling 
network must introduce an additional 180° phase shift in order to 
provide the base with an in-phase signal to sustain oscillations. 

In order to achieve this 180° phase shift, three identical RC sec-
tions are generally employed, each shifting the signal by 60°. Each 
section consists of a series coupling capacitor and a shunt resistor. 

Fig. 5.9 An emitter-coupled multivibrator using a minimum of parts. 

 o 

OUTPUT 

470K 

Fig. 5.10 A vacuum-tube cathode-coupled multivibrator. 

In Fig. 5.11, these are Ri and C1, R, and C2, and R, and C3. The 
phase shift comes about because R and C in series produce a current 
which leads the applied voltage by a certain angle. This angle is de-
termined by the numerical relationship of resistance and capacitance. 
The smaller the capacitance, the more the current will lead the volt-
age for a given resistance. By properly selecting R and C, a 60° phase 
shift per section can be achieved. Note that this shift will occur at 
only one frequency. If, however, either R or C is made variable, a 
range of frequencies can be obtained. 
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Transistor oscillator circuits can be designed simply, as illustrated 
by the preceding arrangements, or they can be incorporated in more 
complex designs. A low-distortion audio oscillator employing three 
transistors is shown in Fig. 5.13. To appreciate the operation of this 
circuit, it may be instructive to commence with a simplified version 
of its vacuum-tube predecessor, Fig. 5.12a. The first tube V, is a vac-
uum-tube amplifier; the second tube is a cathode follower. Positive 
feedback, necessary to maintain oscillations, is fed from the cathode of 
V, to the cathode of V, through a lamp. (A lamp is used, instead of a 

c, 

(--,.- OUTPUT 

Fig. .5.11 An RC oscillator that generates sine waves. 

conventional resistor, to stabilize the amplitude of the generated os-
cillations. Lamp-filament resistance rises with current, tending to main-
tain a constant positive-feedback voltage.) For stability, negative feed-
back is transferred from the same point on the cathode of V, to the 
control grid of V,. A bridged-T network in this path produces a volt-
age minimum and zero phase shift at the operating frequency. At all 
other frequencies, more voltage passes through the bridged-T net-
work, thereby increasing the degeneration and discouraging oscilla-
tion. In essence, then, what we have here is a bridge arrangement 
in which oscillations will develop when the positive feedback ex-
ceeds the negative feedback, and the frequency at which this occurs 
is determined by the bridged-T network. 
The first step in the development of the transistor circuit is shown in 

Fig. 5.12b. The first stage is a grounded-emitter amplifier. This is a di-
rect counterpart of vacuum tube V,. The second transistor is operated 
as a grounded-collector stage, and it is equivalent in its action to the 

cathode follower V,. 
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An improved version of the oscillator is shown in Fig. 5.12c. The 
emitter load resistor of the second junction transistor X2 was replaced 
by a third transistor X,. This change was made because the high dy-
namic collector resistance of X, permits more efficient operation of X2* 

(b) 

(11 

Fig. 5.12 The various steps in the development of a transistor oscillator from its vacuum-tube 

counterpart. (Electronics) 

The third step in the development of this circuit, Fig. 5-12d, was 
made to reduce the amount of even harmonics present in the oscil-
lator output signal. The base of X, is connected to the load resistor of 
X,, effectively placing the two transistors in push-pull. When the col-
lector current of one transistor increases, the collector current of the 
other decreases. The signal currents of both transistors flow through 
the same load resistor, and this provides for a high output current. 
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In the final version of this oscillator, Fig. 5.13, d-c stabilizing re-
sistors were placed in series with the emitters of X, and X3. Additional 
resistors, such as R1 and 112, establish the proper base operating 
voltages. 

Radio-frequency Oscillators 

The use of transistors in r-f oscillators is governed by the same 
considerations as for low-frequency oscillators, with the addition of a 
frequency imposed by the transistor. Frequently, the manufacturer 

Fig. 5.13 Completed circuit of low- distortion transistor a-f oscillator. (Electronics) 

will employ the term fnax on his characteristic sheets. This term is 
known as the maximum frequency of oscillation or the frequency at 
which the transistor power gain is unity. Theoretically, these two 
points are the same because the device must have at least a unity 
power gain to oscillate. 

Transistors which will operate into the kilomegacycle range are 
available. Hence, frequency as such is not a basic limitation in design-
ing an oscillator. What is important is power output, which can be 
more difficult to achieve as the frequency rises, and also circuit sta-
bility. These factors will be governed by circuit design and the tran-

sistor selected. 
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An r-f oscillator which is a direct outgrowth of the audio oscillator 
of Fig. 5-2 is shown in Fig. 5-14. L, and L, are two tightly wound 
coils which provide for the transfer of energy between output and 
input circuits. L, is wound close to L,, and the energy it absorbs is 
transferred to whatever external circuit is connected to the oscillator. 

R)F. OUTPUT 

C, 
330 MMF 

Fig. 5.14 An r-f transistor oscillator. The 2N417 is an alloy-junction transistor with a cutoff 
frequency of 20 Mc. 

220 

TO MIXER 
0.1 

270 re.li 4.1K 

Fig. 5.15 An oscillator designed for a transistorized automobile receiver. 

Capacitor C, tunes L, and enables the generated frequency to be 
varied. R, serves to limit the emitter current to a safe value; C, across 

assists in the oscillating action. 
The oscillator shown in Fig. 5-15 is similar to the preceding circuit 

except that a 4,700-ohm resistor and a 270-1.4 capacitor are inserted in 
the emitter lead. This particular oscillator is employed as the local 
oscillator in a broadcast receiver, and the RiCi network is used to in-
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troduce a limited amount of degeneration into the circuit. This offsets 
some of the positive, regenerative feedback and serves to reduce the 
loading effect of the transistor input circuit on the oscillator tuned cir-
cuit. It was found that when this was done, oscillator tuning became 
relatively independent of the transistor input impedance. A further aid 

C9 10 MMF TUNING CAPACITOR 

C6 T60-1250 MME 'ADDER) j/TRIMMER 
r  

Cs 100 MME (---)-TO MIXER 

2.5 MH 
6 V — 

Fig. 5.16 An r-f oscillator employed in a radio receiver. An r-f PNP transistor would be used. 

Fig. 517 

1111 . 3.9K \ TO PROVIDE PROPER BASE- EMITTER BIAS 
(a) (b) 

A Hartley oscillator using ( a) a transistor and (b) a vacuum tube. 

to stability is the use of a relatively high tank capacitance across the 
collector-tuned circuit. 
Another oscillator which has been employed in a radio-broadcast 

receiver is shown in Fig. 5.16. If we ignore, for the moment, the turns 
on L, which extend above point A, and if we also disregard winding 

then what we have here is a Hartley oscillator, Fig. 5.17. The 
voltage which is developed between points B and C of Li represents 
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the energy which is fed back to the base input circuit via coupling 
capacitor C1. 
The collector is tapped down on L, to decrease the effect of its ( i.e., 

the collector) capacitance, to provide a better impedance match be-
tween the transistor and the tuned circuit, and to improve frequency 
stability and tracking. ( The last feature stems from the application of 
this oscillator in a radio receiver.) Tracking also explains the reason 
for the presence of capacitors Co ( 600 to 1,250 p.p.f ) and C,. In this par-
ticular design three-point tracking between oscillator and mixer was 

100 3 3,‘. ,1 

2 N502 

Fig. 5.18 A common- base oscillator designed to operate at 200 Mc. 

05-12 MME 
FEEDBACK 

3/4 IN. 
COIL 
11/2 
TURNS 
NO. 10 

3-13 MME 
MATCHING 

TUNING 
0.5-5MMF 

6.8K 
CURRENT 
ADJUSTMENT 

1500 MMF 1500 MMF 

obtained by using a slug in the oscillator coil, a padder capacitor C6, 
and a gang capacitor trimmer C,. The slug takes care of the central 
portion of the band, the padder provides an adjustment at the low 
end of the band, and the trimmer is employed to make the high end 
of the tracking curve fall into line. 
Energy from the oscillator is transferred into the mixer circuit ( not 

shown here) by a combination of inductive and capacitive coupling. 
The initial transfer from L, to L, is inductive; the second transfer, 
from L, through C5 to the mixer, is capacitive. The designers of this 
circuit felt this arrangement would provide a more nearly constant 
oscillator injection voltage at the mixer. 
The necessary biasing voltage for the transistor collector is brought 

in through coil L1. A similar biasing voltage for the base is brought in 
via Ili and R2. The resistor R3 and capicator C, in the emitter leg serve 
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approximately the same purpose here that they did in the preceding 
oscillator circuit. 
A 200-Me oscillator using a 2N502 transistor in a common-base ar-

rangement is shown in Fig. 5.18. Ten milliwatts of output power is 
provided. The current-adjust resistor is set for a collector current of 

2N502 

RFC-4.5p.h TURNS NO. 30 NYCLAO WIRE CLOSE-WOUND 
Li-4 TURNS NO. 22 NYCLAD WIRE 7/32" AIR CORE 

Fig. 519 An oscillator operating at 200 Mc. 

R2 

47 K 

10K 

22 MME 
0.01 

R3 

00,T 
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C2 
MME 

3 

T220 MMF 

22 5V - 

Fig. 520 A Colpitts oscillator using a tran- Fig. 5.21 A Clapp transistor oscillator simi-

sistor. A 2N414 PNP transistor equivalent lar to the oscillator shown in Fig. 5.20. 

would be employed. (After P. G. Sulzer, 

Junction Transistor !Circuit Applications, Elec-

tronics, August, 1953) 

2 ma. The matching capacitor serves as an impedance transformer to 
match the oscillator to the 50-ohm load section. Figure 5-19 shows 
another oscillator arrangement operating at essentially the same 
frequency. 
A transistorized r-f Colpitts oscillator is shown in Fig. 5-20. The single 

tuning circuit L, and C, is connected in the collector circuit between 
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the collector element and the battery. To provide the proper feedback 
to sustain oscillations, 22-plif capacitors are connected between col-
lector and emitter and between emitter and ground. R, and R, pro-
vide the proper voltage for the base-emitter circuit, while R„ func-
tions as a d-c stabilizing resistor ( to minimize the effects of tempera-
ture variations ). 
Another oscillator which is somewhat similar to the Colpitts oscil-

lator but more stable is shown in Fig. 521. This is the Clapp oscilla-
tor, named after its originator J. K. Clapp. The tuning circuit C, and 
L, is series resonant, and it is connected between collector and ground. 
Feedback voltage between the collector, emitter, and base is provided 

0.01 

100 K 

2N414 

47 K 

10K 

22.5 V 

10K 

 220 
MME 

220 TMME 
r—ICRYSTAL 

Fig. 5.22 A crystal- controlled Clapp oscil- Fig. 5.23 

lator. oscillator. 

An emitter-coupled sine- wave 

by C, and C,. The remaining components of this circuit serve the 
same function as in the preceding oscillator. 
The same Clapp oscillator with a crystal substituted for the series-

resonant circuit is shown in Fig. 5.22. 
An emitter-coupled multivibrator was previously shown in Fig. 5.9. 

The same circuit modified for sine-wave oscillation is shown in Fig. 
5. 23. Here the resistor in the collector circuit of the first transistor is 
replaced by a tuned circuit. With the choice of suitable junction 
transistors, oscillations above 10 Mc can be readily obtained. The 
vacuum-tube counterpart of this circuit will oscillate up to 80 Mc 
just as readily as it will at 1,000 cycles. 

Crystal control can be incorporated into this oscillator by connect-
ing a series-resonant crystal between the emitters of the two transistors, 
Fig. 5-24. 

Considerable work has been done with transistorized crystal oscil-
lators because of their inherent frequency stability. A crystal oscillator 
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that was developed at the National Bureau of Standards is shown in 
Fig. 5. 25. A PNP junction transistor is used, together with a 100-kc 
crystal. Bias battery voltage is only 1.5 volts. Current drain is 100 eta. 
The 0.01-g capacitors connected to ground from each side of the 

crystal serve to maintain a constant phase shift in the crystal feedback 
loop. The crystal itself is placed in the path between collector and 
base. The transistor is operated as a grounded emitter, and it develops 

Fig. 5.24 An emitter-coupled sine-wave 

oscillator that is crystal-controlled. Resonant 

frequency of the crystal should be the same 
as the resonant frequency of the parallel-

resonant network LC. 

P-1.1-P 
TRANSISTOR 

100 
—1,5V =1100KC 

6 MH 

100 KC 
TUNED CKT 

OUTPUT 

= 

100 K 

Fig. .5.25 A highly stable transistor oscillator developed at the Bureau of Standards. 

0.8 volt across the 100-kc tuned circuit connected to the collector. 
Driving current for the crystal is obtained from a capacitive voltage 
divider consisting of the 4O-1 f and 0.01-0 capacitors connected in 
series between the collector and ground. 
The stability of this oscillator is excellent. Measurements of fre-

quency with changes in temperature and voltage indicate that the 
frequency varies approximately 1 part in 100 million per °C and 1 
part in 100 million per 0.1 volt. Short-time variations are about 
+3 parts in 10,000 million, and long-interval drift indicates changes 
of about 3 parts in 1,000 million ( i.e., 1 billion) per 24 hr. 
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PNP-NPN oscillator. Before we end this discussion, mention might 
be made of an oscillator that combines NPN and PNP transistors, 
Fig. 5.26. The crystal between the two emitters serves as the feedback 
path, just as it does in Fig. 5.24. Direct coupling is employed between 
the two transistors, and although the voltage applied to the base of the 
second one is negative, it is less negative ( hence, positive) with re-
spect to its emitter. 

4.5V 

Fig. .5.26 A PNP-NPN oscillator. ( After F. T. Merisier, PNP—NPN Transistor Oscillator, Radio 

Electronics, November, 1960) 

It is interesting to note that the first transistor is connected as a 
common-base amplifier, while the second transistor is a common-
collector circuit. This is needed in order for direct coupling to be 
employed. 

QUESTIONS 

5.1 How are oscillations normally produced in most vacuum-
tube and transistor oscillators? 

5.2 Draw the circuit of a simple vacuum-tube oscillator and then 
show its transistor counterpart. 

5.3 Draw the circuit of a transistor multivibrator. 
5.4 Explain in detail how the foregoing multivibrator circuit op-

erates. 

5.5 Explain the purpose of each component in Fig. 5.15. 
5.6 Why is the collector of the transistor in Fig. 5.16 tapped 

down on coil L1? Explain the purpose of CG and C, in the same circuit. 
5.7 Draw the diagram of a simple crystal transistor oscillator. 
5'8 How does the oscillator of Fig. 5.22 function? 
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5.9 What is the difference, in terms of feedback, between a 
common-emitter oscillator and a common-base oscillator? 

5.10 Explain how the RC oscillator of Fig. 5.11 functions. 
5-11 Could the number of RC sections in the oscillator of Fig. 

5.11 be made greater? Explain. 
5.12 What is f , max? Of what use is it? 
5.13 How could you obtain a sine-wave signal from a multivibra-

tor? 
5.14 What advantages does a crystal offer in an oscillator? What 

disadvantages? 



CHAPTER 6 

Transistor Radio Receivers 

AMONG THE FIRST commercial uses to which transistors were put 
was in small, portable radio-broadcast receivers. This is a natural ap-
plication, since transistors lend themselves readily to compact, light-
weight assemblies of the type required in such receivers. The port-
ability feature is further enhanced by the fact that only small B-type 
batteries are required for power. Filament-heating batteries, which 
vacuum tubes require and which occupy considerable space, are com-
pletely dispensed with here. 

The Regency Radio Receiver 

A fairly standard portable radio receiver is the Regency model TR-1G, 
and it takes advantage of every space-saving feature afforded by the 
transistors and associated miniature components, Figs. 64 and 6.2. 
Overall dimensions of the unit are 5 by 3 by 11/4 in., enabling the 
entire set to fit easily into the pocket of a man's jacket. Weight of the 
set, with the batteries, is only 12 oz. 
The schematic diagram of this receiver is shown in Fig. 6.3. There 

are four transistors and five stages. The extra stage is the second de-
tector, and its function is performed by a germanium diode, here either 
a CK706A or a 1N132. The transistors are of the NPN variety, and 
three special designs are used for the converter, i-f, and audio stages. 
Manufacturer of these units is Texas Instruments, Incorporated. 
The first stage, containing transistor X„ is essentially a self-oscillat-

ing converter. The input signal is picked up by a tuned ferrite-core 
coil which possesses a high Q. A low-impedance winding on the 
antenna coil couples the signal to the base of X1. 

Local oscillations are generated by a parallel-resonant circuit in the 
emitter circuit which is inductively coupled to a coil in the collector 

187 
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Fig. 6.1 The Regency model TR-1G transistor radio is small enough to fit in the pocket of a 

man's jacket. ( Regency) 
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Fig. 6.2 Inside view of Regency model TR-1G transistor receiver showing layout of components. 

(Regency) 
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circuit. The low-impedance emitter is tapped down on the tuned cir-
cuit in order to provide the proper impedance match without lower-
ing the Q of the circuit. 
The foregoing oscillator arrangement is a fairly common one. Its 

equivalent vacuum-tube circuit is shown in Fig. 6.4. With the incom-
ing signal and the local oscillator voltage both being applied to the 
converter transistor, the appropriate i-f signal is formed and then fed 
to transformer T, and the i-f stages beyond. 
A 10,000-ohm resistor is placed in the emitter circuit to provide d-c 

stabilization against temperature changes and variations among dif-
ferent replacement transistors. The positive voltage which the emitter 
current develops across R2 is counterbalanced by a positive voltage fed 

R.F. 
INPUT 

I.F. 
OUTPUT 

Fig. 6•4 The equivalent vacuum-tube circuit of the converter stage shown in Fig. 6•3. 

to the base from the battery. The actual voltage difference between 
these two elements is on the order of approximately only 0.1 volt. 
The proper biasing voltage for the collector of Xi is obtained from 

a 2,200-ohm resistor which is tied to the 22%-volt B+ line. A 0.001-4 
bypass capacitor C, keeps the signal currents out of the d-c distribu-
tion system. 
There are two stages in the i-f system, and both operate at 262 kc. 

This frequency is considerably below the 455 kc common in vacuum-
tube radio receivers, and it possesses the disadvantage of making this 
receiver more susceptible to image-frequency pickup. However, the 
lowered frequency of operation is advantageous in that it provides 
greater gain and more stability. 
The primary of each i-f transformer is tuned with a fixed capacitor, 

while the secondary is untuned. This is done to match the high col-
lector impedance of the preceding stage to the low input impedance 
of the following stage. Peaking of each i-f coil is achieved by varying 
the position of an iron-core slug. 
Each i-f stage is neutralized by feeding back a voltage from the 

base of the following stage to the base of the preceding stage. The 
feedback occurs through a 10-14 series capacitor. 
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Automatic gain control is applied to the first i-f stage only. A nega-
tive voltage is obtained from the second detector and applied to the 
base of X,. Its purpose is to regulate the emitter and collector currents 
and, with this, the stage gain. When the incoming signal becomes 
stronger, the negative agc voltage rises, reducing the collector current 
of X, and, with it, the gain. The opposite condition prevails when 
the signal level decreases. This method is quite effective and pro-
vides a wide range of control. (A detailed discussion of automatic gain 
control in transistor receivers will be given after this analysis of the 
Regency model TR-1G.) 

The base bias for the second i-f stage is obtained from the voltage 
divider network of Ri, and Ri5. This bias voltage is bypassed by C22 
and then further bypassed by C,,, a 0.05-p.f capacitor. 
Both emitters have d-c stabilizing resistors. ( If it were not for the 

presence of C., C,,, C,,, and C,., signal degeneration would occur 
also. As it is, only the direct portion of the current passes through R. 
and R..) Note, however, that the emitter resistor of the first i-f stage 
is 1,200 ohms in value, whereas the emitter resistor of the second stage 
is 2,700 ohms. The reason for this difference stems from the com-
promise that must be reached in the first i-f stage between good age 
action and the d-c stability of the amplifier. A value of R5 greater than 
1,200 ohms is desirable for stability purposes, but the degeneration 
that produces the stability would result in reduced gain-control action. 
Each of the collectors of X2 and X5 receives its operating voltage 

through a 2,200-ohm dropping resistor. C1, and C1., at the top end of 
the resistors, serve as decoupling and bypass capacitors. 
Following the second i-f stage is the second detector D„ and this 

function is performed by a germanium diode. The load resistor for the 
detector is the volume control. Note the impedance of the control, 
2,000 ohms; this low value is needed to match the input impedance 
of the audio output stage X,. 
The final amplifier is operated with the emitter grounded through 

a 1,000-ohm resistor. Base bias is obtained from the voltage-divider 
network formed by fin and Ri„ The output transformer matches the 
10,000-ohm collector impedance of X., to the low voice-coil impedance 
of the miniature speaker. Diameter of the speaker is only 23/1 in. Pro-
vision also exists for a small earphone plug which can be inserted into 
a small jack on the side of the receiver. When the earphone is in use, 
the speaker is disconnected. 
The total power for the receiver is furnished by a hearing-aid type 

of 22%-volt battery. Total current drain is on the order of 4 ma. 
The compactness of this receiver can be seen by an inspection of 
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Fig. 6.2. All components, including the two-gang tuning capacitor 
and the speaker, are miniaturized. Operating voltage on electrolytic 
capacitors C9> C21 > and C1, is 3 volts; on C17> it is 25 volts. 

Automatic Gain Control of Transistor Amplifiers 

The automatic control of the gain of a transistor r-f or i-f amplifier 
in radio receivers is almost universally achieved by varying the emitter 
or collector current in accordance with the amplitude of the in-
coming signal. Figure 6.5 illustrates the variation in gain that can be 
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Fig. 6.5 Transistor amplifier gain as a function of the emitter current. 

achieved. ( No mention is made in the above discussion of the changes 
in transistor input and output impedances accompanying changes in 
emitter current flow. These do occur, and they also contribute to the 
changes in gain.) Now, to provide this control of gain, a certain 
amount of d-c power is necessary. This arises from the fact that 
current from the control source is required. In vacuum-tube amplifiers, 
little or no power is required because the control voltage is fed to 
the grid of a tube and this element, being negative with respect to 
the cathode, draws no current. A transistor, on the other hand, is a 
current-operated device, and to alter its current, we must have the 
control stage supply a suitable amount of its own current. This, in 
turn, means that power must be expended. 
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The control voltage is obtained almost invariably from the second 
detector; hence, this is the stage which must supply the control power. 
To assist the detector in this task, the controlled transistor i-f amplifier 
is usually made to function as a d-c amplifier for the control signal. 
For example, in the stage shown in Fig. 6.6 the emitter current is 
age-controlled. Instead of varying the emitter current directly, how-
ever, the control voltage is applied to the base of the transistor, and the 
resulting changes in direct base current are amplified and appear as 
larger changes of emitter current. When the incoming signal is strong, 
then a voltage is fed back which serves to reduce the emitter current, 
and the stage gain is reduced. Conversely, when the incoming signal 

NP-N 
TRANSISTOR 

SIGNAL  
INPUT 

B + 

TO 2nd 

A.G.C. LINE DETECTOR 

TO NEXT 
STAGE 

Fig. 6.6 An example of le control of an i-f amplifier. The agc voltage is applied to base. 

is weak, the voltage fed back is reduced in value, permitting more 
emitter current to flow and raising the gain. 
By reducing the emitter current, we also reduce the collector current 

and, hence, the strength of the signal developed across the output 
tuned circuit. 

If sufficient power is available in the detector circuit, an attempt 
can be made to control the emitter current directly by introducing the 
control voltage in the emitter circuit of the i-f stage. However, in the 
absence of this power, the control voltage can be applied to the base 
of the i-f stage, as shown. 
The advantage of the foregoing system of age is its simplicity and 

economy. There is, however, the serious disadvantage that the tran-
sistor is unable to effectively cut off the signal, thereby giving rather 
incomplete age action. To overcome this deficiency and provide a 
greater range of control, a delayed age circuit is frequently added to 
supplement the primary age. This addition consists of an auxiliary 
diode, as shown in Fig. 6.7. Here, the primary age network extends 
from the detector through R108 to the base of the first i-f stage, an NPN 
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transistor. The control voltage developed across C110 and R127 is nega-
tive, and it works to reduce the B+ voltage present at the top of 

R105. 

The auxiliary germanium diode is connected between the center tap 
of T2 and the top end of the primary of Ti. On strong signals, the 
amount of age voltage applied to X, is quite high and conduction 
through the transistor is reduced, thereby lowering the effect of the 
stronger signal. This causes the positive voltage at the collector to 
rise, in this instance toward 8 volts. Actually, 8 volts would occur only 
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D, 1N6OG 
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Fig. 6.7 An agc system that is supplemented by an auxiliary diode Di. 
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MF 

if the transistor ceased conducting completely; but the voltage value 
does get slightly above 7.5 volts. When it does, Di will conduct be-
cause the anode will be more positive than the cathode. The potential 
on the latter element is normally about 7.5 volts, obtained from the 
connection at Ti. 
When D, conducts, it acts as a low-valued resistor in series with 

the 0.1-4 capacitor C107. This combination loads the primary of T1 
and reduces the signal fed to the first i-f stage and all subsequent 
stages. On moderate and weak signals the current passed by X, is 
enough to keep its collector potential below 7.5 volts. In such in-
stances, DI cannot conduct and Ti is permitted to pass a stronger 

signal on to the first i-f amplifier. 
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A Second Transistor Receiver 

Another radio receiver, which is designed along somewhat similar 
lines as the prior set but which contains a greater number of stages, 
is shown in Fig. 6.8. The lineup of stages includes a converter, three 
i-f amplifiers, a germanium-diode detector, and three audio amplifier 
stages. The maximum power output is in excess of 200 mw, which 
is more than ample for this particular purpose. The B+ voltage is 
6 volts, and the current drain, at low levels, is 10 ma. At high peak 
levels it may go as high as 20 ma. A set of four 114-volt batteries 
could be expected to have a life in excess of 250 hr if used at the rate 
of 2 hr a day. 

The transistor used in the converter stage is a drift transistor; all 
of the others have an alloy-junction structure. The transistor type num-
bers are unfamiliar because these units are of Japanese manufacture; 
however, the units are similar in construction to American-made tran-
sistors. All are PNP types. 
The converter stage is closely similar to the same stage in the re-

ceiver previously discussed. The antenna is a ferrite rod on which is 
wound a tuned primary coil, for station selection, and a secondary 
coil to apply the signal to the base of X,. Tuning range extends from 
532 to 1,620 kc. 
The oscillator transformer is somewhat more extensive; it has one 

winding which is connected into the emitter circuit, one winding 
which is connected to the collector, and one winding which serves to 
couple the other two windings to each other. This intermediate wind-
ing, in conjunction with the oscillator tuning capacitor, establishes the 
oscillator frequency. A small trimmer capacitor provides an alignment 
adjustment at the high end of the band, while a small adjustable slug 
permits alignment at the low end. The intermediate frequency pro-
duced in X, is 455 kc. 
Only part of the primary winding of T, is utilized by the collector 

of the converter transistor in order to achieve an impedance match. 
As is customary in transistor i-f transformers, the primary is tuned 
to develop the necessary high impedance for X„ while the secondary 
is untuned to better match the low input impedance of the following 
stage. Tuning of the transformer is accomplished by a movable 
slug in T,. 

A diode D, is connected between the primary of transformer T, and 
the center tap of transformer T2. This is a delayed age diode which 
supplements the normal age network. Operation of this circuit has 
already been described. 
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Before we leave the converter stage, note should be made of the 
special switch S, in the base-bias network. The operating bias for the 
transistor is provided by R, and R,. S, is normally open and does not 
take part in the operation of the stage. If it is desired to measure the 
battery drain for servicing purposes, however, then the receiver is 
turned off and a milliammeter is connected across the on-off switch 
and S, is depressed. The 10,000-ohm resistor which S, brings into the 
battery circuit establishes the same current drain as a normally op-
erating receiver will. In this case, the milliammeter should read 9.5 
to 11.5 ma. This, then, is a simple circuit arrangement to quickly 
check current drain. 
There are three stages of i-f amplification, each providing more than 

25 db gain. Each transistor is connected with the emitter common to 
input and output circuits. Input windings are untuned to present a 
low impedance to the base of the following stage, while the output 
windings are tuned to develop a high impedance. 

In each instance, only part of the collector winding is utilized as 
an output load for the transistor to which it is connected. Part of the 
winding also provides a suitable neutralizing voltage which is fed 
back to the base ( of that transistor) through a 3-1.4 capacitor. Trans-
formers T,, T,, and T, are basically the same in so far as primary and 
secondary windings are concerned. Transformer T, has a different set 
of impedances to match the loading imposed by the diode detector. 
Automatic gain control is applied to the base of the second i-f ampli-

fier. A positive voltage is obtained from the diode detector and fed 
back to the base of the second i-f transistor. Note that this agc voltage 
is applied in series with a negative d-c voltage ( from the battery), 
and it is the latter which establishes the bias on the second i-f tran-
sistor base when no signal is being received. When a signal is re-
ceived, the age voltage reduces the negative biasing voltage by an 
amount dependent upon signal intensity. 
The same i-f stage also has a small stabilizing resistor in the emitter 

lead. Its value is lower than the corresponding emitter resistors of the 
other i-f stages, and the reason for this was discussed previously. Base 
bias for the other i-f transistor amplifiers is provided in each instance 
by a voltage divider. 

This primary age circuit is supplemented by diode D, between the 
converter and first i-f stages. The combination of the two networks 
provides efficient control of the overall receiver gain. 
The detector is a germanium diode ( 1N60 or equivalent) with the 

5,000-ohm volume control as its d-c load. A 0.01-4 capacitor C1., acts 
as an i-f bypass. Capacitor C1, is a filter capacitor for the age voltage. 
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Three stages of audio amplification follow the second detector. The 
first two stages employ similar transistors and are similarly biased. In 
each instance there is a voltage-divider network in the base circuit 
and an emitter resistor for d-c stabilization. In X, the emitter resistor 
is unbypassed, and so both signal and d-c degeneration or stabilization 
are provided. In X. the emitter resistor is bypassed by C19 and C18; 
hence, only d-c degeneration takes place. 
The output stage is a common-emitter push-pull class B amplifier. 

A thermistor is provided in the base-biasing circuit to maintain a 
steady base current with temperature changes. This is explained at 
greater length on page 209. Some additional d-c stabilization is also 
provided by the 10-ohm resistor in the common-emitter return path. 
No signal degeneration is introduced by leaving R:,fi unbypassed, be-
cause the signal currents of the transistors are 180° out of phase with 
each other. The a-f response is limited by C,,, the 0.05-4 capacitor 
across the output transformer. 
A 15-ohm earphone can be connected to the output for personal 

reception if desired. When this earphone is in use, no sound is heard 
from the loudspeaker. 
Two internal views of this receiver are shown in Fig. 6.9. The top 

photograph shows the location of the alignment adjustments. The 
other identifies the various components. 

Receiver with Transistor Detector 

The schematic diagram of another transistor portable radio is shown 
in Fig. 6.10. This circuit contains a separate mixer and oscillator, two 
i-f stages, a transistor second detector, an audio amplifier, and a 
class B push-pull output. Direct-current power is supplied by five 
1%-volt flashlight batteries, and the audio power output is in excess 
of 250 mw. 
The mixer-oscillator stage ( with minor modifications) was discussed 

in Chap. 5. The feedback of energy from the collector of X, to the base 
is accomplished by means of the small tickler coil that is connected to 
the 1,500-p4 base capacitor. The collector itself is tapped down on L, 
so that an impedance match can be secured, while, at the same time, 
the Q of the coil is not loaded down to the point where frequency 
stability and tracking are affected. 
The oscillator output is inductively coupled to the secondary of L, 

and then transferred via C., to the emitter of the mixer stage. The 
2,700-ohm resistor paralleling C., serves to stabilize X,. The mixer 
combines the oscillator voltage with the incoming signal, received from 
the base, and the resultant i-f signal appears in the collector circuit 
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and is transferred by T, to the first i-f amplifier. R, and C, form a 
decoupling filter to prevent the signal from reaching the B— line, 
with R, chosen to limit the collector dissipation to a safe value should 
the oscillator fail to function properly. 
The two i-f stages employ common-emitter arrangements, and both 

stages are age-controlled. The agc voltage is obtained from a class B 
power detector and applied to each base. Since these are PNP tran-
sistors, the base should be negative with respect to the emitter. A 
negative voltage is supplied to each base from the d-c battery line. 
To vary the gain of each stage, the output voltage from the detector 
becomes less negative as the incoming signal level increases. This has 
the effect of reducing the bias between the base and emitter and, in 
essence, lowers the emitter and collector currents through the tran-
sistor. As the current decreases, the gain of the stage drops. 

In the first i-f stage, the bottom end of the emitter resistor R7 
connects to the —3-volt terminal on the battery. An additional —0.75 
volt develops across the 1,000-ohm emitter resistor, so that the total 
emitter voltage with respect to ground is —3.75 volts. The voltage of 
the base is —3.90 volts, and this is obtained through the age line and 
the connection of this line to R„. The latter resistor ties in, at its 
opposite end, to the battery. The net bias, then, between base and 
emitter is 0.15 volt with the base more negative than the emitter. 
When the age bias is active, upon the arrival of a signal, it will act to 
reduce the bias difference between base and emitter. 
The reason for returning the emitter of X3 to a negative tap on the 

battery is that it permits the gain of this stage to be reduced sufficiently 
to prevent overload of the second i-f stage or the detector. In the 
second i-f stage, the emitter resistor is returned to ground, and because 
of this, the age voltage cannot reduce the transistor current to as small 
a value as it can in the first stage. 
The immediate frequency is 455 kc. C, ( 10 itpl) and C,, (10 ipf) 

are neutralizing capacitors. 
The stage following the second i-f stage is the second detector, and a 

2N482 transistor is employed here in a class B power-detector arrange-
ment. This type of detector was once fairly popular in vacuum-tube cir-
cuits, and a good deal of this popularity stemmed from the fact that 
it will amplify the signal. It is the latter advantage which accounts 
for its use here, and in its present application 10 db of gain is obtained. 
It would be simpler and cheaper to use a germanium diode, as in the 
two preceding sets, but a diode introduces a loss, and gain here is im-
portant. In vacuum-tube receivers, the class B power detector is no 
longer used because sufficient prior amplification is available so that 
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detector gain is not required, because diodes are cheaper, and because 
a vacuum-tube power detector introduces a considerable amount of 
distortion on relatively weak signals. In the transistor class B detector, 
less distortion is introduced because transistor characteristic curves are 
considerably more linear than vacuum-tube characteristic curves. As a 
matter of fact, transistors will give essentially linear detection at smaller 
power levels than even diodes. 
Not to be overlooked also is the ability of a transistor detector to 

supply more age power than a diode detector. 
For those readers who may not be familiar with power detectors, 

the following explanation is given. The E0-lp characteristic curve for 

RADIO FREQUENCY 
ON THE PLATE 

THE RESULTING AUDIO 
FREQUENCY 

KG 

RADIO FREQUENCY 
ON THE GRID 

Fig. 6.11 The manner in which a class B power detector operates. 

a triode is given in Fig. 6-11, and if we bias the tube close to the cutoff 
point, then the incoming signal applied to the grid will vary back and 
forth about this point. However, the negative half of the input signal 
will operate over the curved portion of the characteristic, producing 
considerably less plate current than the positive half cycles of signal. 
(Portions of the negative half of the signal will drive the tube to 
cutoff.) Essentially we have rectified ( i.e., detected) the signal, and if 
we remove the i-f component, we shall obtain the desired audio 
intelligence. 

In the transistor detector of Fig. 6.10, the emitter is connected 
directly to ground. The potential of the base is established by the 
divider network of R12 and R13, and this voltage is so low that the stage 
is close to cutoff. Under no-signal conditions, the collector voltage is 
very close to the full B— voltage. The age line connects also to the 
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collector of X, and it is through this connection that the base elements 
of X, and X, receive their operating voltages. 
When a signal is received, the collector current of the detector in-

creases, and since this is a PNP transistor, electron flow will be from 
the battery to the collector. This will produce a voltage drop across 
R14 such that the collector will become less negative or more positive. 
This change will be transmitted to the bases of the controlled i-f 
amplifiers and result in a current decrease through these transistors. In 
this way the gain of the two i-f stages is controlled. Rs, Rs, C19, 
C13, and Cs serve to filter out any audio components of the age voltage 
and to establish the time constant of this network. 
The remainder of this receiver circuit is fairly straightforward and 

will present little difficulty to the reader. The signal from the detector 
appears across the volume control Ri, and is taken from there and 
applied to the base of Xf, a 2N362 audio amplifier. Ri. and R1s form a 
voltage-divider network to provide the desired bias for the stage. A 
stabilizing resistor is present in the emitter circuit, and this is suitably 
bypassed by a 50-ef capacitor. The 0.0047-4 capacitor from collector 
to ground serves to remove any stray i-f voltage that may have reached 
this point. 

The final stage is a class B push-pull output amplifier. The full 7.5 
volts is applied to the collector elements to obtain the desired power 
output. A small base-to-emitter bias is used to minimize crossover dis-
tortion and to make it easier to substitute other 2N361 transistors 
should replacement become necessary. 

Transistor Automobile Radio 

The low-voltage requirements of transistors make their application in 
automobile receivers particularly desirable, since they can operate 
directly from the 6- or 12-volt battery and thereby eliminate the need 
for a vibrator, a power transformer, and a rectifier. This will not only 
result in a lowering of costs and a substantial saving in space require-
ments but also help to reduce servicing expense. It has been found that 
85 per cent of the defects which occur in automobile radios stem from 
a breakdown of the vibrator, transformer, or rectifier. Eliminated, too, 
is vibrator hum. Finally, the drain on the car battery by the radio is 
lowered by a factor of 10. 

The schematic diagram of a transistor automobile radio is shown in 
Fig. 6.12. In common with many such receivers, there is an r-f stage, 
a converter, two i-f amplifiers, a transistor detector, an audio amplifier, 
and a push-pull output stage. Power output is 2 watts, and the overall 
receiver sensitivity is 2 pN. After we have investigated the circuit, the 
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performance characteristics will be considered in somewhat greater 
detail. 
The antenna for this receiver is a conventional automobile rod 

antenna, and this feeds the tuned primary of the antenna transformer 
T1. The secondary of T, is untuned in order to match the low input 
impedance of X,, the r-f amplifier. Tuning of the transformer is carried 
out by means of an adjustable powdered-iron tuning slug which is 
ganged to similar slugs in the mixer and oscillator coils. Each slug is 
1.2 in. long by 0.18 in. in diameter. Slug travel is about 1 in. 

Bias for the base of X, is obtained at the junction of R„ and R„ and 
is on the order of — 1.5 volts. The emitter contains a stabilizing resistor 
R, and a suitable r-f bypass capacitor C.,. Automatic-gain-control 
voltage from the second detector is applied to R, by resistor R„. More 
on this in a moment. 
The output signal of X, reaches the base of the following mixer by 

means of transformer T. The turns ratio of this transformer is such 
that the 10,000-ohm output impedance of X, is matched to the 500-ohm 
input impedance of the mixer. Transformer operating Q is on the order 
of 15 to 20. Owing to the step-down turns ratio necessitated by the 
impedance match, the transformer reduces the signal by 3.7 db. How-
ever, this is greatly overshadowed by the gain of the r-f stage, which 
is 20 db, and the conversion gain of the mixer, which is also 20 db. 
The oscillator X3 possesses a tuned primary and an untuned 

secondary. A relatively high capacitance is shunted across the primary 
in order to improve the stability of the oscillator. Feedback of energy 
is between collector and base. Bias voltage for the base is obtained 
from the junction of R, and R„ and is about — 1.5 volts. The collector 
receives its operating voltage through R,. The RioCi, network in the 
emitter circuit introduces degeneration in the oscillator circuit. How-
ever, this also reduces the loading on the oscillator-tuned circuit by the 
transistor input circuit and provides greater oscillator stability. 
The oscillator voltage is injected into the mixer circuit by way of C8 

and R.. Approximately 0.4 volt rms is used, this having been found to 
provide the highest conversion gain in the mixer. Too strong or too 
weak an oscillator injection voltage will result in less i-f signal being 
made available to the i-f system, and the audio output will be cor-
respondingly affected. 
Both coupling capacitor C., and the secondary of T, present a low 

impedance at both radio and intermediate frequencies, so that Rs is 
effectively bypassed to ground for both input and output signals. 
Three i-f interstage coupling networks are employed for the two i-f 

amplifiers, with each network consisting of two capacitively coupled 
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double-tuned transformers T4—T, and T5—T5 and a single-tuned trans-
former T6. These provide the i-f response curve shown in Fig. 6.13. 
The overall response curve ( radio and intermediate frequency) is also 
shown, and it can be seen that the overall selectivity is determined 
almost entirely by the i-f coupling networks. 

Biasing of the first i-f stage is similar to the r-f stage, with approxi-
mately — 1.5 volts being applied to the base from the junction of R12 
and 11 13. The emitter possesses a 1,200-ohm stabilizing resistor, and 
a 680-ohm resistor brings the age voltage into the stage. The collector 
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Fig. 6.13 The f and overall selectivity curves of the receiver shown in Fig. 6.12. (RCA) 

of X. ties into the B— line without a decoupling network. The second 
i-f stage also receives its base bias from the junction of Ri2 and R131 
but its emitter does not tie into the age line. However, the emitter does 
possess an 1,800-ohm stabilizing resistor and a 0.1-itf bypass capacitor 
to prevent signal degeneration. li 16 and C22 form a decoupling filter 
for the collector of X,. 

Neutralization of the i-f stages is provided by Ci, and C24. An over-

all gain of 50 db is obtained from the base of the first i-f amplifier X4 
to the base of the second detector X. 

The second detector is operated as a class B power detector. Zero 
bias is employed between base and emitter, and very little direct 
emitter current flows in the detector under no-signal conditions. When 
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a signal is received, current flows in the collector circuit of the detector, 
and this current, passing through the volume control, provides the 
audio signal for the following stages. Cs, shunts the i-f components of 
the detector signal around the volume control and back to the emitter. 
Whatever current flows in the collector circuit passes through R19, 

with the emitter end of R19 becoming negative with respect to the 
ground end. This negative voltage, properly filtered to remove audio 
variations, is fed back to the emitters of the r-f and first i-f stages, 
thereby providing automatic gain control. Since the voltage across R19 
is negative ( with respect to ground), an increase in signal strength will 
cause the value of this voltage to rise. This will drive the controlled 
emitters more negative than they were, in effect reducing the bias 
difference between each emitter and its base. This is equivalent to 
bringing each transistor closer to cutoff, thereby reducing its current 

flow and, in consequence, its gain. 
The reader will recognize that in this system we have direct /e con-

trol of gain. In order to obtain sufficient power to effect this control, a 
transistor detector was needed. 
The RC networks in the emitter circuits of the detector, the r-f 

amplifier, and the first i-f amplifier provide suitable filtering of the r-f 

and audio components of the age voltage. R1s, between the base and 
emitter of the detector, improves the linearity of the rectifying action. 
The audio signal which is developed across the volume control is 

applied to the base of X„ the audio amplifier. The design of this stage 
is straightforward, with R23 and R24 forming a voltage divider to pro-
vide X, with the proper base bias voltage. Control of the operating 
current of this amplifier is also provided by emitter resistor R25. The 
collector current of X, is approximately 15 ma at moderate tempera-
tures; it increases to 30 ma at 80°C and drops to 10 ma at —40°C. C32 
is an emitter bypass capacitor, being essentially in parallel with 1325. 
The signal from X, is transformer-coupled to a class B push-pull out-

put stage consisting of Xs and X,. For best results ( i.e., minimum dis-
tortion), X, and X, should be selected with characteristics as nearly 
similar as possible. Both output transistors are connected with emitters 
grounded. Furthermore, a small base-to-emitter bias is employed to 
minimize nonlinearity in the crossover segment of the characteristic 
curves. There is an optimum value of threshold emitter current which 
results in the least amount of nonlinearity, and the bias is chosen ac-
cordingly. While this value of current is independent of temperature, 
the corresponding base-to-emitter voltage needed to develop this cur-
rent does vary with temperature, in this case approximately —0.0025 
volt per °C. To develop the desired voltage variation with temperature 
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automatically, two thermistors, R29 and liss, are inserted in the base-to-
emitter bias path. The resistance of these thermistors will vary with 
temperature in such a way that the desired voltage variation is 
obtained and the emitter current is kept steady. (A thermistor, for 
those readers not acquainted with it, is a thermally sensitive resistor 
which has a high negative temperature coefficient of resistance. That 
is, its resistance decreases as the temperature rises and increases as the 
temperature falls. In addition to the present application, thermistors 
are also employed for automatic volume compression and expansion, 
temperature control, and temperature and power measurements. ) 
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Fig. 6•14 Power transistor and thermistor mounting arrangement in the receiver in Fig. 6•12. 
(RCA) 

The resistance network consisting of Rs, to Rs, may appear to be 
somewhat complex, but its only purpose is that just indicated. Also, 
the transistor-thermistor mounting arrangement shown in Fig. 6.14 is 
employed to maintain close thermal contact between these components 
so that they will be at the same temperature. This is particularly 
significant; without it the effectiveness of this control circuit is reduced. 
The speaker is coupled to the collectors of Xs and Xs through auto-

transformer Ts. This method was chosen because of the close coupling 
it provides, with resultant high transformer efficiency. Power gain of 
the output stage is on the order of 24 db. 

Capacitor C3, introduces negative feedback in the output stage for 
frequencies above 2 kc. This controls the extent of the high frequencies 
passed on to the speaker. C„ serves the same purpose as the common 
practice of shunting a capacitor across the primary winding of the out-
put transformer. 
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Since this is an automobile radio, a number of precautions must be 
taken to eliminate interference from the car ignition system. A spark 
plate C,6 and an r-f choke and capacitor L, and C„ prevent high-
frequency interference signals from entering the radio via the battery 
line. Rejection of high-frequency impulse type of ignition interference 
appearing on the antenna is accomplished by the choke L, in series 
with the antenna lead, which, together with the shunt capacitance 
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Fig. 6-16 Distortion vs. power output for automobile receiver of Fig. 6-12. ( RCA) 

across the antenna primary, forms a low-pass filter. Also, the receiver 

chassis is insulated from the receiver case. 
Some of the performance characteristics of this receiver are shown 

in Figs. 6.15 and 6.16. In Fig. 6-15 we have the receiver sensitivity 
as a function of signal frequency. The increased sensitivity of the 
receiver at the lower signal frequencies is due almost entirely to the 
higher gain of the r-f and mixer stages at these frequencies. The over-
all sensitivity, however, is still quite good. In the second performance 
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(a) 

(b) 

Fig. 6.17 (a) Outward appearance of the RCA developmental transistor automobile receiver. 

The reduced size of the receiver can be seen by comparison with the nearby speaker. (b) An 

internal view of the RCA developmental transistor automobile receiver. The power transistors are 

seen in the foreground. (RCA) 
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curve, Fig. 6.16, we have the variation in distortion with power output. 
At 2.0 watts, the distortion is 10 per cent, the latter being the recog-
nized standard. Distortion rises fairly linearly with power output, 
starting from a low of 2 per cent. 
Two views of this automobile receiver are shown in Fig. 6.17. 

Reflex Amplifiers 

In an effort to economize and save space, a number of designers 
have resorted to the use of reflex amplifiers in portable transistor 
receivers. The reflex action usually occurs in the final i-f amplifier which 
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functions not only as a normal i-f amplifier but as the first audio 
amplifier as well. The two functions are carried on simultaneously 
without interference to each other. This can be done because the i-f 

and audio frequencies are so widely separated. 
A typical reflex circuit is shown in Fig. 6.18. As a normal i-f ampli-

fier, Xi receives the i-f signal from the preceding stage through T1, 
amplifies the signal, and then transfers it by way of T2 to the diode 
second detector that follows. At the detector, the signal is demodulated, 
with the audio and d-c components appearing across the volume con-
trol R,. From this point, the d-c voltage, properly filtered, is fed back 
to the base of the first i-f amplifier for control of the gain of that stage. 
To this point, circuit operation, as described, is normal. However, 

the audio signal at the volume control is now coupled back to the base 
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of X„ the second i-f amplifier, by C, and R2. The audio signal sees the 
secondary of Ti as just another length of wire, with negligible 
impedance. Likewise, after it has passed through X1, the audio signal 
sees T, as its load, and not T2. Transformer T„ is an a-f transformer, 
with its primary in the collector circuit of X, and its secondary con-
nected to the bases of the output class B amplifiers. 

Just as the i-f transformers do not impede the audio signal, so the 
audio circuits must be suitably bypassed for the i-f signals. In the 
input circuit of Xi, capacitor C2 keeps the i-f signal away from the 
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volume-control network. In the output of X1, C2 permits the i-f signal 
to travel around T3 on its way back to the emitter. Thus, the two 
signals are kept in their respective paths while Xi amplifies them both 
(although generally not equally). 

Capacitors C2 and C2 have some effect on the audio signal, but this 
is small in comparison to the signal that does not pass through them. 
Resistors R, and R, establish the d-c base bias for X,. 
The reflex circuit in Fig. 6.19 is similar to the preceding circuit with 

several variations. The audio signal is fed from the volume control 
through Ri and C, to the base of X,. After the audio signal has passed 
through the transistor, it is developed across the 820-ohm resistor R2, 
which is connected in series with the primary of T2. From R2 the audio 
signal is transferred directly to the base of the audio output transistor 
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X, through R,. Intermediate-frequency signals are kept away from R2 

by capacitor C,. 
In the audio output stage, the collector d-e potential is close to 

zero because its output transformer winding is grounded at its opposite 
end. Note, however, that the emitter resistor R, is returned to +6 
volts, so that the potential difference between emitter and collector 
is 6 volts. The base element is also provided with a fairly high d-c 
voltage, here 5.1 volts, to bring its d-c level up to that of the emitter. 
The actual potential difference between base and emitter is on the 

order of 0.2 volt. 

Transistorized FM Circuits 

One of the difficulties that had to be surmounted in order to commer-
cially produce a transistorized FM receiver was a low-cost high-fre-
quency transistor. The FM r-f range extends from 88 to 108 Mc, far 
beyond the radio-broadcasting frequencies. Even in the i-f section, FM 
receivers use a center frequency of 10.7 Mc, a value still considerably 
above the radio-broadcast frequencies. Fortunately, it is possible to 
produce MADT, drift, and mesa transistors in quantity and with fairly 
uniform characteristics and at relatively low cost. 
FM broadcast receivers are usually designed to incorporate AM as 

well, since the additional expense involved is quite small. This is 
because one set of transistors can handle both signals, and only a few 
additional i-f transformers and a detector diode constitute the major 
portion of the added cost. In the discussion to follow, a combination 
AM/FM receiver will be considered. 

Block diagram. A block diagram of an AM/FM receiver is shown in 
Fig. 6.20. The complete front end of the set, from the r-f amplifier to 
the second i-f stage, is utilized in common by both AM and FM signals. 
It is only necessary to change the tuning circuits in order to switch 
from AM to FM or vice versa. As a matter of fact, the i-f tuned trans-
formers remain series-connected without any change. Switching in the 
front-end section occurs principally in the oscillator, r-f amplifier, and 
mixer. 
Beyond the second i-f stage, the signals separate, the AM signal 

going to a diode detector where it is demodulated. At the same time, a 
d-c control voltage for age is developed and fed back to one or both 
i-f transistors. Both actions are completely conventional. Thereafter, 
the audio signal is amplified first by an a-f driver and then by a class 
B power-output amplifier. At this point, it is sufficiently powerful to 
drive one or more loudspeakers. 
For the FM signal, a limiter stage follows the second i-f amplifier. 
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Then the signal goes to a discriminator where the sound intelligence 
is abstracted. The signal, now in its audio form, is fed to the driver 
where sufficient power is developed to adequately drive the class B 
output stage. 

In the entire receiver, then, there are only three stages which the 
AM and FM signals do not use in common. This makes for a highly 
efficient arrangement, not only from the standpoint of design and cost 
but also from a servicing viewpoint. 
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Fig. 6.2o Block diagram of a transistorized AM/FM receiver. ( Philco Corp.) 

Circuit description. The Tuner. The front-end section, the tuner, of 
this AM/FM receiver consists of an r-f amplifier, a local oscillator, and 
a mixer, Fig. 6 • 21. The r-f stage is a common-emitter neutralized tuned 
amplifier utilizing a MADT transistor. The AM and FM input circuits 
are switched at the base of Xi. The FM antenna is a 75-ohm whip type 
which simply extends straight up in the air. The AM antenna is a 6-in. 
ferrite loop. Both input circuits receive age voltages from separate age 
systems. When X, is AM-operated, reverse age is employed just as it 
is in the broadcast receivers previously described. When X, is FM-
operated, forward age is employed. This differs markedly in operation 
from reverse age, and it will be described presently. Both methods 
serve the same purpose, however: to control the signal level reaching 
the FM and AM detectors with varying input signal levels. 
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In the collector circuit of X1, L, is the tuning coil for FM signals. 
The coil is resonated by Cs, a small variable capacitor which is part of 
a six-gang capacitor which tunes all of the tuning circuits in the front-
end section. The other members of this assembly are C„ Cs, Cs, Cs, 
and C1s. Each of these capacitors is shunted by small trimmer capaci-
tors which permit tracking of each set of capacitors over its respective 
band, AM or FM. A small tap at the bottom of L, provides a neu-
tralizing voltage which is fed back to the base of X, by capacitor CN. 
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Fig. 6.21 The front-end section of the AM/FM receiver. 
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AM operation, occurring at much lower frequencies, requires no 

neutralization, and hence none is provided. 
During FM reception, coils L, and Ls are inactivated by the short 

circuit placed across Ls by the AM/FM selection switch. Resistor R, 
is the collector dropping resistor for X„ while R,, Rs form a voltage-
divider network for the base of the mixer Xs. L. and C1, form a 10.7-
Mc trap to prevent any 10.7-Mc voltage from developing in the mixer-
base circuit and leading to possible oscillation in the mixer. In 
essence, these two components serve to neutralize the stage. This i-f 
trap also prevents any spurious signals from the r-f stage at the i-f 
frequency from penetrating further into the receiver. When AM signals 



TRANSISTOR RADIO RECEIVERS 21 7 

are received, the trap is shunted by C,,, a relatively high value 
capacitor which effectively shunts the network out of the circuit. 
The oscillator transistor X, appears at first glance to be connected 

in the common-emitter configuration. A closer look, however, reveals 
that the base is placed at ground potential by capacitor C,. Hence, 
this is a grounded-base oscillator. Capacitor C1, is externally added to 
supplement the internal emitter-collector capacitance of X2 to en-
courage oscillations. L, C,, and C,„ form the tuning circuit for FM, 
developing the required oscillator signal which is injected at the base 
of X3 by capacitor C14. The AM tuning network, composed of Lo, 1,7) 
C,„ and C,,, is effectively kept out of the active circuit by C19. R, 
and R5 provide the proper biasing voltage for the base of X2. 
On AM, L5, C,, and C10 are switched out of the oscillator circuit, 

while L,, L,, C, and Cu. are brought in. Injection of oscillator signal 
at the mixer is now made at the emitter of X5 with C15. (During FM 
operation, C15 serves as an emitter bypass capacitor.) 
The mixer is completely conventional in design, employing X5 as in 

the common-emitter configuration. In the collector circuit of X3, the 
FM and AM transformers are series-connected, Fig. 6.22. This arrange-
ment is possible because the impedance of the FM transformer wind-
ings is low at AM frequencies while the capacitor shunting the AM 
transformer winding provides a low-impedance path for FM signals 
when these are active. 

I-F Amplifiers and Limiter. The i-f section consists of three stages of 
FM i-f amplification and two stages of AM, Fig. 6.22. All stages 
employ the common-emitter arrangement for both FM and AM 
signals. If we examine these stages from the standpoint of the AM 
signals, we find that interstage coupling is achieved by T1, T2, and T3. 
An age voltage is brought in at the base of X„ where it combines with 
the normal d-c bias. This age voltage is a reverse bias in that it tends 
to reduce the current flowing through X, when the signal is too strong 
and increase the collector current when the signal is too weak. An 
amplified age voltage is also obtained in the emitter circuit of X,, and 
this is used to control the gain of the r-f stage. Since the emitter 
voltage follows the base voltage, the r-f amplifier is also subjected to 
a reverse age action. 

The second i-f stage operates without any age voltage. The AM 
signal is further amplified here, then transformer-coupled to a diode 
detector. Small 220-ohm resistors are inserted in the collector circuits 
of each i-f transistor because it has been found that under strong signal 
conditions the collector-base diode becomes forward-biased, allowing 
feedback of the proper amplitude and phase to produce oscillation on 



1%294 

84C 

12 

// 
T // 

I I / // Ay 

I I / // _ cool // 
// // // 

/1 
V L_ 

Fig. 6.22 Schematic diagram of entire AM/FM transistor 

receiver. 

X, 
407ER 7044 

10 2422 4 

0 1 r 4 

3,0: T 
109 2 1..6; 

:026 

100 AM FM 

05 00 02 

12V 



TRANSISTOR RADIO RECEIVERS 219 

the signal peaks. These series collector resistors limit the signal fed 
back and maintain good stability. 
For FM operation, transformers T„ T5, T„, and T, couple the signal 

from stage to stage. The first two stages are neutralized, while the third 
stage, a limiter, is not. These neutralization capacitors on FM add to 
the internal capacity of the transistors on AM. To prevent oscillation 
on AM, a certain amount of mismatching is purposely incorporated 
into the AM transformers. This will reduce the AM gain, but so much 
is still available that no particular difficulty is presented. 

o LIMITING CHARACTERISTICS 

008. 500« 
for I 00 MC 

10-6 lo-5 iO- iO 3 mr2 lo-1 
SIGNAL VOLTAGE, VOLTS 

Fig. 6.23 The limiting characteristics of the i-f system. 

10 

While the third i-f stage is labeled as the limiter, practically, the 
first and second i-f stages also provide some limiting. The major portion 
of the limiting, however, occurs in the final stage. This additional 
limiting is required because when the third stage is strongly over-
driven, it becomes inoperable. 

Figure 6-23 shows the limiting characteristics of this circuit. Notice 
that full limiting occurs with an input signal of about 13 1.Lv. 

Detector and Audio Circuit. The AM detector is a conventional 
circuit providing a demodulated audio signal for the audio amplifiers 
and a reverse age voltage for the first i-f amplifier, Fig. 6-24. The low-
valued volume control was selected primarily because of the low 
input impedance of the following audio amplifier stage. 
The FM detector is a Foster-Seeley discriminator utilizing two 1N60 

diodes. When this circuit is employed with tubes, the load resistors R, 
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and R, are ordinarily 100,000 ohms each. Because of the low input 
impedance of the following audio amplifier, however, these resistors 
have been each reduced to 4,700 ohms. The FM detector output is 
applied to the same 10,000-ohm volume control; the latter is switched 
to the system in operation. ( For additional information concerning the 
operation of this and other FM detectors see Milton S. Kiver, "F-M 
Simplified," 3d ed., D. Van Nostrand Company, Inc., Princeton, N.J., 

1960.) 
The audio circuit consists of a 2N224 driver, transformer-coupled to 

a pair of 2N225's which are operated in class B push-pull. The output 
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Fig. 6.24 FM discriminator and AM detector circuit. 
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stage is transformer-coupled to a 3.2-ohm speaker providing a maxi-
mum undistorted output in excess of 500 mw. 
FM ACC Circuit. The FM age circuit obtains its drive from the 

second i-f amplifier through a 10-4 capacitor, Fig. 6.22. The 10.7-Mc 
signal is rectified and filtered to provide a negative voltage which is 
then applied to the base of the r-f amplifier. When the signal level 
increases, the negative agc voltage increases. Since the r-f transistor is 
a PNP type, a greater negative base voltage means more collector 
current. Thus, what we have here is a forward agc voltage in distinc-
tion to the reverse agc voltage provided during AM reception. 
Forward agc operates not by current variations directly affecting 

transistor gain, but by changing the collector-to-emitter voltage to alter 
gain. A resistor is inserted in the collector lead. When the transistor 
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current is increased, more voltage is dropped across this transistor. 
Less voltage is left between the collector and emitter and, as a result, 
the gain drops. The stage gain is increased by reducing the collector 
current. This reduces the voltage drop across the resistor and thus 
permits the d-c collector voltage to rise. 

For high-frequency operation using MADT transistors, forward age 
provides better overload characteristics than reverse age. That is, there 
is a wider range of control and the system is better able to cope with 
strong signals than if the other form of agc network had been em-
ployed. At the lower AM i-f frequencies, it is more desirable to employ 
reverse age. 

As a broad distinction, then, forward age achieves its control through 
variation of the collector-to-emitter voltage, whereas reverse age 
achieves its control through variation of the collector current. To 
effectively employ forward age, the transistor must be internally fab-
ricated to provide a wide, linear reduction in gain at reasonable 
collector-to-emitter voltages. Without this characteristic, useful control 
by this method is not feasible. 

Note: Nearly every transistor can have its gain reduced if its col-
lector-to-emitter voltage is reduced sufficiently. However, in many 
transistors this reduction occurs when the collector voltage is so low 
that only very small amplitude of signal can be passed through the 
stage. With MADT transistors, the control can be achieved while the 
collector voltage is still relatively high. Hence, the amount of signal 
passing through the stage is still fairly large. 

QUESTIONS 

Answer the first four questions using the transistor receiver circuit of 
Fig. 6.3. 

6 1 a. How many transistors does the receiver employ? 
b. How does the first stage (X, ) function? Draw its 

equivalent vacuum-tube circuit. 
6- 2 a. What purpose does /{2 serve? R3? C7? 

b. Why is the emitter of X, tapped down on L3? 
6.3 a. Why is the secondary of transformer T1 untuned? 

b. \\* hat is the purpose of C10 and C14? 
c. Why is IL much larger in value than R3? 

6.4 How does the age system operate in the receiver of Fig. 6.3? 
6. 5 What points of similarity exist between the age systems of 

vacuum-tube and transistor receivers? What are the differences? 
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6.6 Answer the following questions about the audio stages of the 

receiver in Fig. 6.8. 
a. Identify the agc circuit. Include all components. 
b. How is the crossover distortion minimized in the output 

stage? 
c. How do the output transistors receive their biasing 

voltages? 

Answer the following four questions about the transistor receiver 

circuit of Fig. 6.10. 

6.7 a. How does the oscillator signal reach the mixer stage? 
b. Where is the incoming signal applied to the converter? 

6 8 Explain how the age system operates. 
6 9 Explain how the detector stage functions. 

6-10 What advantages does this form of detection offer? What 
disadvantages in comparison to diode detectors? 

Answer the following three questions about the circuit in Fig. 612. 

6-11 a. Which stages are age-controlled? 
b. What form of control system (I, or Ve) is utilized? Prove 

your answer. 
6-12 What is the purpose of each of the following components: 

R6, R15, L2 and C35, R5, and Ci,? 
6 - 13 What type of audio output stage is employed? What purpose 

do 112, and R33 serve? 
6-14 Why is it important to inject the proper amount of oscillator 

voltage into the mixer? What happens if this voltage is too large or too 
small? 

6-15 What is a reflex amplifier? Where is it most likely to be used 
in a transistor receiver? What are its advantages? 
6-16 Explain how the reflex amplifier of Fig. 619 operates. Trace 

the paths of both the i-f and audio signals. 
6-17 Which stages in the circuit of Fig. 6.22 are in operation 

during reception of an FM signal? During reception of an AM signal? 
6•18 What is the difference between reverse age and forward 

age? Explain how each operates to control the level of the output 
signal. When is each used in the circuit of Fig. 6.22? 
6-19 Trace the FM age and AM age circuits in the receiver of Fig. 

622. 
6-20 How is it possible to employ the same i-f transistors for AM 

and FM signals? How are these two signals kept in their respective 
paths? 



CHAPTER 7 

Transistors in Television Receivers 

THE TASK of producing an all-transistor television receiver is con-
siderably more difficult than that of bringing forth a commercial all-
transistor radio receiver for two reasons. First, many of the circuits 
in television receivers operate at fairly high frequencies; second, the 
power requirements of a number of stages, particularly those in the 
vertical- and horizontal-deflection systems, are quite high. Both of 
these requirements must be met by transistors which are economical, 
stable, and ( within each type) uniform in characteristics from unit to 
unit if transistorized television receivers are to become acceptable to 
the public. 

Considerable research work is being done by the industry in this 
direction, and transistors which meet the foregoing criteria are grad-
ually being developed. Already, several fully transistorized television 
receivers have been designed and marketed. The discussion to follow 
will analyze the various sections of a television receiver and indicate 
typical circuits that can be employed in them. 
The block diagram of a black-and-white television receiver is shown 

in Fig. 7.1. The number of stages contained in each box is not shown 
and, to a certain extent, is not important. What is important is that the 
function represented by that box be achieved. 

The R- F Stages 

The front-end section of the receiver contains the tuner and the r-f 
amplifier, mixer, and local oscillator. In the vhf band, signal frequen-
cies extend from 54 to 88 Mc and from 174 to 216 Mc. For uhf recep-
tion, a frequency coverage from 470 to 890 Mc is required. The local 
oscillator often generates frequencies which are 25 to 45 Mc above the 
incoming signals, but this, in itself, is of minor significance. If tran-

223 
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sistors can be made to operate in either the vhf or vhf-uhf bands, 
then they will certainly function up to frequencies which are 25 to 45 

Mc higher. 
For a transistor to be usable in these stages, it not only must be 

capable of operating at these frequencies but must also do so with a 
fair amount of gain. Also, the noise factor of a transistor is important 
here because of the very low level of the incoming signal. 
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Fig. 7.1 A simplified block diagram of a black-and-white television receiver. 

Of the three front-end stages, the requirements of the local oscillator 
are probably the easiest to satisfy. This is because noise is not a sig-
nificant operating characteristic and because transistors will almost 
always oscillate at considerably higher frequencies than their cutoff 
value. On the other hand, for purposes of amplification, it is desirable 

to keep well below the transistor cutoff frequency, and this will restrict 
transistor application. 
The r-f amplifier. The r-f amplifier is perhaps one of the most im-

portant stages in the television receiver. The signal which it receives 
from the antenna is exceedingly weak, perhaps no more than 30 or 40 
p.v. It is the function of the r-f amplifier to amplify this signal to what-
ever extent it can, at the same time keeping the amount of noise volt-
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age which it ( the amplifier) introduces at the lowest possible value. 
Thus, selection of a suitable r-f transistor is primarily based on two 
factors: ( 1) ability to amplify at the television frequencies and ( 2) as 
low a noise figure as possible. 
The most widely employed configuration for the r-f amplifier is the 

common-emitter one, Fig. 7.2. The input signal from the antenna is 
brought to the base of the transistor through a filter network which, 
in Fig. 7.2, consists of a balun, an FM trap, and a 45-Mc trap. The 
balun serves primarily to match the balanced 300 ohms impedance of 
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Fig. 7•2 The r-f amplifier of a television tuner. 
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the lead-in line to the unbalanced input impedance of the transistor. 
With a collector current of 2.5 ma and a collector-to-emitter voltage 
of 10 volts, the input impedance will generally be under 200 ohms over 
the range of frequencies to be received. The purpose of the FM trap 
is to prevent any 88- to 108-Mc FM signals from entering the tuner in 

strength. And the 45-Mc series trap is designed to keep signals in this 
range from also affecting the receiver. Such signals can be particularly 
destructive to the final picture, because the video i-f section operates 
in the 45-Me range and the selectivity of the tuner circuits is not great 
enough to effectively kill a strong 45-Mc incoming signal. 
The input tuning coil for X, is L,. This, in conjunction with C, and 

C2, provides a certain amount of selectivity. L1, as well as L2, would be 
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changed with each channel. C, is an adjustment capacitor which is ad-
justed on channel 10 and then left alone for the remaining channels. 

In the r-f amplifier shown in Fig. 7.2, the end of the emitter resistor 
R2 is connected to + 12 volts. The agc line, which is connected to the 
base of X1, also ties into the 12-volt d-c line so that both emitter and 
base are within 0.1 or 0.2 volt of each other, with the base more 
negative than the emitter. Control of the gain of the stage is then 
achieved by varying the age voltage. 
The output circuit consists of L2, C6, C7, and Cm. To see this circuit 

more clearly, it is redrawn in Fig. 7.3. Note that the connection point 
of Cm and C, with Cm is grounded, and this has the same effect as 
placing a ground connection on L2. As a result, the r-f voltage at the 
bottom end of L2 is 180° out of phase with the r-f voltage at the top 

c, 
L, 

Fig. 73 

('4 

(or collector) end. Capacitor C4, by tying into the bottom end of L2, 
is able to bring to the base of X, a neutralizing voltage to counteract 
any energy feedback that may take place between the collector and 
base internally. Capacitor C4 is thus the neutralizing capacitor. 
Note that the collector has a d-c path to ground through L, and 

resistor R3. Since the emitter ( and base) tie into the + 12 volt line, the 
collector can be considered to be 12 volts negative with respect to the 
two latter elements. This provides the proper voltage polarity for the 
collector ( of a PNP transistor) and enables the transistor to function 
properly. 
The 2,200-ohm resistor R, is inserted in the collector circuit because 

forward age is applied to the base. As indicated in the preceding 
chapter, with forward age an increase in signal produces an increase in 
collector current through the age voltage change. This increase in col-
lector current produces an increased voltage drop across R„ thereby 
reducing the collector potential ( with respect to the emitter), and this, 
in turn, reduces the stage gain. A signal reduction produces the reverse 
action, leading to a rise in gain. 
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The r-f mixer. Coils L2, L3, and Li, Fig. 7.4, are wound on the same 
form and all are inductively coupled together. These coils would be 
changed, with L„ for each different television channel. The signal 
from L, is brought into the base of X, by L, at the same time the 
oscillator signal is received by L, from L4. The two signals mix in X2) 
producing a difference-frequency signal which is then transferred to L7. 
This difference signal is the i-f signal and has a frequency range from 
41.25 to 47.00 Mc. The sound carrier is at 41.25 Mc, while the video 
carrier is at 45.75 Mc. 
Note that the first i-f amplifier taps down on L7. This is done because 

the input impedance of the next stage ( in the i-f system) is less than 
the output impedance of the mixer. The same effect could have been 
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Fig. 7.4 The r-f mixer of a television tuner. 

achieved by using a transformer in place of L, in which the secondary, 
connecting to the i-f amplifier, had fewer turns than the primary. 

Capacitors C, and C. parallel L, and help establish the resonant 
frequency range for this tuned circuit. C., being variable, is an align-
ment adjustment. Through its manipulation on a certain channel, 
generally 10, the proper response-curve shape is achieved. This then 
generally holds for all of the other channels as new coils are brought 
in for L2, L9, and L1. 

Capacitors CH and C12 serve to match impedances of the tuned cir-
cuit and the input of X,. Cl, and L, form a low-impedance path for 

i-f signals ( in the 41- to 47-Mc range). By placing such a low-im-
pedance network across the input, any i-f signal fed from the collec-
tor to the base is, in essence, grounded and regeneration of the mixer 
at 45 Mc cannot occur. In this way, the mixer is neutralized. 

Resistors R, and It provide the proper bias current for X,. R9 is 
employed for thermal stability. At the same time, it is bypassed by 
C18 to prevent signal degeneration. The operating voltages are se-
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lected to bring the noise level of the mixer to as low a value as possi-
ble. Also instrumental in this action is the amount of oscillator signal 
voltage injected into the mixer base circuit. This is shown in Fig. 7.5. 
Note how the gain of the stage rises and the noise generated drops as 
the injected oscillator voltage rises. Beyond a certain point, however, 
the gain starts to drop and the noise begins to rise. From these curves, 
it is apparent that too little oscillator voltage at the mixer base is just 
as bad as too much. 
The collector of X, connects to d-c ground through L„ making the 

d-c potential at the collector close to zero volts. As with the r-f ampli-
fier, the emitter and base tie into the + 12-volt line. 
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Fig. 7.5 Mixer gain and the noise figure 

variation with oscillator injection level. 

The r-f oscillator. The final stage in the front-end tuner is the r-f 
oscillator. This is most frequently a common-base arrangement, as 
shown in Fig. 7.6. The base is brought to a-c ground potential by 
capacitor C,.. At the same time, to encourage oscillation, a small ca-
pacitor C,„ is shunted between emitter and collector. In the common-
base arrangement, the a-c voltages at emitter and collector are in 

phase, and through the internal capacitance in X„ between emitter 
and collector, plus the assisting action of C,„ the stage oscillates 
readily over a wide range of frequencies. 

L. and C1, help establish the operating frequency for the oscillator. 
L6, an adjustable inductance, shunts L., and hence variation of 
the inductance of L„ will alter the operating frequency. In a televi-
sion receiver, the adjustment of L. can be made from the front panel 
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to tune in a station properly. L, also has an adjustable core to permit 
major adjustments in the event that rotation of the core of L6 does 
not bring in the station properly. Thus, the adjustment in L4 can be 
considered as a coarse adjustment, while the adjustment of L6 is a fine 
adjustment. 

Resistors R., and R5 establish the proper operating point for X3. 
R1, also ties into the + 12-volt line to bring the emitter potential close 
to that of the base. The d-c path for the collector is completed to 
ground through L.,. 
The circuit diagram of a complete tuner developed with the three 

stages just discussed is shown in Fig. 7-7. The overall gain will range 
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Fig. 76 7.6 The r-f oscillator of a television tuner. 
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from about 25 db on the high channels (7 to 13) to about 40 db on 
the low channels (2 to 6). The noise figure will be fairly compara-
ble to that of a tube tuner. 

Video I-F System 

The video i-f system of a television receiver supplies most of the 
signal gain as well as most of the selectivity. To give some indication 
of the quantities involved, assume that a 30-itv signal is developed 
across a 300-ohm antenna feedline. This must become 50 volts of 
composite video signal at the cathode of the picture tube. To achieve 
this, approximately 110 db overall gain is required. Of this total value, 
20 db may be assigned to the tuner and 30 db to the video amplifiers 
following the video second detector. This then leaves 60 db of gain 
to be developed in the i-f amplifiers at the picture carrier frequency. 
Both common-base and common-emitter configurations have been 

employed for the video i-f system. The first arrangement permits using 
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a transistor with a lower cutoff frequency, while the second provides 
much higher gain per stage. ( The reason for this behavior will be ex-
plained mathematically in Chap. 12.) Because of the higher gain 
and because high-frequency transistors are readily available ( at 
least in this range), the common-emitter arrangement is most fre-
quently employed. For either approach, essentially similar circuits are 
used; they involve either single-tuned or bifilar coupling coils and 
trap circuits for the sound and adjacent channel carriers. These com-
binations possess the same form they do in vacuum-tube video i-f 
stages, and any knowledge of these stages in vacuum-tube systems 
will apply here in large measure. 
A typical video i-f amplifier capable of operating in the 45-Mc 

range is shown in Fig. 7.8. The i-f signal is brought to the transistor 

5 MMF 

+12V 

Fig. 7.8 A typical video i-f amplifier. 

by the bifilar coil arrangement L, and L2. The signal is applied to the 
base of the transistor 2N1754, and it appears in the collector circuit 
in amplified form. Here it is coupled by L2 to L, and on to the next 
stage. In the arrangement shown, and with a 2N1754 transistor, 15 to 
20 db of gain is obtainable. Thus, for a total of 60 db overall i-f gain, 
three to four i-f stages would be required. 
A 12-volt supply is required to power the stage. R, and R, provide 

the base with the proper current ( or voltage) to establish the operat-
ing point. C, places the bottom end of L2 at signal ground in order 
that the full incoming video signal will be applied between the base 
(connected to the top end of L2) and the emitter ( connected by C2 
and C2 to the bottom end of L2). R., provides d-c stabilization for the 
2N1754, while C2 prevents signal degeneration across R:1. 

In the output circuit, point A is at ground so that L2 and L, have 
reverse voltages appearing across them. By connecting the end of L4 
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to the base through a neutralizing capacitor CN, any feedback volt-
age fed internally from collector to base can be neutralized from the 
top end of L3. The value of C„ will depend on the internal feedback 
capacity of the transistor and on the number of turns in Li. 
Both the input and output sets of bifilar coils have movable tuning 

slugs to permit frequency adjustment for alignment purposes. As in 
vacuum-tube video i-f circuits, stagger-tuning of the interstage cou-
pling circuits is done, although in transistor circuits the amount of 
stagger-tuning is much less than in vacuum-tube circuits. The reason 
for this difference is the much lower impedance presented by tran-
sistors. With this lower impedance shunting the tuning circuits, a 
wider bandspread is obtained. Hence, it is not necessary to offset the 

L„ 

Fig. 7.9 Neutralization of an i-f amplifier 

by using a neutralizing inductance 

412V 

resonant frequencies of the various tuning coils as much to obtain the 
desired bandspread required by the video signal. 

Neutralization may also be achieved by using an inductance in 
place of C„ of Fig. 7.8, as in Fig. 7.9. If this method is employed, 
care must be exercised in the placing of parts to minimize any mutual 
coupling between the tuned circuits and the neutralizing inductance. 
A three-stage video i-f amplifier system operating at 45 Mc is shown 

in Fig. 7.10. The input to the system from the preceding r-f mixer oc-
curs through a short length of coaxial cable which links transformer 
T, to transformer T2. A 41.25-Mc shunt trap is inserted in this path 
to reduce the amplitude of the sound portion of the received signal to 
approximately 5 to 10 per cent of the peak value of the video signal, 
Fig. 7.11. The 47.25-Mc trap reduces interference that might arise 
from the sound carrier of the next lower adjacent channel. At the 
same time, this trap also provides the proper slope for the high-
frequency end of the video i-f response curve, Fig. 7.11. ( By the 
same token, the 41.25-Mc trap helps to fashion the low-frequency end 
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of this same video i-f response characteristic.) Overall bandwidth is 

on the order of 3.5 to 4.0 Mc. 
The stages are coupled together by bifilar transformers, T„ 

T„ and T5. These transformers are peaked at slightly different fre-
quencies to provide the necessary bandpass. The amount of detuning, 
however, is quite small. The primary of each unit has a high im-
pedance ( 10,000 ohms) to match the relatively high collector imped-
ance of the transistor feeding this transformer. The secondary of each 
transformer has a low impedance to match the low impedance of the 

following base input circuit. 

10 
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- 

VIDEO 
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41 42 43 44 45 
FR.60UENCY, MC 

Fig. 7-11 Overall response curve of the i-f system of Fig. 7.10. 

46 47 48 

Each secondary winding has an extension containing a few turns to 

provide the necessary out-of-phase neutralizing voltage. An 8.2-4 
capacitor returns this voltage to the base of the stage. 
Each of the transistors possesses a bypassed emitter resistor to pro-

vide temperature stability. In the first stage, the emitter resistor is 330 
ohms; in the second stage, it is 680 ohms; and in the third stage, it is 
470 ohms. In each instance a 0.005-4 capacitor provides the bypass 

action. In the second stage, the additional 68-ohm resistor is designed 
to decouple this stage from the third stage. This might occur through 

the common 12-volt power supply. 
Forward age is applied to the base of X,. With an increase in signal, 

an increasing negative voltage is brought by the age network to the 
base of X,. This increases the current through this transistor, resulting 

in a lowered collector voltage because of the increased voltage drop 
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across the 2,200-ohm resistor in the collector circuit. This decrease in 
collector voltage results in less stage gain, thereby tending to counter-
act the signal rise. 

The first stage is also controlled by the age voltage because the 
base of X, connects to the emitter of X, through a 1,000-ohm resistor. 
An increase in current through X, produces a rising negative voltage 
at the emitter, and this, fed to the base of Xi, likewise causes the cur-
rent X, to rise. ( Both X, and X, are PNP transistors. ) Since the collector 
circuit of X, also has a 2,200-ohm resistor, it will also suffer a reduc-
tion in collector voltage and a subsequent drop in gain. Thus, both 
stages are directly controlled by the age line. Stage 3 has fixed bias 
only and is not involved in the age action. 
The collector circuits of the first two stages also have 100-ohm 

series resistors in them. These are inserted to prevent the appearance 
of spurious oscillations that are sometimes found to develop under 
strong-signal conditions. 

The output of the final amplifier X, is coupled to the diode detector 
without any special impedance-matching network because the two 

impedances are approximately equal. The video detector, in turn, is 
d-c-coupled to the video amplifier that follows it. Because of this direct 
connection, it is not possible to directly ground the bottom ends of 
the detector network components. An a-c ground is provided by the 
0.1-pl capacitor. The diode load is formed by the 3,300-ohm resistor 
and the 10-itid capacitor. The 7-Fil series choke resonates at 45 Mc 
and serves to keep the i-f signal out of the video amplifier system. 

Overall gain of this three-stage system is about 60 to 70 db. With 
the age circuit, the gain can be reduced all the way down to 0 db. 
One final point: the emitter of each stage is tied into the 12-volt 

power line and the base must also be given a voltage which is some-
what comparable, since the two element voltages must be very close 
together. This is done in the first two stages by injecting 10.5 volts 
d-c onto the age line ( not shown in Fig. 7.10). This voltage is then 
made to vary by the age network from 10.5 to 9.0 volts, at which point 
the overall system gain is 0 db. In the third stage, the base return 
line connects to the 12-volt supply. 

Since the emitters connect to the positive 12-volt line, each of the 
collectors can have its circuit returned to ground. This makes each 
collector properly negative with respect to its emitter ( and base), 
which is the desired conditon for a PNP transistor. 
The foregoing is a typical video i-f system. Other variations may 

be developed, but the basic overall operation will remain the same. 
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Video Detector and Amplifiers 

The video second detector in most vacuum-tube television receivers 
is currently formed by a germanium diode; hence, transistorization is 
not required here. A typical circuit arrangement is shown in the i-f 
system of Fig. 710, and this is seen to be similar to video detectors 
in vacuum-tube television receivers. 
The video-frequency amplifiers following the second detector must 

be capable of amplifying a band of frequencies extending from about 
30 cycles to 4 Mc. Actually, with present monochrome receivers, the 
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Fig. 712 A two-transistor video-amplifier system. (After M. C. Kidd, Transistor Receiver Video 

Amplifiers, RCA Review, September, 1957) 

gain begins to fall off at about 3.2 Mc. A suitable two-stage video am-
plifier using high-frequency transistors is shown in Fig. 712. 
The circuit uses a common-collector to common-emitter combina-

tion with two supply voltages, + 12 and +300 volts. A common col-
lector was selected for the first stage so that it would present a high 
enough input impedance to permit a fairly high video-detector load 
resistor. This assures a high detector efficiency and a high detector 
output voltage. A common-emitter or a common-base amplifier, in the 

same position, would present a low input impedance, and a 6,800-ohm 
load resistor, such as that being used in Fig. 712, could not be em-
ployed effectively. What the video detector would see would be the 
lower input impedance of the common-emitter or common-base stage 

and not the 6,800-ohm load resistor. 
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The bias for the first amplifier stage is provided by the 220- and 
1,000-ohm network. These two resistors are connected in such a way 
that the biasing voltage does not bias the diode detector. This precau-
tion is required here because of the d-c coupling between the diode 
and the first video amplifier. 
A 4.5-Mc sound takeoff coil is inserted in the collector circuit of X,. 

Whatever signal develops here is transferred to the sound i-f system. 
Also present in the first stage is the takeoff for the agc circuit. This 
is a good place to make the tap because the full video signal, includ-
ing the d-c component, is available. The latter is needed for some 
age systems, such as keyed automatic gain control. 
The second video amplifier, X2, operates from a +300-volt supply, 

and for this reason a 10-µf capacitor is inserted between the emitter of 
X, and the base of X,. Without this blocking capacitor, the bias con-
ditions in the first stage would be completely upset. The 180,000- and 
the 120,000-ohm resistors establish the bias for X,. Resistor R and ca-
pacitor C form a peaking circuit to improve the frequency response 
of the system. The same purpose is served also by the peaking coils in 
the output of the video detector and in the collector circuit of X,. 
Because a high bias voltage is applied to X2, it is possible to employ 

a 22,000-ohm resistor in the emitter circuit. This high a resistor, in this 
section of the transistor circuit, provides the stage with a high degree 
of stability and makes it relatively insensitive to temperature varia-
tions. The resistor is adequately bypassed by a 50-4 capacitor, so that 
no signal degeneration is introduced. The contrast control, on the other 
hand, which is also in the emitter leg of X2, does operate by varying 
the amount of signal degeneration it introduces. The video output will 
be lowest when the contrast control is fully in the circuit. 

Sync-pulse output is obtained from a 680-ohm resistor in series with 
the load circuit for X,. Also present between the collector of X, and 
the cathode of the picture tube is a 4.5-Mc trap circuit. 
A peak-to-peak signal of the order of 10 volts is supplied to the 

cathode of the picture tube. The cathode is chosen because it requires 
15 to 20 per cent less drive than the control grid of the picture tube. 
When the cathode is driven, the video signal is in the direction to 
cancel the screen voltage and thus increase the effective output, since 
the drive required is proportional to the screen voltage. 
Curves showing the frequency response of this two-stage amplifier 

are given in Fig. 7 13. Overall voltage gain is 30 db for a bandwidth 
of 3.5 Mc. Note that the bandwidth changes slightly with contrast con-
trol setting, although the change is negligible so far as the actual view-
ing image is concerned. 
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Fig. 7.13 Frequency response of the two-transistor video amplifier of Fig. 7.12. (RCA Review) 
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Fig. 7.14 A typical voltage-doubler video output circuit and driver. 

Voltage-doubler video system. Still another approach to a video 
system which can produce a large output swing is shown in Fig. 744. 
The incoming video signal is fed to the 1N60A germanium diode 
where it is rectified and then transferred to the base of the first video 
amplifier, X,. Since a d-c path is employed between the detector and 
X„ the video stage receives the full video signal, including the d-c 
component. This is useful in that X, can also act as an age amplifier. 
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The variations in this d-c component, due to fluctuations in signal 
strength, will vary the voltage across the 4,700-ohm resistor in the 
collector circuit of X, between 2 and 3 volts, and this is sufficient to 
adequately control the gain of the video i-f system. Xi is operated from 
a +24-volt supply, producing a +10 volts at the age takeoff point at 
Ri. This is the reference voltage required by the i-f system of 
Fig. 7.10. Voltage variations across R, due to changes in the d-e 
component of the demodulated video signal then produce the neces-
sary age action. 

Note that R, is shunted by a 50-p.f capacitor which prevents video 
signal variations from affecting the voltage developed here. This, of 
course, is necessary since the age voltage should not be affected by 
the video content of the signal. 

X, is connected as an emitter follower in order not to load down 
the video detector. Base bias for X, is established principally by R2 
and R5, although video load resistor R. is also in this bias path. C1 
is needed to provide an a-c ground for the detector circuit. A d-c 
ground is not feasible at point A because of the direct connection be-
tween the detector and X,. 

A signal for the sound i-f system is taken from R5. The signal here is 
the full video signal as well as the sound signal. However, a subse-
quent 4.5-Me resonant circuit, not shown, removes all but the sound 
intermediate frequency and this is then passed on to the sound i-f 
amplifiers. 

Video-signal drive voltage for X, is obtained from the contrast con-
trol R. X, is operated as a conventional common-emitter amplifier, 
except that its collector is directly attached to the emitter of X3, a 
common-base amplifier. This latter stage functions as a voltage 
doubler, multiplying by 2 whatever voltage it receives from X,. Using 
a common-base amplifier at this point provides several advantages. 
First, it will provide a wide bandwidth, reducing the need for peak-
ing circuits. Second, the high output impedance of the common-
base amplifier enables it to better provide a sizable voltage swing to 
the high input impedance of the cathode-ray picture tube. And finally, 

this arrangement can better withstand a greater output-voltage swing 
than a common-emitter amplifier can. 

Proper bias for X, is provided by R, and R,. The bias for X„ is set 
by X, and R,5 and R9. Resistor Rlo, heavily bypassed, provides thermal 

stability. Resistor R11, however, has a very low valued capacitor C., 
across it, and this arrangement provides peaking to help maintain the 
frequency response of the system. At the low frequencies, C3 offers a 
high resistance, increasing the effective signal impedance in the 
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emitter circuit and thereby lowering the current through X, and its 
gain. As the frequency rises, the effect of C, is to lower the emitter 
impedance, permitting the current through X,, and with it the gain of 
the stage, to rise. The net result is an improvement of the high-fre-
quency gain of the system. 
L„ C5, and li 12 form a 4.5-Mc trap to prevent any sound signal from 

reaching the picture tube and producing a visible sound beat. The 
overall frequency response of the amplifier in Fig. 7.14, from the 
second detector to the output, is shown in Fig. 7.15. 

The Sound Section 

The sound system of a television receiver functions initially at 4.5 
Mc and, beyond the FM detector, at ordinary audio frequencies. 
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Fig. 7.15 Overall response of the amplifier in Fig. 7.14. 
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Neither the i-f nor the audio stage offers any particularly difficult 
problems other than, in the case of the i-f system, that of obtaining 
transistors with a suitably high « cutoff frequency. Typical stages for 
both sections were discussed in preceding chapters. 

Either the FM detector can be transistorized, as shown in Fig. 7.16, 
or a pair of matched germanium diodes can be employed in one of 
the arrangements shown in Fig. 7.17. The latter two circuits are quite 
familiar by now, being direct germanium-diode equivalents of vacuum-
tube Foster-Seeley and ratio detectors. One of the important features 
here is the use of closely matched diodes; the greater their differences, 
the less effective the circuit in minimizing distortion and combating 
amplitude modulation. 
A particular point of interest is the use of low-valued load resistors 

in both circuits in place of the fairly high values employed in the 
vacuum-tube versions. This change is necessary in order for the de-
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Fig. 7.16 A transistor FM detector. 
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Fig. 7.17 Two types of FM detector circuits. (a) Discriminator. (b) Ratio detector. 

tector output impedance to match the low input impedance of the 
audio amplifier that follows. 

It is possible to design a transistor FM detector using a symmetrical 
transistor. Briefly, this is a unit in which the emitter and collector sec-
tions are made identical so that, with the proper biasing voltage, 
either section could operate as the emitter or collector. ( We shall refer 
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to this type of transistor again in connection with a horizontal phase 
detector.) 
The circuit of this FM detector is shown in Fig. 7-16. The FM signal 

appearing across L, is applied to the base, while the voltage developed 
across L2 is applied to the emitter. During the positive portion of the 
signal applied to the base, the emitter-collector path is open and there 
is no current flow through the load resistor 111. During each negative 
swing, current does flow. We are discussing here a PNP transistor; for 
an NPN unit, the periods of conduction would be reversed. 
Now, the amplitude and direction of the current flow depend upon 

the phase relationship of the signal developed across the secondary 
with respect to the primary signal. At the resonant frequency of L2, 
the voltage it develops is 90° out of phase with the voltage across the 
primary. During this condition, the average voltage drop across R1 
will be zero. As the applied frequency is changed, the secondary 
voltage lags the primary voltage by an angle less than 90° if the fre-
quency rises, or it will lag by more than 90° if the frequency drops 
below the resonant ( or mid) frequency of L2. As the phase relation-
ship changes, the voltage developed across the load resistor will vary 
in step with the frequency modulation. (A full discussion relating 
phase changes to FM detection will be found in Milton S. Kiver, 
"F-M Simplified," 3d ed., D. Van Nostrand Company, Inc., Princeton, 
New Jersey, 1960.) 
Changes in amplitude of the incoming signal will not affect the out-

put as long as the signal amplitude is strong enough to operate the 
transistor beyond the knee of its charactertistic curve, Fig. 748. 
Once past this region, the collector current remains fairly constant 
with changes in collector voltage. Thus, because of its characteristics, 
the transistor will function as a limiter, too. 

Sync Separators 

Returning to the video system, a portion of the signal is taken from 
one of the video amplifiers and applied to the sync section. Here the 
vertical and horizontal sync pulses must be separated from the rest 
of the video signal. The latter voltages are then suppressed, while the 
sync pulses are passed on to their respective deflection systems. It is 
also desirable during this separation process to suppress or at least 
reduce the effect of any noise pulses that may be present. 

In adapting transistors for sync separation, advantage can be taken 
of the fact ( just noted) that beyond the knee of the characteristic 
curves, the collector current changes very little with change in col-
lector voltage. Thus, if we drive a sync separator amplifier from cut-
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off to saturation, a double-clipped output voltage can be obtained 
possessing an amplitude that is only a few tenths of a volt less than 
the collector supply voltage. This is useful not only in securing a flat-
topped output pulse but also in clipping any noise spikes that may be 
present at the sync-pulse level. 
A two-stage sync separator is shown in Fig. 7.19. The first transistor 

is of the PNP variety, while the second is an NPN unit. Both transis-
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tors should preferably have a cutoff frequencies in excess of 3 Mc so 
that the steep sides of the vertical and horizontal sync pulses will be 
reproduced. (A low-frequency transistor would tend to slow the rate 
of voltage rise and change the steep sides to sloping sides.) The video 
input signal to the sync separator should be in the sync-pulse negative 
phase and should come from a low-impedance source. It is desirable to 
have the first sync separator stage conduct only while the sync pulses 
are active and to cut off or become nonconductive in the interval be-
tween sync pulses. This is achieved in X, of Fig. 7.19 through the 
combination of R, and C,. When the sync pulse arrives, it causes the 
transistor to conduct, with emitter current flowing through R, in di-



244 TRANSISTORS 

rection indicated by the arrow. This surge of current develops sufficient 
bias across the R1C1 combination so that at the end of the pulse interval, 
the base-emitter junction is reverse-biased and all current flow through 
the transistor is halted until the arrival of the next sync pulse. 
Note that this is a self-biasing arrangement in which the emitter 

current will vary with signal amplitude, producing corresponding 
voltage variations across /I, and C1. In this respect it is similar to the 
cathode-biased vacuum-tube separator frequently used. Self-biasing is 
desirable here because it enables the operating condition of the stage 
to change in step with the level of the incoming signal. The reader 
will appreciate that such variations exist even in receivers employing 
automatic gain control. 
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Fig. 7.19 A two-stage sync separator. (After H. C. Goodrich, Transistorized Sync Separator 

Circuits for Television Circuits, RCA Review, December, 1955) 

The amplified sync signal appears at the collector of X1 and is passed 
on to X2. This second stage is so operated that it is driven into satura-
tion during sync by any usable signal. This provides sync pulses of 
uniform amplitude and cuts off any noise pulses at sync level. 

Strong overdriving of a sync amplifier must be avoided because it 
leads to an output pulse which is wider than the input pulse. ( This 
effect is explained in Chap. 8.) This broadening will cause a phase 
shift in many types of horizontal phase detectors and is therefore un-
desirable. To prevent this overdriving, self-bias is employed on tran-
sistor X,. This is achieved through the combination of C, and 113. 
When the incoming signal tends to drive X, far beyond saturation, 
the base-emitter circuit develops a voltage across R3 (with the polarity 
indicated ) which reduces the extent of the overdriving. 
The sync pulse developed at the collector of X, has a peak-to-peak 

amplitude of 15 volts and is negatively phased. If the opposite polarity 
is desired, a phase inverter may be employed. 
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Advantage can be taken of the sync clipping capabilities of a tran-
sistor driven from cutoff to saturation to develop a useful one-stage 
sync separator, Fig. 7-20. Et, and C, again form a self-biasing arrange-
ment to prevent pulse broadening while at the same time providing 
clipping action at all levels of input signal, from the very weak to 
the very strong. It will be appreciated, however, that because a single 
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stage is being employed, the preceding amplifier must be capable of 
supplying a greater video input current for proper separation. 
A more elaborate version of the foregoing sync separator is shown 

in Fig. 7-21. This circuit not only produces flat-topped sync pulses 
but also provides a measure of immunity against blocking caused by 
strong noise pulses. It accomplishes the latter goal by means of a 
dual time-constant network in the emitter circuit, coupled with a 
special germanium diode DI. 
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The manner in which this dual network functions is as follows: 
Upon the arrival of a sync pulse, the emitter current of the transistor 
will bias Di in the forward direction, causing it, in effect, to become a 
closed switch. This will bring the long-time-constant network of R,, 

and C, into the circuit and permit the effective separation of the 
vertical sync pulses. (A long separation time constant is needed to 
accomplish this separation.) Now, if a strong noise pulse should come 
along, capacitor C, will charge to its peak value. When the noise 
passes, the weaker normal sync pulses will be unable to provide D, 
with enough countervoltage to cause it to conduct, forcing D, to re-
main open and removing C3 with its excess charge from the circuit. 
Horizontal sync-pulse separation will now be achieved by using the 
bias developed across the short-time-constant circuit of R,, R2, and 
C3. When the excess charge on C3 has drained off, the long-time-con-
stant network will reestablish itself actively in the circuit. By means 
of this arrangement, the horizontal noise immunity of the sync separa-
tion is improved by an average factor of 8:1 over systems not employ-
ing a double-time-constant circuit. 

Note: The excess charge on C3 drains off long before the next verti-
cal sync pulse arrives. It is permissible to use a long-time-constant net-
work to assist in the separation of the horizontal and vertical sync 
pulses as long as there are no strong noise pulses present. If noise 
pulses are present, they could easily block or inactivate the sync sep-
arator for many horizontal sync pulses, permitting the horizontal 
sweep oscillator to slip out of synchronization. In the above arrange-
ment, this is avoided by the use of D, and the alternate short-time-
constant circuit. 

Vertical- deflection System 

Vertical oscillator. Beyond the sync separators, the pulses are fed 
to the vertical- and horizontal-deflection sections. Because transistorized 
vertical-sweep circuitry is simpler and has progressed farther, let us 
examine it first, starting with the oscillator. In vacuum-tube circuits, 
either multivibrators or blocking oscillators have been utilized. In 
transistorized systems, at least to the present time, only blocking oscil-
lators have been used because transistorized multivibrators have thus 
far exhibited frequency changes due to temperature variations, whereas 
the blocking oscillator is considerably more stable in this respect. 

In many ways the blocking oscillator in Fig. 7.22 is similar to its 
vacuum-tube counterpart. For example, the blocking transformer T, 
serves to provide feedback from the collector output circuit to the 
base input circuit. Also, sync pulses are fed to the base while a saw-
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tooth deflection wave is developed across the 8-4 capacitor from col-
lector to ground. Furthermore, charge capacitor C, receives its voltage 
buildup while the transistor is cut off and then discharges when the 
transistor is pulsed into conduction. There are, however, some sig-
nificant differences between the two circuits, and these stem from the 
dissimilarity in operational characteristics of tubes and transistors. 
The differences will be evident from the following analysis of circuit 
operation. 
The transistor is biased beyond cutoff by the negative voltage 

present across R,. The value of this cutoff voltage is determined by the 
resistance setting of R2; hence, R2 is equivalent to the conventional 

Fig. 7.22 A transistor blocking 

oscillator. ( After M. B. Finkelstein, 

"Transistor Vertical Deflection for 

Television Receivers, - Transistors 

1, published by RCA) 
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hold control. At the same time, capacitor C, charges through 11,-, until 
the voltage across R2 becomes more negative than the voltage at the 
emitter. When this occurs, current will flow through the transistor, 
and the conductive part of the cycle will begin. The current flowing 
through the collector circuit causes a voltage to be induced in the 
base side of T„ increasing the forward bias and the transistor current. 
This, in turn, couples a greater voltage into the base winding and in-
creases the collector current even more. As a result, the transistor 
very rapidly becomes a virtual short circuit, permitting capacitor C1 
to discharge quickly through T, and RI. The discharge is practically 
complete, and the voltage across C, essentially drops to zero. 
At this point the voltage across R2 and R, is also zero, and the tran-

sistor is driven into cutoff by the difference between the emitter volt-
age at the arm of R, and the voltage induced at the base by the 
collapsing field around Tl. The sequence of events now repeats itself 
at a frequency determined by the various resistance and capacitance 
values in the circuit. 
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The major frequency-determining components are C,, R,, and R2; 
C, and R, also develop the output wave. Here is a major difference 
between transistor and vacuum-tube blocking oscillators. In the latter 
circuits, the frequency-determining parts are separate and distinct 
from the wave-forming circuit; in the transistor circuit, one set of 

components performs both functions. 
The sawtooth output waveform produced by the circuit of Fig. 7-22 

is negative; if a positive-going signal is desired, an NPN transistor 
would be employed in conjunction with a positive voltage source. 
Obtaining reversal in this way is another unique feature of transistors 
and cannot be duplicated by tubes. 

Another sawtooth blocking oscillator, in which the output wave is 
developed in the emitter leg, is shown in Fig. 7-23. This circuit is sim-

ci 
10 MF 

RETRACE 

Fig. 7.23 Development of the 

sawtooth wave in this circuit dif-
fers from that in Fig. 7.22. 

ilar to the preceding arrangement in that one RC combination ( here, 
R, and C.) provides both the timing and the output deflection wave-
form. It differs, however, in the way in which the sawtooth wave is 
produced. It has become customary in vacuum-tube circuits to have 
the charge time of the deflection capacitor correspond with beam trace 
and the discharge period with beam retrace. In the arrangement of 
Fig. 7-23, C2 charges through the transistor during the retrace period 
and discharges through R3 during trace time. How this is accomplished 
can be seen from the following discussion. 
The base-emitter circuit is biased in the forward direction by R, 

and R2. This produces a current flow through the transistor, which 
starts charging capacitor C2. The collector current flowing through the 
primary of T, induces a voltage in the base winding which acts to 
increase the base current. This serves to further raise the collector 
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current and the induced base voltage until the transistor is conduct-
ing to its fullest extent. This current buildup through the transistor 
is exceedingly rapid, and during this interval capacitor C, is charging 
through the resistance of the transformer primary and the transistor. 
The ultimate value of the charge is determined by the fixed base bias 
and the induced voltage in the transformer secondary winding. 
When this point is reached, the base current ceases and the tran-

sistor is driven into cutoff because the voltage across C2 is sufficient 
to bias the base-emitter circuit in the reverse direction. While the 
transistor is cut off, C, discharges slowly through R„, thereby develop-
ing the trace portion of the deflection wave. Note that this wave grad-
ually rises toward zero from its initial high negative value. 
When C, has discharged to the point where its voltage is equal to 

the fixed bias voltage, current again starts flowing in the base-emitter 
circuit, and the same sequence of events recurs. Since R, determines 
the value of fixed base bias, it determines the frequency of operation 
(together with the time constant of R„ and CO and hence would 
function as a hold control. 

A negative sync pulse could be introduced to the base circuit 
through either the use of capacitive coupling or a third winding on 
the blocking transformer. Both methods have been employed and 
both are satisfactory. 
A positive-going sawtooth wave is produced by the above circuit. 

If a negative-going sawtooth is desired, an NPN transistor could be 
used with a positive power supply. 

All of the circuits discussed above are practical designs which have 
been employed for the purposes indicated, and each has performed in 
an entirely satisfactory manner. 

Complete vertical-deflection systems. In a vacuum-tube deflection 
circuit, the vertical oscillator is followed by the output amplifier. In 
order to develop the necessary current swing, this stage requires a 
certain amount of driving voltage. In transistor circuitry, a similar 
two-stage arrangement requires that a power transistor be used in the 
oscillator stage because of the power needed by the output amplifier 
in delivering sufficient sweep current to the vertical-deflection yoke. 
A suitable two-stage vertical-deflection system for a 2I-in., 90° tube 

is shown in Fig. 7.24. The oscillator, using a power transistor, de-
velops a negative-going sawtooth wave ( across CO which is applied 
to the base of the output amplifier. ( Note that this is a forward-bias-
ing wave because it is being fed to a PNP transistor.) Frequency con-
trol of the oscillator is achieved by varying its base-bias resistor R,, 
and synchronization is accomplished by coupling a negative trigger-
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ing pulse into the base via a tertiary winding on the pulse transformer. 
The waveform of the voltage fed to X2 is sawtooth, as shown in 

Fig. 7 - 25a. This differs from conventional vacuum-tube practice, in 
which the input wave to the output amplifier is usually peaked. The 
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reason for the difference is that, comparatively, collector resistance of 
a common-emitter transistor stage is much higher than the plate re-
sistance of a triode tube. In a triode vertical output circuit, both plate 
resistance and plate-load inductance must be considered; i.e., to ob-
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tain sawtooth deflection current, a sawtooth voltage must be applied 
across the resistive portion and a square-wave voltage must be applied 
across the inductive portion. If, however, the ohmic value of the re-
sistance is at least 10 times that of the inductance, a sawtooth driving 
voltage must be used. 
Returning to Fig. 7.24, we find that C, and R, form a linearity-cor-

rection network. The sawtooth current flowing through emitter resistor 
R4 is integrated into a parabola across C, and fed back to the base 
through capacitor Ci. The special correction is needed to compensate 
for the nonlinear characteristics of transistor X,. Adjustment of linearity 
control R, affects the amplitude of the parabola and hence the degree 
of linearity compensation. It will be found that the linearity control 
also affects the amplitude of the yoke current; hence, readjustment of 
the amplitude ( height) control R4 is necessary with each linearity ad-
justment. Finally, a bias control R, is included to permit adjustment of 
the bias applied to X, for replacement transistors. This is needed be-
cause the current amplification ( /3) may vary considerably among 
different transistors of the same type. 
The yoke itself is located in the collector leg of X,. If we apply a 

sawtooth wave of the form shown in Fig. 7-25a to the base of X2, the 
voltage developed across the yoke will be as shown in Fig. 7.25b. 
The sharp voltage spike developed when the transistor is brought to 
cutoff is due to the inductive reactance of the yoke, and its amplitude 
is equal to dildt. For a yoke inductance of 40 mh, a peak-to-peak 
yoke current of 450 ma, and a retrace interval of 350 p.sec, the pulse 
generated will have an amplitude of about 52 volts. To this would be 
added the negative voltage of the collector battery ( about 25 volts), 
for a total of 77 volts. The collector must be capable of withstanding 
this surge; otherwise, it will periodically break down, damping the 
pulse and increasing the retrace time of the beam. 

Since the yoke is directly positioned in the collector arm of the 
output amplifier, it will have the d-c component of the collector cur-
rent flowing through it ( yoke current does not reverse in this circuit). 
This will cause vertical picture decentering to a considerable extent; 
so much so, in fact, that conventional centering methods are incapable 
of bringing the picture back to its proper place on the screen. There 
are several ways to solve this problem, but the most attractive one 
employs permanent magnets. Small ceramic bar magnets are placed 
longitudinally in the opening or window formed by the vertical 
yoke windings, Fig. 7.26a. An alternative method would be the place-
ment of ring segments of the ceramic magnetic material between 
the yoke and the picture-tube neck, Fig. 7.26b. Both methods pro-
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vide a strong enough magnetic field to recenter the picture on the 

screen. 
Another vertical-deflection system, utilizing a driver stage between 

the oscillator and the output amplifier, is shown in Fig. 7.27. The 
oscillator circuit, previously discussed, develops the sawtooth wave in 
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Fig. 7•27 A three- stage vertical- deflection system. (Sylvania Electric Products, Inc.) 

the emitter leg of the transistor. R5 and C1 form the basic timing net-
work, although R1 can exert enough influence to function as the hold 
control. 

Pulses from the sync-separator section are brought in via a third 
winding on the blocking oscillator transformer. Another winding in 
the collector circuit is shunted by a diode to remove the long narrow 
voltage spike that is developed by the inductance of the blocking 
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transformer when the oscillator is cut off sharply. By removing the 
pulse, which serves no useful purpose, the chances for collector break-
down are minimized. 
The sawtooth wave developed by the blocking oscillator is trans-

ferred via C2 ad R2 to a common-emitter driver. R, is made variable 
to permit selection of the proper current drive for the low-impedance 
driver stage ( a-c input impedance is on the order of 300 ohms). R3 is 
a bias control for X. and is incorporated to establish the correct op-
erating conditions for the driver transistor. Adjustment would be 
essential if 1C2 were replaced. 
The network comprised of R„ R„ and C2 between the base of X2 

and ground is designed to improve the linearity of the signal. The 
three components function as an integrating network, adding a para-
bolic waveform of variable amplitude to the base signal of the output 
stage. The variable feature is provided by R„ the linearity control. 
The final stage, also a common-emitter arrangement, possesses still 

another amplitude control, RG. Thus, this system has two such controls, 
providing a greater flexibility in the selection of replacement tran-
sistors. When the ig values of the transistor type used can be kept 
within a fairly narrow range, one of the amplitude controls could 
probably be dispensed with. 

In comparing the two- and the three-transistor deflection systems, 
the following comments by the designers of these systems may be en-
lightening: 

Circuitry. The two-transistor circuit is simpler in construction, re-
quiring fewer components. This advantage is offset somewhat by the 
fact that high capacitor values have to be used throughout because of 
the low impedance level of the circuit. Furthermore, in the two-tran-
sistor system, a higher-rated power transistor must be employed in the 
blocking oscillator stage. 

Linearity. In the three-stage circuit, there is greater leeway in pro-
viding linearity compensation such as we found in Fig. 7.27. Also, 
with the driver stage and the amplification it provides, degeneration 
can be employed in the output amplifier. 

Synchronization. The two-transistor circuit employing a power tran-
sistor in the oscillator was found to require more power for synchroni-
zation. This might necessitate the use of higher-power transistors in 
the sync-separator stage. 
Frequency stability. Both circuits are comparable in performance. 

Operational stability. It will be noted that the two-stage vertical 
deflection system utilizes a-c coupling throughout, while the three-
stage circuit has d-c coupling between the driver and the vertical 
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output amplifier. In general, a-c-coupled systems tend to be more 
stable than d-c systems, particularly in transistor circuits where tem-
perature changes have such a marked effect on operation. Hence, the 
circuit of Fig. 7.24 would be more stable than the circuit of Fig. 7.27. 

Several things can be done to increase the stability of Fig. 7.27. 
Direct-current feedback, from the emitter of the output stage to the 
base of the driver stage, would provide some improvement. Another 
approach would be the use of a reverse-biased diode between driver 
base and ground. The back resistance of the diode would decrease 
with temperature and thus reduce the base bias. Still a third solution 
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would be the use of a-c coupling between the driver stage and the 
output stage. This is shown in Fig. 7.28. 

Horizontal- deflection System 

A second sync-pulse output from the sync separator stage is directed 
to the horizontal-deflection system. Let us now turn our attention to 
this section of the receiver. 

Horizontal phase detectors. The susceptibility of the horizontal-
sweep oscillator to noise pulses and other forms of interference has 
led to the universal use of automatic-frequency-control networks ahead 
of the horizontal oscillator. Whatever the form of the control system, 
its method of achieving control is by comparing the frequency of the 
generated sweep voltage with the frequency of the arriving horizontal 
sync pulses. If a frequency difference exists, there is developed a 
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corrective voltage which, when fed back to the horizontal oscillator 
either directly or indirectly, causes the generated frequency to change 
until it is equal to that of the incoming pulses. 
A widely employed afc circuit in vacuum-tube television receivers 

is shown in Fig. 7.29. Di and D3 are shown as germanium diodes, 
although they can be vacuum-tube diodes as well. In a transistor 
television receiver, they would be germanium diodes, and that is the 
way the circuit will be shown here. 
The two diodes are seen to be connected in series with each other 

at point A, and from this point, a resistor connects to ground. Coming 
into this network are two horizontal-sync pulses of opposite polarity 
(representing the received signal) and a sawtooth wave ( representing 
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Fig. 719 A double-diode phase detector. 
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the generated deflection voltage). The latter signal is obtained from 
a point beyond the horizontal sweep oscillator so that it will reflect 
the frequency being generated by that stage. 
As a first step, let us disregard the sawtooth voltage and observe 

the effect of the two sync pulses. The positive sync pulse is applied 
to D1, and if we were concerned only with this sync pulse and the 
circuit of Di, then the simplified circuit would appear as shown in 
Fig. 7.30. Application of the positive pulse causes current to flow 
from D, to the right-hand plate of C, and from the left-hand plate 
of C, through the signal source ( i.e., a prior stage) to ground and 
then up through R3 to Di. The time constant of this circuit is low 
enough that C, charges to the peak value of the applied pulse. During 
the interval between pulses, C, discharges through R, and C3, develop-
ing voltage drops across these two components with the polarity as 
indicated in Fig. 7.30. When the next pulse arrives, C, is recharged to 
the full peak value. The current flow through D, is thus in spurts which 
are generally shorter than the applied pulses themselves. 
At the same time that this is happening, negative sync pulses are 
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being applied to D, and causing current to flow through this diode. 
A simplified arrangement of this portion of the network is shown 
in Fig. 7.31. The current travels from D, down through R3 to ground 
and from there to the signal source and C, and then to D,. The 
polarity of the voltage drop across 11:, and C2 caused by this current 
is indicated in Fig. 7.31. Note that the voltage drop across 113 pro-
duced by the current from D, is opposite in polarity to the voltage 
drop developed across this same resistor by D,. If, as is usual, both in-
coming sync pulses possess the same amplitude and both diodes con-
duct equally well, then the net resultant voltage across R, is zero. 
During the interval between pulses, capacitor C, discharges through 

R, and C3, developing voltage drops across these two components with 
the polarity indicated in Fig. 7.31. Again the net resultant voltage 

Fig. 7.30 The circuit of D, in Fig. 729. Fig. 7.31 The circuit of D2 in Fig. 719. 

across C,, owing to the two discharge currents that flow through it, 
is zero. And since it is the voltage present across C3 that represents 
the corrective or error voltage to the horizontal oscillator, then with 
the sync pulses acting by themselves, no net voltage is produced. 
This is as it should be. 
By the same line of reasoning, if we ignore the sync pulses and con-

cern ourselves solely with the sawtooth wave applied to 113, then we 
see that since D, and D, will be driven alternately into conduction for 
equal periods of time and with equal-amplitude voltages, the net 
output voltage across C, will again be zero. 
With both types of voltages applied to this circuit simultaneously, 

comparison of the two signals will take place only at the instant that 
the sync pulses arrive, for it is only at this moment that D, and D2 
conduct and are therefore in a position to respond to the sawtooth 
voltage applied across Three situations are possible. 

First, if the sync pulses arrive at a time when the sawtooth wave is 
passing through zero, then we have a situation which is similar to that 
discussed above when the sawtooth voltage was ignored. The net 
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voltage developed across C„ is zero. This indicates that the frequencies 
of the sweep oscillator and the sync pulses are in step with each other. 
The second situation occurs when the sync pulses arrive and the 

sawtooth voltage is positive at this instant. Under this condition, D2 
will conduct more strongly than it will if the sawtooth wave is zero 
and C„ will charge to a higher peak value ( because now two series-
aiding voltages are driving current through D2). At the same time, the 
positive sawtooth voltage is also being applied to D, and for this 
diode it is working against the applied sync pulse. Hence, the total 
current through D, will decrease and produce a smaller voltage drop 
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Fig. 7.32 A phase detector which requires only one set of input sync pulses. 

across C„. The net voltage across C„ will be governed by the current 
from D2 and will be positive with respect to ground. The horizontal 
sweep oscillator will thus receive a corrective voltage which, if the 
circuit is designed properly, will serve to alter its frequency so that 
the sawtooth voltage at 11,, will be passing through zero when the 
sync pulses arrive. 
The third situation occurs when the sawtooth voltage is negative 

when the pulses arrive. Now D, conducts more strongly than 132, and 
a net negative voltage will develop across C„. This opposite-polarity 
voltage will have an opposite effect on the frequency of the horizontal 
sweep oscillator. 

A two-diode circuit in which only one set of sync pulses is required 
is shown in Fig. 7.32. The two cathodes of the diodes ( here, ger-
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manium diodes) are connected together, and a negative-going sync 
pulse is applied to their junction. This applies the sync pulse equally 
across D, and D,, because C3 and C4 are so much greater than C1 
that D, and D, are effectively connected in parallel. This being the 
case, current will flow in each diode, causing equal currents to flow 
in the load resistors R, and Rz. The currents, of course, flow in op-
posite directions and the voltage drops across R, and R, will have 
opposing polarities and, therefore, will cancel out, producing zero 

volts output. 
The sawtooth voltage, formed from pulses from the horizontal output 

stage, is a sample of the horizontal oscillator frequency. This voltage 
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Fig. 7•33 A simplified diagram of the phase detector of Fig. 7.32 showing the waveforms in the 

circuit. (General Electric Co.) 

is applied across D, and 132, effectively bringing one-half of the orig-
inal sawtooth wave across each diode. It can be shown that the saw-
tooth wave across Di will be going positive when the voltage across 
D, is going negative and vice versa, Fig. 7.33. The currents of the 
two diodes will be equal but opposite in polarity, so equal and op-
posite voltages across R, and R, will produce zero volts output. 
From this it can be seen that the incoming sync pulses alone will 

not cause the phase detector to produce any voltage output. In like 
manner, the sawtooth wave alone will not cause the phase detector to 
produce any voltage output. 
The sync pulse, being of much greater amplitude than the sawtooth 

wave, keeps the diodes biased so that they operate only when the 
sync pulse is applied to them. Therefore, only that portion of the 

sawtooth wave that occurs at the instant of the sync pulse has any 

effect on the output of the phase detector. 
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Now, if the sync pulse occurs in the exact center of the sawtooth 
retrace ( i.e., retrace passing through its a-c axis), Fig. 7.34a, equal 
but opposite currents will flow and no output voltage will be de-
veloped. 

Fig. 7-34 Operation of the phase de-

tector of Fig. 7.32 when the sync- pulse 

frequency and sawtooth frequency 

are (a) equal and (b) and (c) unequal. 

(General Electric Co.) 
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If the oscillator is slow, the sync pulse will occur before the saw-
tooth retrace passes through its a-c axis, Fig. 7.34b. On 132, therefore, 
some of the sawtooth voltage will be added to the sync-pulse voltage 
because the sawtooth voltage is on the positive half of its cycle when 
the sync pulse occurs. Some of the sawtooth voltage on D, will be 
subtracted from the sync-pulse voltage because the sawtooth retrace 
there is still in the negative half of its cycle. The output voltage of 
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the phase detector in this case %%ill be negative because the voltage 
drop across R, is greater than the drop across R2* 

If the oscillator is fast, the sawtooth retrace will pass through its 
a-c axis before the sync pulse occurs, Fig. 7.34c. On D2, therefore, 
some of the sawtooth voltage will be subtracted from the sync pulse. 
On D,, some of the sawtooth voltage will be added to the sync pulse, 
producing a higher voltage drop across R2 than across R1. This will 
produce a positive output voltage in order to slow down the horizontal 

oscillator. 
Application of the foregoing phase detector to a commercial tran-

sistor television receiver is shown in Fig. 7.35. Incoming horizontal 
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Fig. 7.35 Commercial application of the phase detector of Fig. 7.32. ( Philco Corp.) 

sync pulses are brought to diodes D, and D2 by capacitor C,. At the 
same time, a sawtooth wave is brought into the circuit by 11,2 and 
applied to capacitors C5 and C.. The two waveforms are compared 
in frequency by D, and D2, and if any difference exists, a voltage is 
produced across R, and R2. This voltage is then brought to the base 
of X, by /110, /111, C5, C., L,, and C,. The latter six components serve 
as filter elements to smooth out instantaneous variations in the con-
trol voltage so that smoother control of the oscillator is achieved. The 
network also tends to prevent the oscillator from shifting back and 
forth in frequency as it attempts to find the correct operating value. 

Incorporated into the phase-detector circuit is the network which 
permits the set viewer to adjust the operating frequency of the hori-
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zontal oscillator. Twelve volts is brought to the emitter of Xi from 
the power line. The same +12 volts is also brought to the base of X1 
through It, R4, R5, R6, R7, R8, and R,. Included in this network are 
two hold controls, R8 and R,. By varying either or both of these poten-
tiometers, the base voltage can be altered and thereby the operating 
frequency of the oscillator. R8, the hold control, is the front-panel 
adjustment most frequently adjusted by the set viewer. R,, the aux-
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Fig. 736 The changing direction of current flow through R2 when the polarity of sawtooth volt-

age reverses during sync interval. 

iliary hold control, would be mounted on the back panel for occasional 
adjustment. 

Transistor phase detector. In a transistor phase-detector circuit, 
similar operation can be achieved by means of a single transistor in a 
circuit such as that shown in Fig. 7-36. The transistor, however, is 
specially constructed so that the collector and emitter junctions are 
equal in area. ( In the transistor designed for general usage, the col-
lector possesses a greater area than the emitter.) This forms a sym-
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metrical transistor. Advantage is taken of the fact that transistors will 
conduct in either direction to form this phase detector. That is, the 
biasing voltages to emitter and collector can be reversed so that the 
element which serves as an emitter under one set of conditions be-
comes a collector under another set of voltages. In short, either ele-
ment can serve as the emitter or collector, depending upon the ap-
plied potentials. It is common, therefore, to refer to either element as 
a "collector-emitter." This behavior, too, is the reason both emitter and 
collector in Fig. 7.36 are shown with arrowheads. 
Operation of this transistor phase-detector circuit depends on the 

transistor conducting only when the sync pulses are present. Thus, if 
the instantaneous sawtooth voltage across R, is positive at the instant 
the negative sync pulse triggers the base on, then the uppermost ele-
ment with the arrowhead is serving as the emitter and the lower 
arrowed element is the collector. The reason is that this is a PNP tran-
sistor and, for conduction to occur, the emitter must be positive with 
respect to the base. Electrons then travel in the direction indicated in 
Fig. 7.36a, producing a negative voltage drop across R,. The potential 
represents the error voltage which is transferred, via R5, to the horizon-

tal-control tube. 
Conversely, if the sawtooth voltage is negative when the sync pulses 

arrive, then the element previously acting as the emitter now becomes 
the collector and the other P section becomes the emitter. Current 
flow is now reversed through .112, Fig. 7.36b, and a positive error 
voltage is produced. In this way the transistor acts as a bidirectional 
switch producing an error ( or correction) voltage whose polarity de-
pends on the part of the sawtooth cycle active at the instant the sync 
pulses arrive. 

If the sawtooth wave is passing through zero when the pulses arrive, 

no voltage appears across R,. 
In order for the circuit to function properly, the transistor must be 

completely cut off between sync pulses. This is achieved by having the 
peak-to-peak sync voltage at the base exceed the peak-to-peak saw-
tooth voltage. When the sync pulses are active, the current that flows 
in the base circuit causes C, to charge to their peak value. In the 

interval between pulses, this charge decreases very slowly, keeping the 
base at all times positive enough with respect to the collector-emitter 
voltage to prevent conduction. 
A commercial circuit employing the transistor phase detector just 

discussed is shown in Fig. 7.37. Positive horizontal-sync pulses are 
brought to the base of X, by capacitor C1. At the same time, a portion 
of the horizontal-deflection voltage is taken from the horizontal-out-
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put transformer ( not shown), converted into a sawtooth wave by C6 
and R7, and brought to the collector of X, by C5. Direction of current 
flow through Xi will depend on whether the sawtooth wave is positive 
or negative at the moment a horizontal pulse appears at the base of Xi. 
This, in turn, will determine the polarity of the control voltage 
developed across R2. This voltage will be applied through R,, R8, C3, 
and C4 to the base of X,, the horizontal blocking oscillator. Note that 
R, is in séries with R,, a potentiometer that supplies a negative d-c 
voltage to the base of X,. Rotation of the center arm on R, will alter 
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Fig. 7.37 A transistor phase detector, X1. 
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the base-collector voltage of X, and, from this, the operating frequency 
of the oscillator. Thus, R, is rightfully the horizontal-hold control. 
The positive or negative voltage variations introduced by R, will 

shift the oscillator operating frequency above or below a center fre-
quency established by the setting of R,. In this way, automatic control 
of the oscillator frequency is maintained. 

Horizontal oscillator. The horizontal oscillator follows the phase de-
tector, receiving the correction voltage developed by the latter circuit. 
A frequently employed oscillator is the same blocking oscillator just 
described for the vertical system. Essentially the same considerations 
apply, modified only by the higher operating frequency and the need 
to respond to the afc voltage. 
A typical oscillator circuit, integrated into a complete horizontal-

deflection system, will be considered presently. 



264 TRANSISTORS 

Horizontal-output stages. The driving signal from the oscillator, if 
it is powerful enough, may be applied directly to the horizontal-output 
stage. At the present level of transistor development, however, there is 
more likely to be a driver stage between the oscillator and the output 
amplifier. This driver simply takes the output voltage developed by 
the oscillator, strengthens it, and then applies it to the horizontal-out-
put amplifier. 
Whether there is a driver and output amplifier or simply an output 

stage alone, the best place to start is with the output stage, because it 
is the requirements of this amplifier which will determine, to a large 
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Pig. 7.38 The basic output circuit of a horizontal-deflection system and its waveforms. (After 
H. C. Goodrich, A Transistorized Horizontal Deflection System, RCA Review, September, 1957) 

extent, the form of the stages which precede it. The chief purpose of 
the output transistor is to develop a sawtooth current through a de-
flection yoke. A secondary goal is to produce a high-voltage pulse which 
can be rectified and employed as the accelerating d-c voltage for the 
picture tube. 
An output stage and driver circuit which has been used successfully 

is shown in Fig. 7- 41. In order to understand fully the operation of this 
circuit, let us consider the basic circuit from which it was derived. 
(The method of explaining the operation of this system is essentially 
the same as that suggested by Goodrich.) The circuit, shown in Fig. 
738, consists of a battery Eer, a switch S, a coil L,, and a capacitor 
C,. If switch S is closed at time ti, the current flowing from the battery 
through coil L, will increase at a linear rate. At time t„ the switch is 
opened, interrupting this flow. The interruption shock-excites the 
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capacitor-coil combination and the current starts to oscillate between 
L, and C1. Since the current had been passing through L, when the 
switch was opened, the inductance will attempt to keep the current 
flowing, forcing it to flow into C1, and it is this particular action that 
starts the oscillatory motion. 

For one half cycle, or from time t3 to time t3, the circuit is permitted 
to oscillate. At t3, switch S closes again, and now the current will flow 
back into the battery because the half cycle of oscillation has caused it 
to reverse itself. The flow of current into the battery will continue until 
t-4, at which point it will have decreased to zero. From t, to t,, the cur-
rent travels from the battery to L,, repeating the sequence of events 
just described. 

In terms of horizontal-output circuit operation, the steady rise of 
current from t, to t3 represents the interval when the electron beam is 
steadily scanning across the picture screen from extreme left to extreme 
right. At t, (or t3), the beam is blanked out and swung quickly back 
to the left-hand side of the tube. This is the retrace interval, and it 
must be completed in about 10 ilsec. It is during this interval that a 
sharp pulse of voltage is developed across L, by the opening of switch 
S. This pulse is generally stepped up, rectified, and then applied to the 
second anode of the picture tube. 
Note that if we were to represent the waveform of the voltage ob-

tained from the battery, it would be a square wave. When the switch 
is closed, the full value of E„ is instantly applied to L,C,; when the 
switch is open, the applied voltage drops instantaneously to zero. 

In a practical circuit, the switch can be replaced by a junction tran-
sistor and the driving voltage by square waves from either an oscillator 
or driver. The square waves are required to turn the transistor on 
or off automatically. The basic transistor circuit and the waveforms in 
that circuit are shown in Fig. 7.39. From t, to t„ the input signal biases 
the base-emitter circuit in the forward direction and the transistor 
conducts, completing the circuit. The input signal is strong enough 
to place the transistor in saturation, and in this condition the internal 
resistance ( emitter-to-collector) is reduced to a fraction of an ohm. 
At t„ the incoming pulse goes sharply positive which, for a PNP 

transistor, reverse-biases the base-emitter circuit and cuts off the tran-
sistor. The cutoff does not occur as sharply as the pulse change because 
when a transistor becomes saturated, carriers are accumulated in the 
base region and a short period is needed to clear this region after the 
forward bias has been removed. 

From t3 to t3, the transistor switch is open and L, and C, are shock-
excited into oscillation. For one half cycle, the circuit oscillates; then 
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the reverse bias is removed and the transistor is once again driven into 
strong conduction. The current now flows in the reverse direction 
through the transistor, just as it did in the preceding circuit. At t„ this 
reverse current has decreased to zero and the forward flow begins 
again, repeating the sequence of events. 

It is interesting to observe that the same step-by-step process takes 
place in horizontal-output stages utilizing vacuum tubes. However, 
since the horizontal-output tube cannot conduct in the reverse direc-
tion, a diode ( i.e., the damper tube) must be connected across the 
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Fig. 7.39 The basic transistor output circuit and its waveforms. (RCA Review) 

horizontal-deflection winding. With a transistor, this added item need 
not be used because the transistor itself will serve the purpose. For 
best results, the unit should be capable of carrying current equally well 
in both directions although some dissymmetry is tolerable. 
During the interval from t3 to t3, when L, and C, are oscillating 

freely, a large, sharp pulse is developed across L„ Fig. 7-39. Care 
must be taken to see that the peak voltage of the pulse does not exceed 
the collector breakdown voltage. The designer of this circuit devised 
an interesting method of blunting this peak. Another resonant circuit, 
L,C2, tuned to approximately the third harmonic of the resonant fre-
quency of LiC,, is connected across L,, Fig. 7-40. The voltage de-
veloped across L,C, ( labeled eL., in Fig. 7-40) during the flyback inter-
val possesses the form shown in Fig. 7-40. This voltage is 180° out of 
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phase with the voltage across Ci (ec) at the center of the flyback pulse, 
and thus reduces the peak collector voltage by about 30 per cent. 
With the foregoing explanation of circuit operation understood, we 

are ready to consider the actual horizontal-output circuit developed by 
this designer. The output stage and the driver that precedes it are 
shown in Fig. 7.41. If we examine the driver stage first, we see that it 
receives pulses from a preceding oscillator. During the scanning period, 
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Fig. 7•40 The special resonant circuit I.', C2, and R2 helps to reduce the voltage peak at Li 

during the flyback period. (RCA Review) 
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Fig. 7.41 Transistorized output stage and driver. (RCA Review) 

+10K‘i 

the base emitter of the driver is strongly forward-biased and the tran-
sistor is operating in a saturated condition. During retrace, the incom-
ing pulse goes sharply positive, cutting off X,. Since the transistor is 
working into a transformer T3, the sharp cutoff causes a pulse to appear 
across the primary winding. This pulse, after being stepped down in 
voltage to reduce the circuit impedance, is employed to cut off the 
output stage. 

Alternating-current coupling between the driver and the output 
stage results in a d-c ( i.e., zero) axis about 10 per cent above the signal-
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level scan, as indicated by the base waveform for X,. ( Because of the 
a-c coupling, the waveform distributes itself about the axis so that 
there is just as much area above the zero line as below.) The wave 
below the axis serves as a forward bias, which eliminates the need for 
an additional bias source. Furthermore, it tends to protect the output 
stage in case of drive failure, since with no drive both stages are cut 

off. 
In both the driver and the output stage, a bootstrap circuit is used to 

permit the collector and case to be grounded for best heat conduction. 
Operation of the two stages is exactly as indicated above. High voltage 
is obtained from transformer T,. Whatever flyback pulse appears across 
the primary winding of T, is stepped up by T, and then rectified by 
D,. The latter is shown here as a tube, which for the present may be a 
more economical arrangement. However, the same function can be 
served by several semiconductor diodes connected in series. In time, a 
suitable single rectifying device will undoubtedly be developed. Diode 
D, is so connected that it is closed during the retrace interval and 
opened during the scan period. Its purpose is to prevent damped oscil-
latory voltages in T„ from causing ripples in the forward scanning de-
flection current. 

L, is the horizontal-deflection winding of the yoke. R, is a small 
resistance, inserted in series with L,, to obtain a sample of the deflec-
tion current. This voltage is applied to a preceding phase detector 
where it is compared in frequency with the incoming horizontal-sync 
pulses. Any difference between the two signals produces a correction 
voltage for the horizontal oscillator. 

It may be of interest to see the oscillator and phase detector that 
precede the driver and output stages of Fig. 7.41. These are shown in 
Fig. 7.42. The phase detector is similar to the phase detectors pre-
viously discussed. The signal voltage developed across R, in Fig. 7.41 
is applied between emitter and collector of X,. At the same time, 
negative sync pulses ( from a sync separator) are applied to the base 
of X,. The two voltages are compared in frequency, and any difference 
produces a voltage across R12. This error signal is applied through the 
antihunt integrating circuit R.C.,C,,R, to the oscillator base winding. 
A blocking oscillator is employed for the horizontal oscillator. Oscil-

lator repetition frequency and pulse width depend primarily on R,, C3, 
and the ratio of X, base bias to collector supply voltage. In this circuit, 
the base bias is varied by the horizontal-hold control. This bias is 
placed in series with the cl-c correction voltage from the phase detector. 
Diode D„ serves to limit the transformer inductive overshoot during 

the time X„ is cut off in order that the collector breakdown voltage is 
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not exceeded. The output signal for the driver is obtained from a third 
winding on the blocking transformer. This method of a-c coupling 
provides forward bias for the output stage. Since the forward bias tends 
to be higher than necessary, the operating point is shifted in the reverse 
direction by bias resistor R4. 
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Fig. 7.42 The transistorized horizontal- sweep oscillator and phase detector which precede the 

driver and output stages in Fig. 7.41. (RCA Review) 
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Fig. 7•43 A horizontal output circuit in which the transistor is directly coupled to the deflection 

yoke. 

A transistorized horizontal-output circuit in which the transistor is 
directly coupled to the yoke is shown in Fig. 7.43. When this approach 
is employed, a low-impedance yoke is used, one with an inductance 
on the order of 100 ith or less. By way of contrast, yoke inductances of 
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8 to 30 mh are common when a transformer is interposed between the 

yoke and the output transistor, as in Fig. 7. 41. 
The transistor in Fig. 7.43 has a damper diode connected in parallel 

with it. This diode is useful in providing a linear sawtooth current flow 
through the transistor. It achieves this by conducting current ( together 
with the transistor) during the interval when the output transistor is 
also carrying the reverse current ( during the interval t3 to t., in Fig. 
7.38). The sawtooth current wave is made more linear, Fig. 7.44, 
because a practical transistor will seldom conduct equally in both 
directions. By paralleling a diode across the transistor, increased cur-
rent can be passed during the reverse interval to help keep the flow 

steady. 
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Fig. 7.44 The shunt damper diode in Fig. 7.43 helps to achieve a linear sawtooth current through 

the yoke. 

In conclusion, it is interesting to note that the total power dissipated 
in the output transistor developing 90° deflection at 10,000 volts is of 
the order of 2 watts. In the output circuit of a vacuum-tube deflection 
circuit performing the same function, 20 watts would be dissipated. 

QUESTIONS 

7.1 Why is it more difficult to transistorize a television receiver 
completely than a radio receiver? Give several specific examples. 

7.2 Draw the circuit of an r-f amplifier suitable for use with a 
television tuner. Indicate what characteristics a transistor for this stage 

should possess. 
7.3 Explain how the circuit drawn for Question 7.2 operates. 
7.4 Explain the function of each of the components in the 

circuit of Fig. 7.4. 
7.5 Could the neutralization method employed in Fig. 7.4 be 

applied to the circuit of Fig. 7.2? Explain your answer. 
7.6 How does the circuit of Fig. 7.8 function? Indicate how the 

transistor can operate even though the collector has zero volts on it. 
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7.7 Explain the operation of the age network of Fig. 7.10. 

7.8 Draw the diagram of a diode video detector. 

7-9 Draw the diagram of a two-stage video amplifier system. 

Explain the purpose of each component. 

7.10 Indicate what precautions would have to be observed in 

designing a transistorized video i-f system for a television receiver. 

(Note: Cover such items as « cutoff frequency, temperature stability, 
and impedance matching.) 

7-11 What characteristics of a transistor enable it to be used suc-

cessfully as a limiter? As a sync separator? 

7.12 Explain how the circuit of Fig. 7.19 functions. 

7-13 Why is a double-time-constant arrangement, such as used in 
Fig. 7.21, more desirable than a single-time-constant network? 

7.14 Compare the circuits of Figs. 7. 19 and 7.21 as to advantages 
and disadvantages. 

7.15 Describe the operation of the sync separator of Fig. 7.21. 

7-16 Draw the circuit of a transistor blocking oscillator that can 
be synchronized by pulses and that develops a sawtooth output 
voltage. 

7.17 Explain the operation of the circuit drawn in response to 
Question 7.16. 

7. 18 What is the purpose of each of the controls in Fig. 7.24? 

7.19 What is a symmetrical transistor? What counterpart does it 

have among vacuum tubes? 

7.20 How does a double-diode phase detector operate? 
7.21 Draw the basic circuit of a transistor phase detector. Explain 

briefly how it operates. 

7.22 Why must the incoming sync pulses in the circuit of Fig. 7.32 

possess much larger amplitudes than the sawtooth wave applied to the 
same circuit? 

7.23 Draw the complete circuit of an actual transistor phase 
detector. Explain the purpose of each component. 

7.24 How is bias provided for the two transistors in Fig. 7.41? 

7.25 What is the purpose of L2, li,, C2, and Ci in Fig. 7.41? 

Explain in detail. 

7.26 In what ways does X, in Fig. 7.41 differ in operation from a 
horizontal-output stage using a vacuum tube? 



CHAPTER 8 

Industrial Applications 

of Transistors 

IN THE TWO preceding chapters, we have investigated the utilization 
of transistors in radio- and television-receiver circuits. We have seen 
how transistors can be employed as low- and high-frequency amplifiers, 
as mixers, converters, detectors, sync separators, pulse amplifiers, phase 
discriminators, and sawtooth generators. These form a wide range of 
applications, but they do not exhaust the possibilities by any means. In 
the general realm of electronics, beyond radio and television, lie even 
more diverse uses of the transistor, and some of them will be touched 
on in this chapter. 

Transistors in Switching Circuits 

There are many instances when exceedingly fast operating switches, 
on the order of microseconds, are required. That is, it is desired to go 
instantaneously from one state, say an "off" condition, to the opposite 
"on" condition. This occurs in high-speed counters, in computers, and 
in circuits where something must happen before or must not happen 
until one or more triggering pulses arrive to signal the start of a certain 
sequence. For this function, junction transistors are admirably suited, 
not only because they can be built to provide switching times of a few 
millimicroseconds, but also because the additional circuitry required, 
such as resistors and capacitors, is frequently no more, in total number, 
than the number of transistors and sometimes even less than this. In 
place of millimicrosecond, the term nanosecond, abbreviated nsec, has 
been employed. Both mean the same thing, namely 10-9 sec. 
To see what happens when a transistor is employed as a switch, 

consider the simple circuit shown in Fig. 8.1. Here we have a tran-
sistor, a load resistor, and a source of power. The transistor is con-
nected in the grounded-emitter configuration. Since a PNP transistor 

272 
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is used, the collector is biased negatively. To produce current through 
the unit, the base-emitter circuit must be biased in the forward 
direction, which here requires that the base be made negative with 
respect to the emitter. If the base and emitter are kept at the same 
voltage ( which also includes zero voltage), the transistor will be 
essentially cut off and no current other than /co will flow through the 
system. 

If a negative pulse is applied to the base, the base-emitter circuit 
will become forward-biased and current will flow in the collector 
circuit. The electrons will travel from the negative terminal of the 
battery to the collector, producing a voltage drop across RL, which will 
make the collector ( point A) less negative than before. Also, by virtue 

Fig. 8.1 Single-transistor switching 

circuit. 

f ir 

I=6V 

=7' 

of the increased current, the impedance of the transistor, from point A 
to ground, will be less than it was prior to the application of the pulse. 
This can be seen from the fact that before the arrival of the pulse, the 
voltage between point A and ground was equal to the full battery 
voltage of 6 volts. Now, because of the current flow, it is less. 
As we increase the amplitude of the pulse at the base, the collector 

current will increase until eventually practically all of the battery 
voltage will be dropped across RL, leaving the collector voltage at 
point A essentially zero. A further increase in input pulse amplitude 
will act to increase the base current, but it will have very little effect on 
the collector current. When this condition is reached, the base-to-
emitter voltage is larger than the base-to-collector voltage and the 
base becomes more negative than the collector. Actually, it will be 
found that the collector-to-base diode becomes forward-biased and 
begins to inject carriers into the base. At this point, the transistor is 
said to be saturated, and its collector impedance is nominally that of 
a forward-biased diode, which is very low. Since the base-emitter 
circuit is also forward-biased, the entire transistor impedance between 
point A and ground is no more than a few ohms. 

In this saturated condition, more current is flowing in the base than 
is required to maintain the collector current at the value determined 
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by the transistor. At the same time, the collector is also injecting a 
number of carriers into the base, with the result that there is a large 
minority carrier density in the base region. ( In a PNP transistor, the 
minority carriers in the base region are holes. In an NPN transistor, 
they would be electrons.) This is in contrast to the normal operation 
of a transistor, where there is a high concentration of minority carriers 
at the emitter end of the base region and a much lower minority charge 
density at the collector end of the base region. In the saturated condi-
tion, minority carriers are being injected into the base region from both 
collector and emitter, and a fairly high charge is thus stored in the 

base. 
Now let us see what happens when the input driving pulse ends and 

the base-emitter voltage drops to zero or even extends in the opposite 
direction, causing a reverse-biased condition. It may at first be sup-
posed that the collector current similarly cuts off, and this would 
normally happen in a transistor that was functioning in other than the 
saturated state. With saturation, however, excessive minority carriers 
are stored in the base. Hence, when the input signal terminates, the 
excess-charge-density condition will prevail until, by recombination 
and by removal of carriers at the emitter and collector junctions, the 
charge density at the collector end of the base region becomes zero. 
When this happens, the collector impedance rises very rapidly and re-

assumes its normal high value. 
Thus, there will be a short but finite time after the pulse at the base 

is terminated that the pulse across the collector resistor is similarly 

ended. 
To see the foregoing action in terms of the input and output pulses, 

consider Fig. 8.2. The input pulse of current applied to the base is 
shown in Fig. 8.2a. The resultant output pulse is indicated in Fig. 

82b. 
The interval from to to t, is the time it takes from the application of 

the input voltage until the output voltage has reached 10 per cent of 
its final value. This is then followed by the time interval, t, to t3, 
required for the output to go from 10 to 90 per cent of its saturation 
value. This is the rise-time period. The transistor is now fully turned 
on and will stay on so long as the input voltage is maintained. At time 
t3 the input pulse ends; this starts the turn-off. From r3 to t4 is the 
storage time, and during this interval the output voltage goes from its 
saturation value to 90 per cent of that value. Finally, there is the fall 
time, ti to t5, when the output drops to 10 per cent of its saturation 
value. 
The initial delay time is due to two causes. If the emitter-base circuit 



INDUSTRIAL APPLICATIONS OF TRANSISTORS 275 

was initially reverse-biased to keep the transistor off, then it will take 
a short time to discharge the emitter-base internal capacitance from 
this reverse-biased condition through the base resistance and charge it 
to a forward-bias condition. Secondly, time must be allowed for the 
emitter current to diffuse through the base region. 
The rise time refers to the turn-on of the collector current. Thus, the 

total turn-on time of a transistor is equal to the sum of the delay and 
rise times. 

The storage time is due to the length of time required to sweep out 
the stored charge carriers in the base region which resulted from the 

Fig. 8.2 The action in a transistor 
operated in the saturated condition. 

(a) Current in base circuit. (6) Cur-

rent in collector circuit. (After J. L. 
Moll, Large Signal Transient Response 

of Junction Transistors, Proc. IRE, De-

cember, 1954) 

(a) 

ti t2 

to 

t3 
(b) 

t4 t5 
TIME 

collector-base junction being forward-biased during saturation (t, to 
t4 ). This is true for alloy transistors. For grown-diffused and mesa tran-
sistors, the primary storage takes place in the collector region rather 
than the base region. It will be noted from Fig. 8.2a that a reverse 
current flows in the base circuit from t, to t,. When the input driving 
pulse is cut off, and in those cases when the base is actually driven 
positive at time t,, the emitter will, in effect, be made to function as a 
collector ( remember that the collector is still forward-biased). Holes 
present in the base ( for a PNP transistor) will be collected by the 
emitter, and instead of the emitter current falling to zero, a consider-
able reverse current will flow in the base-emitter circuit. This reverse 
bias is beneficial in reducing the delay in the fall of the collector 
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current and is frequently employed. As soon as the carriers have been 
swept out of the base region or the collector region, the transistor 
begins to turn off. 

Total turn-off time is equal to the sum of the storage and fall times. 
The time required to turn off a transistor depends greatly on the 

construction of the unit. In low-frequency transistors, it may extend 
over an appreciable period of time. In high-frequency transistors, both 
the turn-on and turn-off times are made very small. Thus, in a high-
frequency surface-barrier transistor, the turn-on time is from 22 to 27 
nsec. The time required to turn the transistor off is on the order of 45 
to 85 nsec. 
Note that if a transistor is not driven to saturation, the carrier 

storage time, t3 to t, in Fig. 8.2b, does not occur. However, the fall 
time, t, to t5, still takes place, because a small time is required for the 
final carriers, injected by the emitter into the base region, to reach the 
edge of the collector. Hence, if a shorter total turn-off time is desired, 
the transistor is not driven to saturation. 

Gating Circuits 

Now that we have seen how a transistor operates in the switching 
mode, let us examine a number of typical circuits in which the tran-
sistor is used as a switch. Figure 8.3 shows a gating circuit in which 

-u-

-Vg 

Fig. 8•3 A transistor gating circuit. 

OUTPUT 

the transistor is effectively shunted across the signal path. With no 
signal applied to the base, the negative d-c voltage from —V, will bias 
the transistor on. This voltage is so chosen that the transistor is in the 
saturation state, with the result that it will shunt a very low impedance 
from point C to ground. While the transistor is in this state, any signal 
voltage at point A, such as a negative pulse, will be dropped across 
11, and none ( or very little) will appear across the output terminals. 
However, if a positive pulse appears at point B at the same time 
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that a negative pulse is applied to point A, and if the positive pulse is 
strong enough to overcome the negative base bias and cause the 
emitter-base circuit to become reverse-biased, then the transistor will 
be turned off and the output voltage will be determined by the ratio 
of R, to R.,. 

If, for circuit reasons, it is desired to prevent certain pulses appear-
ing at point A from reaching the output, then the circuit may be 
modified in the following manner. A small positive voltage is applied 
to the base through resistor R1. This will bias the transistor off, and 
any negative pulses appearing at point A will reach the output. If, 
now, a negative pulse is brought to point B, it will drive the transistor 

-v 

Fig. 8,1 A series type of AND gate. 

OUTPUT 

TRANSISTOR NO. 3 

TRANSISTOR NO. 2 

TRANSISTOR NO. 1 

on, in effect throwing a virtual short circuit across the upper signal 
line and, during this interval, no pulses at point A will reach the 
output. 

This type of circuit arrangement is known as an AND gate because 
it requires pulses at points A and B to achieve the desired action. 
Another AND gate is shown in Fig. 8.4. Three transistors are con-

nected in series and the combination is in series with a load resistor. 
To energize the entire circuit, negative pulses must be applied to each 
base at the same time. Current, when it does flow, travels from emitter 
to collector of each unit, then on to the emitter of the next transistor, 
through this transistor to its collector, on to the next emitter, etc., until 
the load resistor R, is reached. The current passes through the resistor 
and the battery and then back to the bottom of the transistor chain, 
completing the circuit. 
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The voltage and current relations in a typical three-input AND gate 
with a supply voltage of — 1.5 volts and a load resistance of 1,000 ohms 

will be as in Table 81. 

Table 8.1 Voltage and Current Relations in o Three- input AND Gate 

Transistor 3: 
Collector-to-ground voltage —0.09 volt 
Collector current 1.41 ma 
Base-to-ground voltage —0.36 volt 
Base current 0.28 ma 

Transistor 2: 
Collector-to-ground voltage —0.06 volt 
Collector current 1.69 ma 
Base-to-ground voltage —0.36 volt 
Base current 0.34 ma 

Transistor 1: 
Collector-to-ground voltage —0.03 volt 
Collector current 2.03 ma 
Base-to-ground voltage —0.36 volt 
Base current 0.40 ma 

In the foregoing arrangement, a circuit-current gain of 5 is assumed. 
This is generally less than is actually obtained in such gating circuits. 

113 

OUTPUT 
PULSE 

- I I-

1  
Fig. 8.5 In the AND gate of Fig. 8.4 

the start of the output pulse is gov-
erned by the start of the last pulse 
at one of the transistor bases. Simi-

larly, the end of the output pulse is set 

by the base pulse which ends first. 

If any transistor in the chain is not turned on, while the others are, 
nothing happens because the path is kept open. Also, if the negative 
pulses applied to the various bases differ in length and starting and 
ending times, then the output pulse width will be determined as shown 

in Fig. 8.5. 
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OR gates. Another type of gate circuit, known as an OR gate, is 
shown in Fig. 86. The collectors of all transistors are connected to a 
common load resistor. As shown, each of the transistors is cut off 
because there is no forward-biasing voltage between the various bases 
and their respective emitters. Consider, now, what will happen if we 
apply a negative pulse to any base. The pulse will drive the transistor 

Fig. 8.6 A three- transistor OR circuit. 

into conduction, possibly even saturation if the pulse amplitude is 
strong enough. The transistor so triggered will have its internal im-
pedance drop to a very low value, and the full battery voltage will 
appear across load resistor R1. When the base pulse ends, the transistor 
will lapse back into cutoff and the entire system again will become 
nonconductive. This arrangement is known as an OR circuit because a 

SL 

— —Vo 
= — 12V —4V 

Fig. 8.7 Another OR- gate arrangement. 

negative driving pulse at the base of transistor 1 or transistor 2 or tran-
sistor 3 will produce an output pulse. 
Another form of OR circuit is shown in Fig. 87. The PNP transistor 

is connected in the common-emitter arrangement. A negative voltage, 
—Ve., is applied to the collector through resistor R4. So long as no 
voltage is applied between emitter and base, the unit will be 
cut off. However, there are essentially three inputs, A, B, and 
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C, and a negative pulse applied to any one of these will drive the 
transistor into conduction and produce a positive output pulse at the 

collector. 
Diode Do serves two functions. It standardizes the output pulse 

amplitude and it prevents the transistor from going into saturation. 
One end of Do connects to —4 volts, while the other end is attached 
to the collector of the transistor. As long as the collector is more 
negative than —4 volts, Do will be nonconductive. However, the instant 
the collector voltage tends to become less negative than —4 volts, the 

  OUTPUT 

L—E  

co  

B 0  

=  

Fig. 8.8 A combination of AND and OR circuits. 

diode conducts and clamps the collector at the —4-volt level. Thus, 
so long as sufficient drive is present at the input, the output pulse 
amplitude cannot exceed 8 volts ( 12 volts — 4 volts). 
D, also prevents the transistor from saturating, because it does not 

permit the collector voltage to drop so low that the collector becomes 
more positive than the base. And until that happens, saturation cannot 

occur. 
It is readily possible to design combination AND—OR circuits to 

meet any given set of conditions. An example of a simple logic circuit 
combining AND and OR circuits is shown in Fig. 8.8. In order to pro-
duce a positive pulse across resistor Iii, one of the following conditions 
must occur: 
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1. A negative pulse at point A 
2. Simultaneous negative pulses at points B and F 
3. Simultaneous negative pulses at points B, C, and D 
4. Simultaneous negative pulses at points B, C, and E 

These combinations can be made as complex as possible, but they 
are all basically constructed from the simple AND and OR circuits dis-
cussed above. 

Flip-Flop Circuits 

In the foregoing gating circuits, the output conditions are maintained 
only as long as the input conditions are maintained. That is, they pos-

-3V 

R l 

330 
OHMS 

A 

2N501 

Cl C„ 
33 MME 33 MME 

—3V 

R7 

330 

2N501 

Fig. 811 A bistable multivibrator or flip-flop circuit. Repetition or switching rotes to 10 Mc are 
possible with this circuit and the 2N501 transistors. 

sess no memory, or the ability to remain "on" without being driven by 
the circuits that energized them originally. 

Bistable multivibrator. A circuit which can, in effect, remember or 
retain a certain condition indefinitely after the initiating force has been 
removed is a bistable multivibrator, commonly referred to as a flip-
flop circuit. A typical arrangement of such a circuit is shown in Fig. 
8.9. To understand the operation of this circuit, let us assume that 
transistor X, is conducting and transistor X, is cut off. For the "on" 
transistor, X, the collector voltage will be quite low because the col-
lector current, passing through R1, will drop enough voltage here to 
reduce the —3 volts from the power source to a value less than 1 volt. 
The base of X, has applied to it a positive 3 volts. Since X, is a PNP 

transistor, this 3 volts would ordinarily be sufficient to cut X, off. How-
ever, the base receives enough negative voltage from the collector of 
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X, to overcome this positive 3 volts and keep X, in conduction. The 
voltage at the collector of X, is equal to the full —3 volts because X2 

is nonconductive. 
Transistor X, is kept cut off because the positive voltage applied to 

its base is greater than the negative voltage received from point A. 
The condition described above, with X, "on" and X, "off," will con-

tinue indefinitely because it is a stable one. To reverse this set of con-
ditions, let us temporarily decrease the voltage at point B to zero. 
This will remove the negative offsetting voltage at the base of X, and 
permit the positive voltage to take over, cutting off this transistor and 
bringing the voltage at point A to —3 volts. This rise in negative 
voltage at point A will be transmitted through R2 and R5 to the base of 
X,. Here it will offset the positive voltage from the power supply and 
enable X2 to start conducting. The current flow that ensues will drop 
the voltage at point B to less than 1 volt. Thus, we now have reversed 
the operating conditions in the circuit, with X, cut off and X2 con-
ducting. Again, this is a completely stable state and will continue 
indefinitely unless something which will reduce the potential at point 

A, thereby initiating another switchover, comes along. 
Note that this circuit does not possess any frequency of its own, 

but will flip from one state to the other at a rate determined by switch-
ing pulses applied to the circuit. ( More on this in a moment.) There 
is a limit, however, to the number of switchovers per second that can 
be accommodated, since each switchover takes a period of time de-
termined essentially by the turn-on and turn-off times of each transistor. 
Coupling capacitors C, and C2 are inserted to bypass the coupling 
resistors R2 and R,, during the switching interval in order to bring the 
full force of the voltage change at point A or B to the base of the 
previously cut-off transistor as rapidly as possible. 

It was seen above that the switchover from one conducting tran-
sistor to the other could be achieved by momentarily lowering the 
voltage at the collector of the nonconducting transistor. To achieve this 
by means of triggering pulses, two additional transistors, X, and X,, are 
added to the circuit, Fig. 840. If, now, we assume that X, is conduct-
ing and X, is cut off, then a negative triggering pulse to the base of 
X, will drive this transistor sharply into conduction. The relatively large 
flow of collector current through R, will drop the voltage at point B 
and thereby initiate the switchover from X, to X,. 
By the same token, if X, is cut off and X, is conducting, a negative 

pulse at the base of X, will drop the potential at point A and cause a 

switchover. 
In place of the two switching transistors in Fig. 8.10, simple steering 

diodes can be employed. A typical bistable circuit, this one using NPN 
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X, 
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Fig. 810 A bistable multivibrator with triggering amplifiers X1 and X,. 

Fig. 8.11 A binary counter with switching diodes CR, and 02.2. 

transistors, is shown in Fig. 8-11. The two diodes, CR, and CR„ are 
connected in series Opposition between the two collector elements of 
X, and X. If we assume that transistor X, is conducting and transistor 

X, is cut off, then the potential at point 13 will be more positive than 
the potential at point A. This particular voltage arrangement will 
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forward-bias CR, and reverse-bias CR,. This means that any pulses 
along line A will be able to pass through CR, and reach point B. They 
will, however, be unable to pass through CR,. 
The multivibrator will remain with X, conducting and X, cut off 

until a negative pulse arrives on line A. This pulse appears across 
R, and counteracts the B+ potential at point B. This, in effect, grounds 
point B and triggers the switchover from X, to X„ as described above. 
When the change has been completed, X, will be conducting and X1 

will be cut off. Now, point A will be more positive than point B, 
causing CR, to become forward-biased while CR, is reverse-biased. 
When the next negative pulse arrives, it will be directed to point A and 
R1. Thus, by means of this shift in conduction from one diode to the 
other, incoming pulses are directed to the proper point in the circuit 

to initiate a switchover. 

Direct- coupled Bistable Multivibrator 

A modification of the foregoing bistable multivibrator which is 
especially interesting because of its extreme simplicity is the circuit 
shown in Fig. 8.12. If for a moment we disregard the switching tran-

Fig. 8.12 Direct- coupled bistable circuit with switching transistors. 

sistors X, and X4 ( which are the same here as in the previous arrange-
ment), then the multivibrator consists essentially of two transistors X1 

and X, and two resistors R, and R2. 
Operation here is the same as before. If we assume that X, is con-

ducting and X, is cut off, then the voltage at point A will be near zero 
and that at point B will be near 0.3 volt. The base voltage of X, will 
have a negative value determined by the resistance of R, and the input 
resistance of X,. The second transistor, X,, will be essentially cut off 
because its base is tied to point A, which is practically at zero voltage. 

Switchover from one state to the other is accomplished by dropping 
the base voltage of the conducting transistor enough to cause this unit 
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to stop conducting. This will bring the other transistor into conduction. 
The changover can be readily accomplished by feeding a negative 
triggering pulse to the base of the proper switching transistor, X3 or X4. 
The action here is the same as before. 

This particular circuit operates in the saturation mode so that the 
cutoff time will be lengthened by the storage effect. Furthermore, 
because of the direct coupling, the voltage swing across either load 
resistor is only on the order of 0.3 volt or so. The extreme simplicity 
of the circuit makes it very attractive, however. 

Typical values of operating current and voltage for this transistor 
flip-flop with — 1.5 volts supply potential and with load resistances of 
1,000 ohms are given in Table 8.2. The voltage at the collector of 

Table 8•2 Operating Current and Voltage for Transistor Flip- Flop 

"On" transistor "Off" transistor 

Collector-to-emitter voltage 
Collector current 
Base-to-emitter voltage 
Base current 

—0.05 volt 
1.43 ma 

—0.35 volt 
1.15 ma 

—0.35 volt 
20 pa 

—0.05 volt 
5.0 pa 

the "off" transistor is sufficient to energize the bases of several tran-
sistors. It does energize the base of the partner transistor in the flip-
flop. Conversely, the "on" transistor collector voltage is low enough 
to turn off the base of any transistors connected to it. 
Monostable multivibrators. Monostable, or one-shot, multivibrators 

have only one stable state, in contrast to the two stable states of the 
bistable circuit. To convert to one-shot operation, a capacitor C, and 
a resistor R2 are added to the circuit of Fig. 8-12. The result is shown 
in Fig. 8.13. Transistors X, and X2 form the multivibrator, while X2 
is added to trigger the circuit when this is required. 
The operation of this monostable multivibrator may be explained by 

reference to the waveforms shown in Fig. 8. 14. If R, and R2 are chosen 
to be about 1,000 ohms, R3 approximately 10,000 ohms, and capacitor 
C, about 50 p1zf, the steady-state conditions are as follows: 

Transistor X2 will be conducting heavily, and its collector voltage 
will be approximately —0.03 volt with respect to ground. This is suffi-
cient to ensure that X, is cut off. The collector voltage of X, will then 
be very near the supply voltage, in this case, — 1.5 volts. Assume that, 
up to the time of triggering, the base of X2 is not energized. This 
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condition exists from time to to time t,. At time t1, a negative pulse 
is applied to the base of X2, causing its collector voltage, and hence 
the collector voltage of X,, to be brought near ground potential. This 
positive pulse, appearing at the collector of X1, is coupled through C1 
to the base of X, and drives X2 to cutoff. During the time X2 is cut off, 

SWITCHING 
TRANSISTOR 

1 K 

Fig. 8.13 A monostable multivibrator. ( After R. H. Beter et al., Surface Barrier Transistor Switch-

ing Circuits, a paper of the Philco Corp., 19561 

o t' 
1 

t2 

Fig. 8.14 Waveforms devel-

oped in the circuit of Fig. 8.13. 

V is the voltage at the collector 

of Xi; V,•, is the voltage at the col-

lector of X2. 

its collector voltage will be sufficiently negative to force X, into satura-
tion. X, will remain in this condition until C, has discharged enough to 
permit X2 to conduct again. This occurs at time t2. Note that while 
the pulse obtained at the collector of X2 is a function of the time con-
stant of the circuit and is independent of the input or trigger pulse, 
above a minimum value, the pulse at the collectors of X, and X, may 
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be a function of the input pulse if the input pulse has a duration longer 
than that determined by the time constant of the circuit. With fixed 
values of resistances, the output pulse duration varies linearly with the 
value of the capacitor in the range of 0.2 esec to at least 130 esec using 
good high-frequency transistors. 

In this monostable multivibrator, the stable state occurs when X, is 
conducting and X, is cut off. The unstable, or transient, condition 
occurs when X, is cut off and X, is conducting. The output of such a 
multivibrator is an excellent square wave, and one of the most frequent 
applications of the circuit is to receive input pulses of different shapes 
and produce square waves at the same frequency. 
The third remaining type of multivibrator is the astable, or free-

running, type in which the circuit itself periodically switches one tran-
sistor from the conducting to the nonconducting state while its partner 
performs the reverse action. Such a multivibrator is described on 
page 174. 

Transistor Choppers 

Mention was made in a preceding chapter of the difficulties en-
countered in amplifying d-c or very low frequency signals. Special 
precautions must be taken to prevent drift of the operating point, 
and these almost always lead to more complex circuits with resultant 
higher costs, even if the desired stability can be achieved. 
One alternate method which has proved successful in dealing with 

d-c and low-frequency signals is the transistor chopper. In this arrange-
ment, the direct current or low-frequency alternating current is con-
verted to a much higher frequency alternating current by opening 
and closing a switch, i.e., the transistor, in such a way that the signal 
is first switched across a load and then removed. The waveform of the 
a-c signal across the load will be a function of the waveform of the 
applied signal and the properties of the device used as the switch. 

Certain types of transistor make excellent switches; i.e., they have 
two states: one in which they are conducting and one in which they 
are nonconducting. This switching action is entirely analogous to the 
operation of a conventional switch. 
The basic circuit of a transistor chopper is shown in Fig. 8-15. A 

square wave is applied to the base, turning the transistor on when the 
voltage is negative ( because this is a PNP transistor) and turning the 
transistor off when the voltage goes positive. At the output terminal, 
the collector, this has the following effect: When the transistor is cut 
off, the full signal appears at the collector; when the transistor is 
turned on, it is driven so strongly that the collector-emitter resistance 
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is zero ( ideally). This effectively places the collector at ground 
potential and reduces the output to zero. 
Note that the amplitude of the resulting output signal, during tran-

sistor cutoff, is governed entirely by the signal voltage applied to the 
other end of Ft1. The square-wave switching voltage does not have any 
effect on this output. By the same token, when the transistor is turned 

SIGNAL VOLTAGE 
TO BE AMPLIFIED 

OUTPUT Fig. 8.15 Basic circuit of a tran-
sistor chopper. (After P. L Schmidt, 

Voltage Conversion with Transis-

tor Switches, Bell Laboratories 

Record, February, 1958) 

on, the output drops to zero and again the switching voltage does not 
have any effect on the output. 

If the applied signal is a d-c voltage, the output will be a series of 
square waves with an amplitude equal to this d-c voltage. If the 
applied signal is a low-frequency a-c voltage, the output will be a 
series of squares whose amplitude varies sinusoidally, Fig. 8.16. 

r - 
SWITCHING 
VOLTAGE/ 

Fig. 8.16 The effect of a transistor chopper on a low- frequency a-c signal. 

The switching-voltage rate is generally set at 300 to 400 cps. This 
is high enough to provide an output signal that is readily amplified by 
fairly conventional circuits and yet low enough that no difficulty is 
encountered from transistor junction capacitances or time constants in 
the amplifier. 
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The simple circuit of Fig. 8.15 will work satisfactorily when signals 
of 1 volt or greater are to be converted and amplified. However, it 
frequently happens that voltages of several hundred millivolts or less 
need to be amplified. At these levels, recognition must be given to 
the fact that when a transistor is cut off, its impedance is not infinite 
because of the leakage current that flows through the collector-base 
junction and causes some voltage to appear across R,. This voltage 
bucks or opposes the signal voltage, producing an output voltage 
that is smaller than it should be. The leakage current is small, so the 
voltage drop it produces across R, is small, which is why this effect 
is important only with small signal voltages. 

INPUT 
SIGNAL 

Fig. 8.17 A series- pair chopper circuit. ( After R. B. Hurley, Transistorized Low-level Chopper 
Circuits, Electronic Industries, December, 1956) 

The leakage current that flows when the transistor is off is referred 
to as the offset current. 
By the same token, when the transistor is turned on, the collector-

emitter resistance is not zero, but some finite value. The voltage drop 
across this resistance is referred to as the offset voltage. Again, this is 
disturbing for small signal voltages. Thus, the offset voltage and off-
set current limit the lowest magnitude of signal that can be accurately 
chopped. 

Hence, when very small signals are to be amplified, the chopper 
circuit must be designed to minimize the magnitude of the offset volt-
age and current. Several ways in which this has been accomplished 
are described below. 
The circuit in Fig. 8.17 is known as a series-pair chopper circuit. 

The input signal, i.e., the d-c or low-frequency signal to be converted 
to higher-frequency alternating current, is applied to the collector of 
X,. The chopped signal is developed across RI„ in the collector cir-
cuit of X,. The square-wave switching voltage is brought to both 
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emitters simultaneously; thus, both X, and X, turn on and off 

together. 
When the transistors are turned on, they simply act as a low-resist-

ance path between input and output, permitting the input voltage to 
appear across RL. The offset voltages that develop across X, and X2 
oppose each other because of the back-to-back connection of the two 
transistors. The collector currents of the two units flow in opposite 
directions; consequently, the voltage drops produced across the tran-
sistors by these currents will likewise be opposite. And if the tran-
sistors have been carefully selected, the two offset quantities will be 

equal or close to it. 
Note that these collector currents flow in response to the square-

wave switching voltage. Once X, and X, have been turned on, the 
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Fig. 8.18 A balanced transistor chopper. 

I.2K 

input signal simply sees them as low-valued resistances and produces 
a current through them that develops an equal voltage across RL. The 

transistors are here being employed as true switches. 
When both transistors are turned off, the two offset currents like-

wise flow in opposing directions. Hence, the voltage they produce 
across the output is zero or very close to it. 
A somewhat different approach is taken in the circuit of Fig. 8.18. 

The emitters of the two transistors X, and X, connect to opposite 
ends of a common network formed by R„ R„ and Rz. Both transistors 

are triggered on and off alternately; when X, is on, X, is off, and vice 
versa. With no input signal, no output voltage should be obtained. 
This will not be true if the leakage currents of the two transistors are 
unequal. To offset any difference that may exist, Rz is made vari-
able. Through its adjustment, a position where the output voltage is 
zero for zero input signal will be found. This arrangement permits a 
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relatively inexpensive balancing of offset voltages and currents in the 
transistors used. When a signal voltage is applied, it will appear 
across the output for transfer to the a-c amplifiers that follow the 
chopper. 

In both preceding circuits, a second transistor is required to help 
balance the offset voltage and current existing in the transistor to 
which the input signal is applied. If the effects of this voltage and 
current can be ignored because of the signal magnitude, then the 
simpler arrangement of Fig. 8.15 will serve satisfactorily. But where 
the signal is in the millivolt range, minimizing the effects of the off-
set voltage and current is quite important. 

D-C to D-C Converters 

The transistor, as a switching element, is being employed in a vari-
ety of other devices, one of the most interesting of which is the d-c to 
d-c converter. In these converters, low-voltage direct current is con-
verted to alternating current having a frequency of several thousand 
cycles. The alternating current is stepped up and then rectified to pro-
vide a higher d-c voltage. 
The foregoing sequence has been employed for many years in the 

power supplies of mobile equipment such as auto radios. Here the 6 
(or 12) volts from the car battery is fed to a mechanical vibrator 
which changes the direct current to alternating current by simply in-
terrupting the current mechanically several hundred times a second. 
The a-c voltage is then fed to a transformer, stepped up to the desired 
output level, and finally rectified back to direct current. Not only is 
this process inefficient, but the relative frailty of the mechanical vi-
brator results in frequent breakdowns. In the transistorized approach 
to this problem, efficiencies of 85 per cent can be realized, and there 
are no moving parts to fail. Structurally, too, the transistorized con-
verter possesses considerable advantages. 
The schematic diagram of a d-c to d-c converter is shown in Fig. 

8.19. The heart of this circuit, where the conversion from direct to al-
ternating current takes place, is shown separately in Fig. 8.20a. The 
operation of this circuit depends primarily on the properties of the 
transformer core material. Core materials which have a square B-H 
curve, Fig. 8.20b, are selected, so that very little magnetizing current 
change is needed until the saturation flux level is reached. Hypersil, 

Ferroxcube, Deltamax, and Supermalloy are typical core materials that 
have been successfully employed. The abrupt saturation of the core 
produces changes in the feedback voltage which force the transistors 
to switch instantly when the transformer voltages become negligible. 
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To understand the operation of the circuit in Fig. 8-20a, let us sup-
pose that the d-c power has been applied. A slight unbalance in the 
circuit will cause more current to flow through one transistor than the 
other. Let us assume that more current flows through transistor X, and 
winding 2 than through transistor X, and winding 3. Assume also that 

Fig. 8-19 A d-c to d-c converter circuit. ( Bell Laboratories Record) 
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(b) 

Fig. 8-20 Basic circuit of the (a) transistor-core inverter and (b) dynamic hysteresis loop of the 

core. (Bell Laboratories Record) 

the core of the transformer is in the magnetic state represented by 1 in 
Fig. 8.20b. The flux in the transformer core now begins to change 
toward positive saturation, inducing a voltage in windings 1 and 4. 
This voltage makes the windings positive at the dots shown, while the 
other end of each winding becomes relatively negative. 
The voltage induced in winding 1 drives transistor X, quickly into 

saturation, while the voltage across winding 4 forces X, to cut off. The 
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total battery voltage, except for a small voltage drop across X, will 
appear across winding 2, and the flux in the core will change at a con-
stant rate determined by the voltage, the number of turns, and the 
core area. This constant rate will continue until positive saturation of 
the core is reached at point 2, Fig. 8.20b. At this instant, the current 
through the winding will increase sharply, driving the core deep into 
saturation. The induced voltages in the windings drop sharply, forc-
ing transistor X, to cut off. This quickly checks the flow of current in 
winding 2. 
With this drop in winding-2 current, the core saturation swings 

back to point B„ its residual value. This induces a voltage of opposite 
polarity in the windings, causing transistor X2 to start conducting. 
With X2 on and conducting quite heavily ( actually, it is quickly 
driven into saturation), the full d-c battery voltage is essentially ap-
plied across winding 3. With the current now flowing in a direction 
opposite to its travel through winding 2, the flux increases steadily in 
the opposite direction. During the interval the flux is changing from 
positive to negative saturation, the induced voltages are high enough 
to keep X, completely cut off and to saturate X2* 
When point 3 is reached, the current in winding 3 increases sharply, 

driving the core far into saturation. The induced voltages again fall 
quickly to zero, cutting off X2 and thereby checking the current in 
winding 3. It is at this point that the switchover occurs again, with 
the core flux now moving toward positive saturation. The action thus 
switches back and forth at a rate determined by the following factors: 
the saturation flux density of the core, the cross-sectional area and 
number of turns in the windings, and the value of the d-c voltage 
applied. 

The output, which appears across winding 5, is close to a square 
wave. This is rectified by a full-wave rectifier to provide a d-c voltage 
of higher level than the energizing source. The necessary filtering can 
usually be provided by a single capacitor because of the fairly high 
frequency of the a-c square wave. 

In the complete circuit, an additional resistor R, has been added to 
ensure circuit starting when the load on the system is high. This re-
sistor biases the transistors into action when the circuit is energized 
initially and oscillation starts immediately because of the increased un-
balance of the circuit. Also, 1-4 capacitors are shunted across wind-
ings 2 and 3 to suppress voltage spikes which would develop during 
the changeover periods due to the inductance in the circuit. These 
high-voltage spikes could damage the transistors. 
An idea of the small size of some of these d-c to d-c converters can 
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be seen in Fig. 8.21. The unit shown is designed for 30-watt output 
and 24-volt input. The casing has outside dimensions of 2 by 3 by 4 
in. and is frequently hermetically sealed. 
The high efficiency of the converter stems chiefly from the fact that 

when a transistor ( X, or X2) is driven into saturation, the voltage 
drop from emitter to collector is less than 0.5 volt. An interesting fea-
ture of this device is that the transistor can safely handle power which 
is perhaps as much as 10 times greater than its dissipation rating. This 
is because the switching time can be made small enough that the 
average dissipation is low. Maximum power obtainable from the con-

Fig. 8.21 The physical size of the d-c to d-c converter shown in Fig. 8.19. (Bell Laboratories Records 

verter is equal to the product of the battery voltage, the maximum 
current that flows through the transistors, and the circuit efficiency. 
Typical efficiency values range beween 80 and 90 per cent. 

Before we leave the subject of d-c to d-c converters, it should be 
noted that the circuit of Fig. 8-19 can also be employed without a 
rectifier in the output. In this case, the direct current of the battery is 
converted to a higher-value alternating current and then this alternat-
ing current is employed directly. In this form, the unit is known as a 
d-c to a-c inverter. 
One application of inverters is with magnetic amplifiers, where the 

direct current of a battery is transformed to alternating current and 
then utilized as a high-frequency carrier supply for such magnetic am-
plifiers. One of the disadvantages of a magnetic amplifier is that it 
possesses a slow response when operated from the usual 60- or 400-
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cycle power source. This can be overcome by raising the frequency 
of the power source feeding the magnetic amplifier, however. With 
conventional means, such as generators, this presents a formidable 
obstacle; with a d-c to a-c inverter, the job can be accomplished sim-
ply and with considerable compactness. 
Another use for inverters is in telemetering equipment, where infor-

mation concerning the conditions in a system must be sent over con-
siderable distances. A d-c to a-c inverter is extremely useful here be-
cause its output frequency is proportional to the applied d-c voltage. 
The latter quantity, in turn, can represent temperature, current flow, 
pressure, or any other quantity about which information is desired. 
Guided missiles and other unmanned aircraft make extensive use of 
telemetry for this purpose. 

Transistors in Power Supplies 

One extensive application which transistors have in common with 
tubes is in the regulation of the voltage or current output of a power 
supply. There are a variety of circuit arrangements possible, and some 
of the more basic ones are examined below. 

Transistor shunt regulator. A shunt-regulator arrangement, where 
the transistor is actually in shunt with the output, is shown in Fig. 
8.22. The collector of the regulating transistor is connected to the 
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RESISTANCE 

UNREGULATED 
INPUT VOLTAGE 

Fig. 1312 A transistor shunt-regulator circuit. 

LOAD 
RESISTANCE 

positive side of the output voltage line. Since an NPN transistor is 
being used, the positive voltage will reverse-bias the collector. The 
emitter is connected to the negative side of the output voltage line 
through a reference voltage diode. Another name for this reference 
diode is Zener diode, and if the potential applied to the diode is ex-
amined carefully, it will he seen that it is reverse-biased, 
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The characteristic curve of the Zener diode is shown in Fig. 8.23. 
When this diode is biased in the forward direction, the current flow 
through the unit will rise quite sharply at fairly low biasing voltages. 
When it is reverse-biased, however, it will be found that the cur-
rent is minute, on the order of microamperes, until a certain voltage, 
called the saturation voltage, is reached. At this point, the electrons 
or holes which form the leakage current are given sufficient energy 
to create other electron-hole pairs which add to the initial reverse 
current. This process builds up rapidly and leads to large increases in 
current for small further increases in voltage. The diode is now in the 
saturation region, and any attempt of the reverse voltage to rise is met 
by an increased current flow which tends to counteract the voltage 
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Hg. 8.23 Characteristic curve of a Zener 

diode. 

increase and thus maintain a steady voltage drop across the diode. 
This is indicated in Fig. 8.23, where the characteristic curve at point 
A drops almost straight down. This signifies that any attempt to in-
crease the reverse bias voltage is met by an increase in current, but 
practically no increase in voltage drop. ( To maintain these conditions, 
it is apparent that the internal resistance of the diode must also 
change. This is implied in the foregoing sequence of events.) 

In this state, the Zener reference diode establishes a fixed voltage. In 
the regulatory circuit of Fig. 8.22, this diode characteristic, in com-
bination with the transistor, acts to maintain a fairly constant output 
voltage in the following manner. The base of the transistor is con-
nected to the movable arm of potentiometer R, and the arm is so set 
that the base potential is slightly positive with respect to the emitter 
voltage. In this condition, current Ib flows in the base circuit while 
current I,• flows in the collector circuit. Both of these currents com-
bine to form the emitter current I. 
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Now, if the regulated output voltage increases, the base will become 
more positive than it was before. Since the emitter voltage is fixed by 
the reference diode voltage, the net effect will be to increase the base-
to-emitter potential. This will increase the current through the transis-
tor, which, in turn, will increase the voltage drop across the regulating 
resistance R, and decrease the output voltage. The correcting process 
continues until the output voltage is brought back to its initial value. 
The process is essentially the same for a decrease in output voltage, 

except that now the base-to-emitter voltage decreases, the collector 
current drops, less voltage is developed across R,, and the output 
voltage is brought back to normal again. All these changes require less 
than a second to occur. 

REGULATING 
RESISTOR 

UNREGULATED • REGULATED 
INPUT OUTPUT 

VOLTAGE VOLTAGE 

Fig. 8.24 A transistor shunt regulator using three transistors. 

The value of the regulated output voltage is determined by the po-
tentiometer setting. This, in turn, is limited by the operating range of 
the transistor as a function of base-to-emitter voltages. There can be 
no more voltage difference between the base and emitter than that 
which produces the safe maximum collector current. 

Stability of this arrangement will depend on the constancy of the 
voltage drop across the reference diode with changing values of cur-
rent. The smaller the current variation through the diode, the more 
constant the voltage drop. One way to achieve this, while still exer-
cising effective control of the output voltage over a range of voltages, 
is through the use of several stages of transistor regulators. This is 
shown in Fig. 8.24. 

In this circuit, two more transistors have been added to the preced-
ing circuit. The first stage compares the output potential to the refer-
ence potential and drives the second stage, which, in turn, drives the 
third stage. The first stage functions as before, except that its collector 
current becomes the base current for the second transistor. The col-
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lector current of the second transistor is an amplified version of its 
base current ( and, therefore, the collector current of the first stage). 
This second collector current becomes the base current for the third 
transistor and, at the output of the final transistor, the collector cur-
rent is a still further amplified version of its base or input current. 
No coupling networks are needed between stages because the sec-

ond transistor is a PNP transistor while the first and third are NPN 
units. Here we are making use of complementary symmetry, and the 

result is a circuit which is reduced to bare essentials. 
In Fig. 8.24 different sizes are specified for the three transistors. 

The first unit might be a 50-mw transistor operating at a collector 
potential of 10 volts. Then the maximum base current of the second-
stage PNP transistor should not exceed 5 ma. If we assume an am-

UNREGULATED 
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VOLTAGE 

Fig. 13.25 A transistor series regulator circuit. 

REGULATED 
OUTPUT 
VOLTAGE 

plification factor of 20 for the second transistor, its output collector 
current will be 100 ma. This, now, becomes the base current for the 
third transistor and, with the same amplification, a final collector cur-
rent of 2 amp is obtained. Hence, the final transistor must be a power 
unit designed to operate at this level. Such transistors are available. 

Series regulators. A regulation circuit which is more efficient than 
the preceding arrangement is the series circuit shown in Fig. 8-25. 
A PNP transistor is so connected that all of the load current must 
pass through it. The base of this transistor, X,, is directly connected 
to the collector of another transistor, X2, so that the base current of 
X, is determined by X,. This base current, in turn, will determine how 
much collector current flows through X, and the output load. 

In detail, the circuit operates as follows. The emitter of X, is held 
at a constant potential with respect to the positive output terminal. 
(This differs from the arrangement in Fig. 8.22, where the emitter is 
held at a constant potential with respect to the negative output termi-
nal.) When the output voltage tends to increase, the base voltage 
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rises, but not as much as the emitter voltage. Since the emitter volt-
age remains fixed with respect to the positive output voltage, the net 
effect of this action is to reduce the base-to-emitter voltage. This 
lowers the collector current of X., and also the base current of X,. 
The collector current of X, is thereby reduced, lowering the current 
flowing through the output load resistance. Thus, the output voltage 
rise is counteracted. 

When it is stated that the emitter of X, is held at a constant potential 
with respect to the positive output terminal, it means that when the 
output voltage rises, the emitter potential increases by exactly the 
same amount ( in order to keep their difference constant). On the 
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Fig. 13.26 A more elaborate transistor series regulator circuit. ( Delco Radio Div.) 
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other hand, the base voltage rise, under the same conditions, is gov-
erned by the setting of the center arm on R,. If this arm is at the mid-
point of the resistor, the base receives only one-half of the rise. Thus, 

it is seen that the emitter voltage will rise more than the base voltage. 
With a decrease in positive output voltage, the emitter voltage will 
drop more than the base voltage. That is, the difference between the 
positive output terminal and the emitter of X, remains constant, no 
matter what the output voltage may do. 
The setting of the arm on potentiometer R, will determine the 

value of the regulated output voltage. Resistor R, is selected to keep 
the reference diode in its saturated voltage region. 
While the regulation circuit of Fig. 8.25 is more efficient than the 

circuit of Fig. 8.24, X, must be a high-current transistor because it 
passes all of the circuit current. This would probably make this ar-
rangement more expensive than the prior one. A somewhat elaborate 
variation of this circuit is shown in Fig. 8.26. The basic purpose is 
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still the same, i.e., to vary the collector current through X, as the out-
put voltage varies. V, is the voltage drop across the reference diode 
CR,. V2 is a function of the output voltage. The voltage difference 
between V, and V, is used to bias the base of transistor X,. To under-
stand the operation of the circuit, assume that the output voltage has 
increased because of a change in the load. This calls for a decrease 
of the collector current in transistor X, so the output voltage will re-
turn to its former value. This decrease is accomplished in the follow-

ing manner. 
The rise in output voltage raises V, and increases the difference be-

tween V, and V,. This causes the base and collector currents of X2 
to rise. In turn, the base and collector currents of X, rise. The in-
creased collector current of X„ produces a greater voltage drop across 
R,, with the top end becoming more positive. This works counter to 
the bias requirement of X, and forces the collector current in this 
transistor to decrease, thereby bringing the output voltage back to its 

regulated value. 
In this arrangement, the effect on X2 for a change in output voltage 

is opposite to what it is for the same transistor in Fig. 8-25. This stems 
entirely from the difference in placement of CR,. In one case, Fig. 
8-26, it is connected directly to the negative voltage line, while in 
Fig. 8-25, it is tied to the positive line. Because of this difference, a 
second transistor is inserted between X, and X,. This is X, in Fig. 8-26. 

Should the voltage across X, rise above a preset value, it will cause 
the voltage-sensitive relay K, to operate. The excess voltage could be 
produced by a large increase in input voltage, by an overload, or by a 
short-circuited output. When relay K, operates, the emitter and base 
of X, are shorted together. This cuts off the collector current of X,. 
In this circuit, a fuse or circuit breaker would not react in time to 
protect the circuit from damage. Resistor R2 provides a bias current 
for the voltage reference diode CR,. R, protects X2 and CR, in the 
event X, should short from emitter to collector. Resistor R, provides 
an adjustment to control the operation of relay K,. Capacitor CI 
prevents high-frequency oscillations by reducing the loop gain to a 
safe level for frequencies at which the internal phase shift of the tran-
sistors would be significant. The forward voltage drop across diode 
CR2 provides additional collector bias for X,. Thus, transistor X, is 
able to cut off the collector current of X,. This diode is particularly 
useful at high temperatures. Finally, resistor R6 reduces the collector 
leakage current of transistor X,. 
The efficacy of this arrangement is revealed by the performance 

curves shown in Fig. 8-27. Note that as the load ( i.e., output wattage) 
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varies from approximately 2 watts to 25 watts, the output voltage de-
creases only 0.6 per cent, or from 12.60 volts ( normal) to 12.53 volts 
for an unregulated input voltage of 14 volts. When the input voltage 
is 20 volts, the percentage variation is even less. 

Series current regulator. Thus far, the circuits have regulated for 
a constant output voltage. However, in many applications a constant 
current is desired and, to achieve this, the circuit shown in Fig. 8.28 
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Fig. 8.27 Regulation characteristics of the circuit shown in Fig. 8.26. ( Delco Radio Div.) 
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Fig. 8.28 A transistor current regulator. (Delco Radio Div.) 

may be employed. All of the current must pass through transistor Xi; 
hence, the object of this circuit is to have changes in the output cur-
rent alter the internal resistance of X, so that these changes are coun-
teracted. This is achieved in Fig. 8.28 by causing all of the output 
current to pass through R, and 112. A voltage drop is produced across 
these resistors with the polarity indicated. At the same time, reference 
diode CR, establishes a fixed ( or reference) voltage with a similar 
polarity. 
The voltage applied between base and emitter, Veb, is then equal 

to 

Vd,= Vd — VI 
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where Veb = base-to-emitter voltage 
Vd = voltage established across reference diode 
V, = voltage drop across resistors R, and R2 

A typical value of Veb is 0.2 volt. In this specific circuit, Vd is approxi-
mately 8 volts. 
Now, as the load current varies, it will vary the voltage developed 

across R, and R2. This will cause the base-to-emitter voltage to change 
because Vd remains fixed. A variation in V eb will cause the collector 

current to vary, and thus regulation is achieved. 
R2 is made variable to permit adjustment of the output current to a 

specified level. Thereafter the circuit tends to keep the current at this 
value. 113, the 1,000-ohm resistor in the base load of the transistor, pro-
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hg. 8.29 Performance characteristics of the current regulator of Fig. 8.28. ( Delco Radio Div.) 

vides a keep-alive current for the reference diode. With loading, the 
transistor supplies a small portion of the current drawn by R3; there-
fore, less current will flow through the reference diode. R3 must 
draw enough current through the reference diode that the voltage drop 
across the diode will remain at 8 volts as the current regulator is 

loaded. 
A graph showing the performance characteristics of this circuit is 

given in Fig. 8.29. In general, the current supplied to the load will 
remain essentially constant until Rh, the load resistance, is increased 
in value to the point where the voltage drop across RL is as large as 

the voltage drop across R3. 

Null Detector 

Null detectors are useful instruments in the laboratory, on the pro-
duction line, and in the shop. One of their principal functions is to 
detect the low or zero point between two adjacent peaking points, 
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such as we frequently find when aligning a resonant system. Or it 
may be that a certain control has to be adjusted to a specific setting 
and, by the proper test setup, a null detector will assist in this opera-
tion. 
The circuit diagram of a null detector which has high sensitivity, 

moderately fast response to input-level changes, and the ability to 
withstand a large overload is shown in Fig. 8-30. Basically, the sys-
tem is a high-gain audio amplifier whose output is rectified and then 
fed to a d-c microammeter. When an a-f signal is fed into this circuit, 
it is amplified by the four transistor stages and then applied to trans-
former T,, where it is coupled to the secondary. Here, rectification 
takes place on both halves of the cycle. This can be seen by noting 

Fig. 8.30 A null detector. (After C. D. Todd, Transistor Null Detector Has High Sensitivity, Elec-

tronics; Feb. 1, 1957) 

that when the induced voltage in the secondary of T, is such that the 
top end of the winding is positive ( and the bottom end is negative), 
diode D, will conduct. Current will flow from the center tap, through 
the microammeter to D, and through D, to the upper end of the 
winding. During this interval, D, will be cut off because the signal 
voltage across the bottom half of the winding will reverse-bias the 
diode. 
On the next half cycle, the top end of the secondary winding will be 

negative and the bottom end will be positive. This will bring diode 
D, into conduction, and now current will flow from the center tap 
through the microammeter to D2 and then to the bottom end of the 
winding. During this interval, diode D, will be reverse-biased and will 
not conduct. 
At the input to the system, a small 1:1 transformer is employed. An 

input signal of 20 mv will cause full-scale deflection of the null meter. 
If higher input voltages are encountered, a voltage-dividing network 
will be required. 
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Position Pick-off, or Proximity, Limit Switch 

The circuit shown in Fig. 8-31 is a position pick-off, or proximity, 
limit switch. The system consists of a two-stage transistor amplifier 
in which the first stage acts as a linear amplifier and the second stage 
is biased to act as a detector stage. That is, the d-c collector current 
in transistor X, is almost linearly proportional to the a-c signal appear-
ing between its base and emitter. An a-c voltage, obtained from the 

SIGNAL 
REACTOR 1, 1 

FERROUS 
BODY 

115V-60". 

Fig. 8.31 The circuit of a ferrous- type proximity pick- off. ( After J. R. Walker, Applying Tran-

sistors, Automation, February, 1958) 

secondary of T„ is applied in equal measure to one winding of signal 
reactor L, and one winding of reference reactor L,. Coupled to each 
of these windings is a secondary winding and, in the absence of any 
ferrous body near L„ the voltages induced in these secondary wind-
ings will cancel completely because they are connected in series op-
position. Under this condition, no a-c signal will be applied to the 
base of X, and the control relay in the collector circuit of X, will 

not be energized. 
When a ferrous body is brought close to L„ an unbalance is created 

and a resultant a-c voltage will be fed to X,. This signal is amplified 
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and then applied to X,, where the output current will energize the 
control relay. 

It will be found that the amplitude of the a-c voltage present at the 
base of X, is inversely proportional to the spacing between L, and the 
ferrous body. If this spacing changes at a steady rate, i.e., linearly with 
time, the reactor voltage will change much more rapidly, and, as a 
result, the rise in amplified output at the base of X, will be steep in 
its change with time. Since the d-c collector current is proportional to 
the input at the base, this current will also possess a steep form. 
Repeated actuation of the control relay can be attained with a spacing 

N ON•FER RO US r 
PART 

I 1 

X, X, 

2N168 

12V DC 

Fig. 8.32 An r-f proximity pick-off circuit. (After J. R. Walker, Applying Transistors, Automation, 
February, 1958) 

between the pickup and the ferrous body of 0.5 in. and a longitudinal 
part travel of 0.015 in. 
The foregoing circuit is useful where ferrous objects only are to be 

detected because of the use of 60 cycles as the a-c signal. For the de-
tection of metallic bodies ( nonferrous as well as ferrous), a circuit 
such as that shown in Fig. 8.32 can be employed. The initial stage is 
a 460-kc oscillator in which the operating frequency is determined by 
the inductance of L, and the variable capacitor in the circuit. The 
signal produced by the oscillator is transferred via tuned transformer 
T, to X,. Here it is amplified and then transferred by means of tuned 
transformer T, to the linear detector stage X3. 

In the absence of a metallic body, the oscillator is tuned to 460 kc. 
Transformers 7', and T„, however, are tuned slightly off resonance, so 
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that the amplitude of the 460-kc signal reaching the detector X, is 
small and the control relay is not actuated. However, if a metallic 
object is brought near pick-off coil L„ its inductance will change. This 
will change the oscillator frequency to an on-resonance value for Ti 
and T2, and a large signal will be applied to X3. This will increase the 
average value of the d-c collector current in Xs and the control relay 
will be energized. 

This circuit will operate on an object—to—pick-off spacing of % in. 
and a longitudinal part travel of 0.030 in. 

Transistorized Counters 

Extensive use is made in industry of devices which are capable of 
counting a number of events and either stopping the operation after a 

Fig. 8.33 A transistorized preset counter. This instrument contains two identical sets of counting 

circuits to enable it to perform a dual function. One counting circuit is shown in Fig. 8.37. (Dynapar 
Corp.) 

certain number has been reached or else simply keeping track of the 
count so that a running total is always available. A preset counter 
which utilizes transistors throughout its design is shown in Fig. 8 - 33. 
This counter will respond to an incoming count rate up to 5,000 pulses 
per second with a sensitivity of 50 mv at 20,000 ohms input. Pulses 
with amplitudes of 150 volts ( rms) can be handled, although a special 
potentiometer is required above 4 volts. 
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The major components of the circuit include cold-cathode decade 
counter tubes, multivibrators either for more power output or for 
pulse sharpening, and coincident circuits to trigger the necessary re-
lays when the preset level has been attained. All transistors are type 
GT34HV, the HV designation signifying their ability to operate with 
higher than normal voltages. Up to six digits can be handled by the 
counter, either in single or dual arrangement, by the simple repetition 
of the basic coincident circuitry. 

Before a discussion of the circuit is undertaken, it might be desir-
able to examine first the internal structure and operation of a cold-
cathode decade counter tube. One such tube, shown in Fig. 8.34, op-

Fig. 13.34 A 6476 cold-cathode decade 

counter tube. (Sylvania Electric Products, 
Inc.) 

Fig. 8.35 Partial electrode arrangement in 

the counter tube of Fig. 8-34. 

erates on the principle that the ionization or starting voltage of gas-
filled tubes is lowered if ions or electrons are already present in the 
anode-cathode gap. Under these conditions, a glow discharge can be 
made to move from one cathode to an adjacent one by applying a 
relatively small negative voltage pulse to the new cathode, provided 
that electrons or ions are able to diffuse into this new anode-cathode 
gap. If a number of cathodes are positioned around a common anode, 
the glow discharge can be made to move in succession around the 
cathode circle by the successive application of negative voltage pulses 
to each cathode. 
The tube shown in Fig. 8.34 has 30 cathodes equally spaced on a 

circle about a central anode disk. The cathodes are divided into 10 
main, or output, cathodes and 20 intermediate guide cathodes—two 
of which are located between every main-cathode interval, Fig. 8.35. 
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The two guide cathodes are necessary to make certain that the glow 
always moves in the desired direction and does not return to the 
original cathode upon removal of the voltage from the new cathode. 
A description of the transfer mechanism from one main cathode to 
the next adjacent one will make this clearer. Assuming that a glow 
is present on K1, a negative pulse on G'2, Fig. 8.35, will move the 
glow to G',. At the end of this pulse, a second negative pulse is ap-
plied to G"2, moving the glow on to G",. Because the guide cathodes 
are normally biased above the main cathodes, removal of the negative 

G" 

Fig. 8.36 Electrode arrangement in counter tube with circuit connectiors. 

pulse from G " 2 means that the glow will go to a main cathode. The 
preferential influence of the ionization near K2 causes the glow to 
settle on K2 rather than return to K,. The glow will remain on K2 
until the sequence is repeated for the next set of cathodes. In prac-
tice, all of the G' electrodes are connected together, as are also all 
of the G" electrodes, Fig. 8.36. Although the negative transfer pulse 
is applied to all ten guide cathodes simultaneously, the priming in-
fluence of the discharge moves the glow to the guide cathode which 
is closest to the discharge. 
A positive-output-voltage pulse can be obtained from each main 

cathode as the glow moves onto it. It should also be noted that re-
versal of the pulse sequence applied to G' and G" will reverse the 
direction of the glow transfer. 
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The circuit diagram of the counter is shown in Fig. 8.37. Normal 
input signals from 50 mv to 4 volts can be applied to input terminal 
A; for higher voltages, up to 150 volts ( rms), terminal B must be used 
and the 200,000-ohm potentiometer must be adjusted to the proper 
level. The incoming signal is amplified by X, and then applied to R1 
and, from there, to the base of X,. The setting of R, is determined by 
the polarity of the incoming pulse, and both negative and positive 
polarities can be accommodated. This is accomplished in the follow-
ing manner. The emitter of X2 is connected to ground. Since this is a 
PNP transistor, the emitter-base junction will become forward-biased 
when the base is given a negative voltage. On the other hand, a posi-
tive or even a zero voltage at the base will cause the junction to be 
essentially reverse-biased and hence cut off. 
Now, R, is part of a voltage-divider network containing R2 and R2 

(as well as Ri). The top end of this network connects to +30 volts, 
while the bottom end of R2 goes to —45 volts. When the center arm 
of R, is turned to point C, the base of X, receives a negative voltage 
and X, is driven into conduction. On the other hand, when the center 
arm of R, is turned to the end closest to point D, a positive voltage is 
applied to the base of X2 and it becomes reverse-biased. 
When positive pulses are fed to X„ negative pulses appear at its 

collector. If Ri is set near point D, X2 is cut off. However, the arriving 
negative pulses at the collector of Xi will overcome the positive bias 
at the base of X2 and drive X2 into conduction. Once current flows 
through X2, it will also flow through X2, since the base of this tran-
sistor is negative and the unit is waiting for current to flow in its 
emitter circuit. Thus, driving X2 into conduction causes current to 
flow through X, and X2, and a positive voltage pulse will appear 
across R„. 

If negative pulses are applied to the base of X„ then positive pulses 
will appear at the collector of this transistor. If R, is set so that the 
base of X2 is already positive, and hence nonconducting, then the 
positive pulses will have no effect. For the positive pulses to produce 
an effect, R, is set so that the base receives a negative voltage. This 
causes X2 to conduct, together with X2. When a positive pulse appears 
at the collector of X1, it drives X2 into cutoff. This also cuts off X2 
and forces the voltage at the collector of X3 (at the top end of RG) 
to go sharply negative. 
The signal across R„ is fed to a Schmitt oscillator circuit, Xi and 

X5. Here the pulses are sharpened in form so that their sides are 
steep and they are quite flat on top. Then the signal is fed to a one-
shot multivibrator ( Xe, and X7), where they are further amplified. 
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The reason for using botli a Schmitt oscillator and a one-shot multi-
vibrator stems from the fact that the pulses sent to the counter tubes 
(to be discussed in a moment) should possess a constant level and a 
fairly constant form. If we vary both the frequency and the amplitude 
of the pulses which the counter tubes receive, the counting action 
tends to be unstable. By using the Schmitt circuit to produce clean-
cut pulses and the one-shot multivibrator to provide pulses of constant 
amplitude and duration, reliable counter operation is always obtained. 

Note, though, that if the frequency of the incoming pulses varies, 
variation will be retained in the pulses reaching the counter tubes. 
This, of course, is important, for otherwise the system would not 
operate. 

The output from X, is applied to X, for additional amplification. 
X8 is ordinarily conducting. When a positive pulse is received from 
X7, however, Xs is driven sharply into cutoff. This causes the voltage 
at the collector of X8 to drop from approximately +30 volts ( when 
Xs is conducting) to —45 volts when it is cut off. This negative pulse 
is fed to guide 1 of counter tube. 1. As indicated in the preceding dis-
cussion, it is necessary to apply a negative pulse to guide 1 and then 
to guide 2 in order to swing the glow discharge from one cathode to 
the next one. When Xs is cut off, a negative pulse is sent to guide 1. 
This same negative pulse is applied to the base of X, through a 
270-pef capacitor. Since X, is already conducting strongly, the negative 
pulse is without effect. However, if we refer back to the base of X8, 
we see that the positive pulse is applied to this transistor through an 
RC circuit consisting of a 0.001-4 capacitor and a 270,000-ohm 
resistor. The base of Xs is held positive until the 0.001-4 capacitor 
has had a chance to discharge sufficiently. Then Xs comes out of cutoff 
sharply, causing the voltage at its collector to rise to approximately 
+30 volts ( from the —45 volts it possessed during cutoff). This 
positive pulse cuts X, off, producing a negative pulse at its collector 
which is transferred to guide 2, thereby completing the action of 
swinging the glow discharge from one main cathode to the next. 

Initially, the counter-tube glow discharge is at the zero mark. When 
the action discussed above occurs and both guide 1 and guide 2 are 
pulsed negatively, the glow discharge swings to main cathode 1, etc. 
The counting action continues until the glow discharge reaches main 
cathode 9. With current flowing to this element, a positive voltage is 
developed across the resistor attached to this cathode. ( This action is 
similar to the action which takes place across the cathode resistor of a 
conventional electron tube.) The base of transistor X1, is connected 
to cathode 9, and the positive voltage at the cathode tends to cut X10 
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off. When the next incoming pulse arrives, however, the glow dis-
charge swings to the zero starting cathode and the positive voltage 
across the cathode 9 resistor drops to zero. This permits X,0 to come 
sharply out of cutoff, producing a positive pulse at its collector. This 
pulse, applied to the base of X11, drives this stage into cutoff, and the 
resulting negative pulse at the collector of X,, is fed to guide 1 of 
counter tube 2. The action of X,, and X,2 is identical to the action 
of Xs and X„, with the result that the glow discharge on the zero mark 
of counter tube 2 is swung over to the 1 position. 

Thus, if we have counter tube 2 mounted to the left of counter tube 
1 on the front panel, the visual indication will be 10. Every time the 
glow discharge of counter tube 1 swings around the tube and moves 
from position 9 to position 0, counter tube 2 moves from one main 
cathode to the next. When 99 is reached, a pulse from cathode 9 of 
the second counter tube is transferred to a third counter tube ( record-
ing the hundreds numbers) by means of a network similar to that of 
X,,,, X, and X,2. As many similar circuits can be arranged sequentially 
as desired. 

If it is desired to reset all the counter tubes to zero, a large negative 
voltage is placed on the zero cathode. This is done in Fig. 8.37 by 

closing manual switch SI. 
Many things can be done with this counting circuit. It can be made 

to trigger one or more relays after a certain number has been reached, 
producing a visual indication or automatically stopping an operation. 
Or it can be employed to start a second sequence of events after a 
preset number has been reached. The same circuit will measure fre-
quency, control engine speed, regulate automatic feeds, cut material 
to length, and make continuous thickness measurements. Counting cir-
cuits are basic to many industrial processes, and the foregoing arrange-
ment is an example of how such circuits can be designed wholly with 
transistors. 
The foregoing represent some of the applications made with tran-

sistors outside the fields of radio and television. The range of such 
usage is so broad that only a few typical illustrations could be ex-
amined here. However, with an understanding of basic transistor op-
eration and its use in the circuits which have been discussed, the 
reader is well fortified to unravel any other uses to which the tran-
sistor may be put. 

QUESTIONS 

8.1 Draw the diagram of a simple transistor switching circuit. 

Explain how it operates. 
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8.2 Why does it sometimes happen that the output pulse of a 
transistor amplifier is wider than the input pulse? 

8.3 How can pulse broadening of the type described in Question 
8.2 be prevented? 

8.4 Explain how the circuit of Fig. 8.4 functions. 
8.5 What is the difference between an AND and an OR circuit? 
8.6 If transistor E in Fig. 8.8 became defective and ceased to 

conduct, how would this modify the operation of the circuit? 
8-7 Describe the operation of the bistable multivibrator of 

Fig. 8.9. 

8.8 What purpose do triggering amplifiers serve with bistable 
multivibrators? 

8.9 Show another way of triggering such multivibrators. 
8.10 What advantages and disadvantages do direct-coupled bi-

stable circuits possess over a-c-coupled circuits? 
8.11 Draw the diagram of a monostable multivibrator and ex-

plain how it functions. 

8.12 What is a d-c to d-c converter? Where would it be employed? 
8.13 Explain briefly the operation of a d-c to d-c converter. 
8.14 What is a Zener diode? What characteristic makes it valuable 

for voltage regulating? 

8-15 Show the use of a Zener diode in a transistor voltage-reg-
ulator circuit. 

8.16 What is the difference between series and shunt regulation? 
8.17 Draw the circuit of a simple series regulator and explain 

how it operates. 

8.18 How does the circuit of Fig. 8.31 detect the presence of 
ferrous bodies? 

8.19 What type of circuit is required to detect nonferrous metals? 
8 20 How does the 6476 cold-cathode counter tube function? 
8•21 Explain briefly the operation of the circuit of Fig. 8.37. 
8.22 Draw the circuit diagram of a transistor chopper. Explain 

how the chopper operates. 

8.23 What is offset voltage in a chopper? Offset current? What 
is their importance? 

8.24 When would the chopper circuit of Fig. 8.15 work satisfac-
torily? When would the circuit of Fig. 8.18 be required? 



CHAPTER 9 

Additional Transistor Developments 

THE VACUUM TUBE, at the outset of its development, contained 
only a filament and a plate. This was the diode. Eventually, Lee De 
Forest added a third element, the grid, and the triode came into being. 
As time went on and engineers became electronically more sophisti-
cated, other elements were added, until today there is a vast assort-
ment of tube types and structures capable of performing an almost 

incalculable variety of jobs. 
In analogous fashion, the initial work on semiconductor electronic 

devices started with the diode, then followed with the triode and, 
more recently, the tetrode. In addition, variations, modifications, and 
new structural types of semiconductor devices are being constantly 
developed, and there is every reason to believe that after a number of 
years there will be as many different transistors as there are tubes, 
each designed to perform best within a certain range of applications. 

It is the purpose of this chapter to examine the operation of those 
"other" transistors which have been developed to date. Some of them 
will bear a very close resemblance to the transistors already discussed; 
others will be entirely different. We shall also discuss a recent devel-
opment of semiconductor manufacturers: the production of complete 
circuits using semiconductor elements. These circuits contain not 
only one or more transistors but also resistors, capacitors, and even 
inductors, each fabricated using basically the same manufacturing 
techniques as those employed for transistors. These new devices are 
known as solid-state circuits, and they are beginning to appear in 
increasing numbers. 

Photosensitive Transistors 

An application for which the transistor is receiving considerable 
attention from designers is its use in photoelectric equipment such 

314 
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as flame detection, automatic door openers, light dimmers, burglar 
alarms, counters, and the like. The interest in this particular direction 
is spurred on by the fact that whereas phototubes deliver micro-
amperes of current, phototransistors deliver milliamperes. This means 
that intermediate amplifiers which are needed with phototubes to 
build up the minute currents to usable proportions can, with photo-
sensitive transistors, often be eliminated. In addition, there is a 
further saving in power because of the lack of filament heating and 
a greater efficiency in power utilization where amplification is 
achieved. 

A phototransistor that was developed by the Bell Telephone Lab-
oratories is shown in Fig. 9.1. The heart of the device is a pill-shaped 
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Fig. 9.1 A phototransistor that was developed by Bell Laboratories. ( After J. N. Shive, The 
Phototransistor, Bell Laboratories Record, August, 1950) 

wafer of germanium having a spherical "dimple" ground in one side 
so that the thickness of the wafer at the center is about 0.003 in. The 
wafer is forced-fitted into one end of a metal cartridge, and a pointed 
phosphor-bronze wire is brought into contact with the wafer at its 
center. This wire is called the collector. The far end of the wire fastens 
to a metal pin embedded in an insulating plug which is held in posi-
tion at the opposite end of the cartridge. ( The second electrical con-
tact to this phototransistor is the cartridge case itself.) 
The wafer is made of N-type germanium; hence, it contains an ex-

cess of electrons. The area directly beneath the collector wire becomes, 
under the action of a forming current, P-type germanium. This gives 
us a diode which will function in the same manner as other PN junc-
tion diodes previously described. That is, if it is biased in the forward 
direction, current will flow easily; if it is biased in the reverse direction, 
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only a minute current will flow. In its present application, this photo-
transistor is biased in the reverse direction and the small current that 
flows is called the "dark current." When light is directed on the 
germanium wafer, the amount of current flowing increases in propor-
tion to the light intensity. This is explained rather simply by the fact 
that the energy which the germanium wafer absorbs from the light 
quanta serves to break a number of covalent bonds, producing equal 
numbers of electrons and holes. Under the influence of the applied 
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Fig. 9.2 Manner in which the current output will vary as a spot of light is moved across the 

responsive area of the phototransistor shown in Fig. 9•1. 



ADDITIONAL TRANSISTOR DEVELOPMENTS 317 

reason, the phototransistor is combined with a small glass lens that 
focuses the arriving light rays into a narrow beam which is restricted 
principally to the desired area. The reason that this is desirable is 
that electrons and holes which the light quanta produce at points rela-
tively far from the PN junction point recombine before they reach the 
junction. The greatest possibility of avoiding recombination occurs at 
the junction point; the longer the distance that the electrons and holes 
must travel, the greater the possibility of recombination with an op-
posite charge. 

It was noted in Chap. 1 that light quanta must possess a certain 
minimum amount of energy in order to move an electron from a 

e z 0 
Ill Lai _1 
Ow 
—J œ  una INFRA RED 
mio >" cet t i 1 1  
0.5 1.0 1.5 

WAVELENGTH IN MICRONS 

O 2.0 

Fig. 9.3 The relative quantum efficiency (in arbitrary units) vs. the wavelength of the incident 

light for the phototransistor in Fig. 9.1. 

lower to a higher level. Since the energy of a light quantum varies 
inversely with the wavelength of light, it follows that the photocon-
ductivity response will depend upon the wavelength of the incident 
light. Figure 9.3 shows this dependence for the phototransistor of 
Fig. 9.1. The long-wavelength limit occurs in the vicinity of 2.0 1.L. 
Thereafter, as the wavelength becomes smaller, the response rises 
sharply and then slowly starts to fall off. 
An interesting sidelight is the observed behavior that when the 

quantum energy of the incident light becomes sufficiently great, elec-
trons may be given enough of a "push" to enable them to escape com-
pletely from the germanium wafer. The substance now becomes photo-
emissive. To achieve this effect with germanium would require that 
ultraviolet light be employed. Since only the photoelectric effect is 
desired ordinarily, conventional incandescent light sources are em-
ployed. 
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The phototransistor just described is of point-contact construction. 
A similar unit possessing a PN junction assembly may also be devised 
with comparable results, Fig. 9.4. Here, too, response will be greatest 
when the light is directed at the junction; it will drop off gradually 
as the distance from the junction increases. 
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Fig. 9.4 A junction phototransistor. 

Another form of phototransistor employs an NPN type of construc-
tion in which only the central base section is photosensitive, Fig. 9.5. 
No connection is made to the base. However, a voltage is applied 
across the two end sections. The end to which the negative battery is 
connected is the emitter; the other end section serves as the collector. 

Fig. 9.5 An NPN phototransistor. Light is 

directed onto the photosensitive center 

section. 
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Without any external voltage at the base forcing the holes there to 
move toward the emitter junction, combinations at that junction with 
emitter electrons are quite low and only a minute current flows 
through the transistor. When light is focused on the photosensitive P 
section, however, holes are formed in sufficient quantity to produce 



ADDITIONAL TRANSISTOR DEVELOPMENTS 319 

as much as 4 to 6 ma of current through the load. With that amount 
of current, a relay can be operated directly. 
The current-amplifying properties of a transistor are also utilized in 

this application. That is, a small change in emitter-base potential, 
produced here by light, results in a sizable change in collector current. 
The P zone must be made exceedingly thin. Furthermore, each of 
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Fig. 9.6 (a) Circuit diagram of a phototransistorized counter. (b) The phototransistor employed 
to dim automobile headlights automatically. 

the two N sections, especially the emitter, must have low resistivity. 
To raise the current flow for a specific light intensity, the applied 
voltage can be made greater within the permissible dissipation limits 
of the transistor. 
Two applications of the foregoing phototransistor are shown in Fig. 

9.6, and the simplicity of each circuit is immediately apparent. The 
first diagram, Fig. 9-6a, is that of a photoelectric counter. Light is 
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collected and focused on the sensitive base region of the phototransis-
tor by a collecting lens. The unit develops several milliamperes of 
current which flows through and actuates a sensitive relay. Closing the 
relay discharges a capacitor through a mechanical counter. Such a 
device will work on an ordinary pocket flashlight at distances up 
to 50 ft. 

Figure 9. 6b presents the diagram for an automatic automobile-
headlight dimmer. The circuit contains the phototransistor with a 
single grounded-emitter amplifier in a d-c network. A 6-volt battery 
is connected across part of a voltage-divider network, between points 
B and C. Because of the battery polarity across these two points, the 
top end of R, is more positive than the bottom end. Since the top end 
of Ri connects to the base of X, and the bottom end to the emitter, 
the base-emitter circuit is reverse-biased and the transistor is cut off. 
This is true with the switch open or with the switch closed and no 
light reaching the phototransistor. ( With the phototransistor not illumi-
nated, its internal resistance is very high, amounting almost to 
an open circuit as far as the 6-volt battery is concerned.) With 
no collector current flowing through Xi, relay RLi is not actuated. 
Under this condition, the relay arm touches the right contact, closing 
the path for /IL, and actuating this relay. This pulls the contact arm of 
RI, to the left, and the high-beam lamp is turned on. When an on-
coming car appears, its light causes the phototransistor impedance to 
drop sharply. Now current from the battery can flow through this unit 
to point A and then down to point B and the positive terminal of the 
battery. The voltage drop across AB opposes the voltage across /11, 
and X, is driven into conduction. Collector current now flows, the 
arm on RL, is drawn to the left, and the current path through RL2 
is opened. This releases the RL, arm, and it swings to the right, com-
pleting the circuit for the low-beam lamp. 

Still another phototransistor design is shown in Fig. 9.7a. The unit is 
basically an NPN transistor except that both N sections have been 
specially treated for photosensitivity. When light is directed at the 
left-hand PN junction, there is generated an internal voltage which 
causes a current to flow through the phototransistor and the external 
load without the need for a power supply. When the same light is 
focused on the right-hand PN junction, there is developed a similar 
voltage which causes current to flow through the phototransistor and 
the load in the opposite direction. 
One application of this device is shown in Fig. 9 .7b. Beams from 

lamps L, and L, are focused onto the phototransistor. L, may be a 
standard lamp with fixed intensity, while the intensity of L, may be 
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variable. The lamps illuminate S, and S2, two points which are equi-
distant from the two junctions. When the lamps are equally bright, 
they generate equal and opposite voltages and no current flows 
through the load. If L2 grows brighter, the net voltage across the 
transistor load will be negative; less light from L2 will produce a 
voltage which is positive. 

These fluctuations in output voltage are fed to a control device. 
When the voltage is negative, L2 is made dimmer; when the voltage 
is positive, L, is made brighter. Thus the circuit tends to maintain the 
lamps equally brilliant. 
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Fig. 9.7 ( a) An NPN phototransistor in which both N sections are made photosensitive. (b) An 

application of the NPN transistor in ( a) to control light. ( Patent 2,641,712, R. J. Kircher, Summit, 
N.J.; assigned to Bell Telephone Laboratories, Inc.) 

The circuit arrangement in Fig. 9.71) may be employed in photo-
graphic exposure-control processes, in stage light-intensity-control sys-
tems, and in infrared baking processes. It may also be employed in 
translating or transcribing systems for coding, decoding, and informa-
tion-blending systems. 

Tetrode Transistors 

The tetrode transistor is basically an NPN junction unit of the 
type already described except that a fourth electrode, labeled 192, is 
attached to the base layer at a point which is on the side opposite the 
original base connection 1,1, Figs. 9.8 and 9.9. A potential which 
is considerably higher than the normal emitter-to-base potential is 

applied to this second base lead. The normal emitter-to-base voltage 
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is generally on the order of 0.1 volt. On the other hand, b„ is given 
a potential of about —6 volts. This voltage is fixed and will not vary 
with the signal, since the latter still is applied between the emitter 

and base b1. 
The presence of this large bias voltage at b, will modify the flow 

of current through the transistor. In the unit shown in Fig. 9.8 the 
emitter and collector sections are formed of N-type germanium and 
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Fig. 9.9 The transistor tetrode with suitable d-c biasing voltages. Although not shown, the 

incoming signal would be applied to the emitter and the load resistor would be inserted in the 

collector circuit. 

the base of P-type germanium. The application, then, of a relatively 
large negative potential to b, serves, in the base region under the 
influence of this voltage, to restrict the flow of electrons from the 
emitter to the collector sections. 

It can be seen from Fig. 9.9 that the —6 volts is applied between 
b, and b1, or, actually, across the length of the base region. Since the 
base has an internal resistance, the voltage decreases uniformly from 
—6 volts at the top to 0 volt at the bottom. The voltage is negative 
enough at all points except near the bottom edge of the base to 
prevent any flow of electrons from the emitter across the base to the 
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collector. At the bottom edge, the 0.1-volt forward bias between b1 
and the emitter will permit electrons to travel from emitter to collector. 
Thus, the addition of connection b, and the application of a nega-

tive voltage there alters the flow lines in the conventional NPN tran-
sistor to the extent shown in Fig. 9.10. The ability of this modification 
to improve the high-frequency operation of this transistor stems from 
two factors. First, the collector capacitance is reduced by decreasing 
the effective active area of the collector junction. Second, the effective 
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Fig. 9.10 The flow of carriers in the transistor tetrode. Note how little of the base section is 

actually used. 

area of the base is reduced substantially, which means that the active 
base resistance is reduced. A low base resistance, we have previously 
seen, is conducive to improved high-frequency operation. 
As the tetrode transistor is employed conventionally, b, has a fixed 

negative voltage. The other three elements are then used as they 
would be in a triode transistor. That is, the input signal is applied 
between emitter and base and the output signal is taken from the col-
lector circuit. Circuit arrangements remain the same. 

Active use of b„, rather than the passive role indicated above, has 
also been made. For example, in Fig. 9.11a, the tetrode transistor is 
employed as a modulator. The r-f carrier signal is applied to the 
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emitter, while the audio voltage is impressed at 1)2. Both the emitter 
base bi and the base b, biasing voltages are obtained from the same 
bias battery, although each circuit is isolated from the other by resistors 
R, and R2. The changing audio voltage affects the amount of carrier 
current flowing through the transistor and, in this way, alters or modu-
lates its amplitude. The modulated signal appears across the load for 
transference to the rest of this system. 
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Fig. 9•1 I (a) Tetrode transistor employed as a modulator. ( b) Tetrode transistor connected as a 

frequency converter. 

In Fig. 911b the tetrode transistor is shown connected as a fre-
quency converter. Transformer T, feeds energy back from the output, 
or collector, circuit to the b2 base terminal. If the polarity of the feed-
back voltage is correct, oscillations will occur. At the same time, the 
received signal is applied to the emitter. Interaction of this signal with 
that from the local oscillator produces sum and difference frequencies. 
Transformer T, is tuned to the i-f or difference-frequency signal, and 
this is then fed to several i-f amplifier stages, as in any conventional 
radio receiver. 
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Ultrahigh-frequency Transistors: The Coaxially Packaged Transistor 

The search for useful high-frequency transistors has recently led 
to the development of transistors capable of performing at microwave 
frequencies. Improved performance at these ultrahigh frequencies has 
successfully been obtained by studying not only transistor geometry 
and physics but also transistor packaging and construction. One result 
of such an investigation is the coaxially packaged PNP microalloy dif-
fused-base transistor. See McCotter, Walker, and Fortini, Coaxially 
Packaged MADT for Microwave Applications, IRE Transactions on 
Electron Devices, vol. ED-8, no. 1, January, 1961. 
Some mention has already been made ( Chap. 3) of the major fac-

tors which limit the high-frequency operation of a transistor. These 
were seen to be primarily the base width, base resistance, and emitter-
and collector-junction capacitances. By providing graded doping of the 
base, with its resultant electric field which shortens the carrier transit 
time through the base, the drift, or diffused-base, transistor was found 
to offer a higher operating-frequency limit. The principal difference 
between the diffused-base transistor and this new microwave device 
is in the reduction of electrode size and in the use of a unique coaxial-
package construction. 

Although the basic transistor is fabricated by techniques common 
to diffused-base transistor manufacture, there are several important 
differences. To keep the base resistance to a minimum, the entire sur-
face of the emitter side of the germanium blank is a heavily doped, 
low-resistivity material. This sheet of low-resistivity material, which 
extends up to the edge of the emitter etch pit, acts as a metallic ( low-
resistance ) base connection. The emitter pit is etched deep enough 
into the diffusion layer to obtain a high hole ( PNP) injection efficiency. 
However, it cannot be made too deep or the resistance in the emitter 
region will increase; also, the etch pit must be kept very small to 
keep the base resistance low and to minimize the emitter-junction 
capacitance. The collector is located in the high-resistivity region of the 
graded base, although when the collector voltage is applied, the 
depletion layer extends into the graded region, and this keeps the base 
transit time low. If the collector is too far from the graded region, the 
collector capacitance will be very low but the operating voltage will 
necessarily have to be high in order to have the depletion layer extend 
into the diffused-base region. 

All of the above-mentioned techniques are aimed toward optimizing 
the internal transistor itself. In addition, there is the problem of making 
the capacitance of the transistor much smaller than the capacitance 
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developed by the package in which the transistor is enclosed. For 
example, the collector-base junction capacitance of the transistor can 
be made as low as 1/, p.pl. However, the capacitance between external 
collector and base electrodes of a common transistor package is be-
tween 1/; and 11/2 ctf. This will overshadow the actual transistor 
capacitance. Thus, if transistors are to be useful in the microwave 
region, package capacitance must certainly be reduced. 

Since it is extremely difficult to reduce package capacitance below 
1 pp.f, one may well ask, "Just what capacitance is the most important 
to reduce?" The impedance levels at input and output are fairly low 
in ultrahigh-frequency work; therefore, stray capacitance to ground 
at input and output is of a lesser importance. The big problem is 
feedback capacitance, i.e., capacitance between input and output. 
Feedback capacitance between input and output is detrimental in 

C FEEDBACK 
OUTPUT 

INPUT 

t\AAAJ 

Fig. 9.12 The stray feedback capacitance between collector and emitter of a common- base 

amplifier. 

three respects: first, it reduces the bandwidth of a low-pass amplifier; 
second, it reduces the power gain of a tuned amplifier; and third, it 
causes circuit instability, i.e., oscillation. Another consequence is a 
lowering in the maximum frequency at which the transistor can be 
used as an oscillator. From this we may conclude that a primary 
feature of a good high-frequency transistor package is a low feedback 
capacitance, or good isolation between input and output. 
One useful method of reducing the feedback between input and 

output is to establish a ground plane between the input side and the 
output side of the transistor. The previous feedback capacitance then 
becomes stray input and output capacitance to ground. For example, 
consider Fig. 9.12, which shows a common-base amplifier with stray 

feedback capacitance. Now consider the same transistor with a ground 
plane between emitter and collector, as shown in Fig. 943. The feed-
back capacitance here is divided by 2, but, more importantly, the 
capacitance is now to ground and not between input and output. 
Figure 9.14 shows a simple way in which a ground plane is established 

between input and output. 
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Fig. 9.13 A ground plane, inserted between emitter and collector, will reduce the effect of the 
feedback capacitance. 
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Fig. 9.14 A simple way of establishing a ground plane between input and output of a transistor 
The transistor size is greatly exaggerated. 
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Fig. 9.15 Coaxial transistor package. 

A more advanced package, the coaxial package, was developed to 
house kilomegacycle transistors. The coaxial package is presently 
available only in the common-base configuration; however, common-
emitter packages should be available shortly. 
A cross-sectional view of the transistor mounted in its coaxial pack-

age is shown in Fig. 9.15. The transistor blank is mounted on a copper 
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base, and this serves two purposes. It provides a contact to the outside 
shell ( base lead) and also acts as an electrical shield ( ground plane) 
between the emitter and the collector ( connection pins). Further-
more, it provides a good heat-sink connection between the transistor 
and the package. The copper shell is sealed with a glass insulator to 
the connecting pins. The two halves which make up the shell are cold-
welded; hot welding leads to the formation of gases inside the package. 
The whiskers extend into the copper connecting pins where they are 
crimped for electrical contact. A dimensioned outline of the package 
is shown in Fig. 916. The diameters of the shell and pins are such 
that the characteristic impedance of the package is 50 ohms. 
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Fig. 9.16 Dimensioned outline of transistor package. 

To gain an idea of the performance capabilities of this device, let 
us compare it to a typical high-frequency transistor, the 2N502. Except 
for the coaxial package and the emitter size, the devices are very simi-
lar; they are both MADT transistors and both have the same diffusion 
gradient and the same emitter and collector locations with respect to 
the diffused-base region. A few of the more important parameters are 
given for comparison in Table 9.1. 

Table 9. 1 Parameter Comparison 

Collector voltage 
Collector current 
Base resistance 
Emitter-junction capacitance 
Collector-junction capacitance 

fmax 
Power gain 

2 N502 

—10 volts 
2 ma 

30 ohms 
17 lad 
0.45 if 

894 Mc 
11 db 

(at 200 Mc) 

Coaxial 
transistor 

—25 volts 
2 ma 
10 ohms 
8.8 IÁJ4f 
0.16 laid 

3, 500 Mc 
11 db 

(at 1,000 Mc) 
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Note that all of the parasitic parameters are reduced, thus permitting 
a much improved maximum frequency of oscillation fn.. Finally, note 
that the coaxial transistor offers 11 db of power gain at 1,000 Mc, 
whereas the 2N502 yields the same gain at only 200 Mc. 

PNPN Transistors 

A class of four-layer semiconductor devices has been developed to 
serve primarily as switching devices. These devices, known as PNPN 
transistors, are available with two or three terminals. 
The basic physical construction of a PNPN transistor, Fig. 9.17, 

consists of alternate layers of P-type and N-type germanium or silicon. 
Each P zone has an excess of holes; each N zone has an excess of elec-
trons. In the two-terminal PNPN units, connection is made to the end 

P N P N P P v 

Fig. 9.17 Basic physical construction of a Fig. 9.18 A PNPN transistor with voltage 

PNPN transistor. applied. 

semiconductor sections. This is shown in Fig. 9.17. In the three-
terminal PNPN units, a third connection is made to the P section 
closest to the end N section. This third connection or terminal is known 
as the "gate." 
Two-terminal PNPN transistors. The mode of operation of a two-

terminal PNPN transistor can be understood by applying a voltage 
across the ends of the device as shown in Fig. 9.18. The positive side 
of the voltage goes to the P end section, and the negative side of the 
voltage connects to the N end section. This polarity voltage will cause 
junctions L and J3 to be forward-biased. The intermediate junction, 
12, will be reverse-biased because the voltage on the N side is relatively 
positive with respect to the voltage on the P side. Thus, junction 12 
will possess a considerably higher impedance than junctions L and J. 
Nearly all of the applied voltage will appear across 1,, and the current 
that flows will be largely that characteristic of a reverse-biased diode. 
The overall impedance of the unit is very high, on the order of several 
hundred megohms. 
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As the voltage across the PNPN transistor increases, the electric 
field produced across 12 will similarly rise. This, in turn, will cause 
more current to flow through the transistor and its external circuit. 
The current rise will follow the curve in region I of Fig. 9.19. At a 
certain value, the voltage will permit carriers from the two end sections 
to acquire enough energy at 12 to dislodge additional carriers, pro-
ducing a form of avalanche breakdown analogous to a Townsend dis-
charge in gases. The action feeds on itself, quickly producing a current 
flow whose value is limited only by the resistance of the external circuit. 
This behavior is depicted by regions I and II of the characteristic 
curve, Fig. 9-19. The breakdown commences at Vu; at this point, cur-
rent /u is flowing. Thereafter, the voltage drop across the PNPN device 

111 

Fig. 9•19 Voltage-current characteristic of a PNPN transistor. Region I is the high- resistance 

region where little current flows. Point V., 1„ is the low-resistance point. 

decreases quite rapidly with current increase. Note that this is a condi-
tion of negative resistance because the voltage drop is decreasing while 
the current is increasing. 
The foregoing action finally results in a condition of zero voltage 

drop across the center junction, at which time it acts as an emitter as 
well as a collector. The device is then "closed," the two center sections 
are flooded with charge, and the overall impedance is exceedingly low. 
We are now at the lowest point of the curve, between regions II and 
III. Further increase in current beyond this point will produce a slowly 
rising resistance, region III. 
The PNPN transistor will remain in this highly conducting condition 

so long as the current through it remains greater than the value /u. The 
latter value is called the holding current. If the current drops below 
this level, the unit will revert back to the high-impedance condition. 



ADDITIONAL TRANSISTOR DEVELOPMENTS 331 

When the PNPN transistor is in its closed or conducting condition, 
each of the three junctions is forward-biased and the two central 
sections are heavily saturated with holes and electrons. To turn the 
device off, a reverse voltage must be applied. Upon application of this 
reverse voltage, the holes and electrons in the vicinity of junctions .11 
and J, will diffuse to these junctions and produce a reverse current in 
the external circuit. So long as the reverse current is appreciable, the 
voltage drop across the PNPN unit will remain small. After the 
electrons and holes in the vicinity of L and .13 have been removed, 
however, the reverse current ceases and the two junctions become 
reverse-biased. For all practical purposes, the switch is now open, 

PNP N N 

N 

Fig. 9.20 The PNPN device can be regarded as essentially an NPN transistor and a PNP tran-
sistor that are interconnected. 

although some recombination of holes and electrons must still take 
place around junction 12. Once the action is complete, junction 
1, also assumes a blocking condition. The device is now ready to go 
through the entire process again. 

It is comparatively simple to derive an expression for the current 
flowing through a PNPN transistor. We can depict the device as being 
composed essentially of a PNP and an NPN transistor interconnected 
as shown in Fig. 9.20. 

Now, when we apply a voltage across the two end sections, with the 
polarity shown, junctions L and .13 are forward-biased while 12 is 
reverse-biased. This provides each transistor with its conventional 
biasing arrangement and each has associated with it a current gain a. 
Let us call the current gain of the PNP unit «, and the current gain of 
the NPN unit «, Since « is, by definition, the fraction of the electron 
current ( for NPN transistors) or hole current ( for PNP transistors) 
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injected into the base that reaches the collector, the two structures can 
be combined to derive the total current flowing. 

In Fig. 9.20, 1, is the common-collector junction, and it is affected 
by three components of current: /,,,, the hole current from the P end 
region; /c,„ the electron current from the N end region; and leo, the 
leakage current. The total current I flowing in the external circuit 
must be equal to the current at 12. Thus 

/J, = I = ai! ± a2I + ¡co 

or I — alI — a2I = Ico 

and /(1 — al — a2) = /co 

/Co  
or I — (9 - 1 ) 

1 — (ai + a2) 

From this expression, as «1 + «2 approaches unity, the current 
through the device becomes large and is limited only by the resistance 
of the external circuit. In short, as «1 + «2 approaches unity, the 
internal resistance drops to a very low value. 

In deriving the above expression, the hole current from the P end 
region is added to the electron current from the N end region even 
though they are traveling in opposite directions. The two currents can 
be added because a hole current, being positive in charge, is equiva-
lent in its electrical effect to an electron current flowing in the 

opposite direction. 
With junctions Ji and J3 forward-biased and 12 reverse-biased, very 

little current flows. From Eq. ( 9.1), this current is approximately /co, 
since «, and «2 are close to zero. This is because at low emitter currents 
« is also low. This condition corresponds to the "off" state. To turn the 
device on, «1 and «2 must be increased, which means sending more 
current through the device. From Eq. ( 9.1), if a, = 0.49 and a, = 

0.49, the current through 12 and the external circuit is 

/co  'CO 
1"j2 — 1 — (0.49 + 0.49) = 0.02 

In this case, the current through 12 is 50 times the normal leakage 
current. If a, + «2 = 1, the current through 1, is limited only by the 

resistance of the external circuit. 
Three-terminal PNPN transistor. In the three-terminal PNPN tran-

sistor, a third connection is made to the P section closest to the end N 
section, Fig. 9.21. This third terminal is known as the gate. Its purpose 
is to switch the transistor from the open to the closed state without the 
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need for exceeding the critical breakover voltage. In essence, what the 
gate does is inject enough current into the PNPN structure to cause 
junction I, to become forward-biased. 
To produce the required gate current, some voltage-switching 

arrangement in which the gate lead is made positive with respect to 
the N end section ( or cathode, as it is called) is employed. The 
arrangement may be a simple battery and mechanical switch, or a 
positive pulse for the gate circuit may be developed electronically. 
Once conduction through the PNPN device is initiated, the gate loses 
further control of the current flowing. To return the PNPN transistor 
to its "off" condition, either its current must be reduced below the 

Fig. 9.21 A three- terminal PNPN transistor. 
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holding level or the voltage between the cathode and the anode ( i.e., 
the other end connection) must be reversed. In this sense, the three-
terminal PNPN transistor is equivalent to the thyratron tube. 
A number of methods have been developed to turn PNPN transistors 

off. The unit in Fig. 9-22a is powered from an a-c source. On the 
positive half cycle, the unit can be triggered on by an appropriate gate 
current. When the a-c anode voltage goes negative, it automatically 
causes the current to turn off. The turn-off action is not instantaneous; 
rather, it must be held for a short period of time, on the order of 100 
esec or less; otherwise, the PNPN transistor will recover its ability to 
continue passing current. 
PNPN devices may also be turned off by diverting enough current 

away from them for a similar short period of time. A suitable circuit 
is shown in Fig. 9-22b. Transistor X is shunted across the PNPN unit. 
Ordinarily, X is kept cut off. When it is desired to cut the PNPN unit 
off, the transistor is turned on by an external pulse. If the collector-to-
emitter voltage drop of X is less than the forward voltage drop across 
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the PNPN unit, enough PNPN current will be diverted to X to turn 

the PNPN device off. 
The most widely used method of turning off a PNPN transistor is to 

connect a charged capacitor across it so that the cathode element is 
driven positive with respect to the anode. In a typical application, 
Fig. 9.22c, when PNPN unit A is gated on, capacitor C, will charge 
through R, to the polarity shown. Firing PNPN unit B will connect the 
left side of C, to ground, making the anode of unit A instantaneously 
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Fig. 9.22 Three different methods of turning controlled rectifiers off. 

E volts below ground. If the time constant of R,C, is long enough, unit 
A will remain back-biased long enough to shift into the open condition. 

Three-terminal PNPN transistors are frequently called controlled 
rectifiers. If the semiconductor employed in their manufacture is 
silicon, then they are known as silicon controlled rectifiers. Commonly 
employed schematic symbols for the three-terminal PNPN transistor 

are shown in Fig. 9.23. 

The Thyristor 

There is a considerable need for a semiconductor device ( transistor 
or otherwise) which is capable of functioning as a large-current switch. 
One answer to this problem is the Thyristor, developed by RCA. The 
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name is derived from the thyratron-like properties of the device. That 
is, it can be turned on by applying a pulse to a control element, just as 
we can in a thyratron tube. However, unlike the thyratron, the Thy-
ristor can also be turned off by the same element. 
A cross section of the Thyristor is shown in Fig. 9 24. Arsenic is dif-

fused into a P-germanium wa:er to form an N-type base region. This 

-0 

N 

(a) (é) lc) 

Fig. 9-23 Three commonly employed : chemetic symbols for controlled rectifiers. 
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Fig. 9.24 Internal construction of the Thyristor. (After C. W. Mueller and J. Hilibrand, The 
Thyristor— A New High Speed Switching Transistor, IRE Trans. Electron Devices, January, 1958) 

region is formed on a plateau having a diameter of about 0.013 in. An 
emitter junction and an ohmic base connection are soldered to this 
plateau. The emitter dot, which is about 0.004 in. in diameter, is an 
alloy of indium and aluminum. 
Below the base, P-type germanium forms the collector. The collector 

connection is made by soldering, at a temperature of 300 to 400°C, 
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a nickel tab to the germanium of the collector with an alloy of lead, tin, 
and indium. The connection may cover the entire area of the ger-
manium wafer, and its physical nature has an important bearing on the 

way the Thyristor functions. 
The Thyristor can be employed as a normal transistor switch or 

amplifier as long as the collector current is kept below a certain value, 
called the breakover current. However, if this current is allowed to 
increase, it will be found that the total current transfer ratio « in-
creases also. When « exceeds unity, a large increase in current occurs 
for the grounded-emitter arrangement, and the voltage across the unit 
drops to a very low value. 
The changeover from the normal state to this high-current, low-

resistance state can be accomplished with a very short pulse applied 
to the base. Once the changeover has been effected, the pulse can be 
removed without reducing the collector current. However, by the use 
of a reverse voltage between the base and emitter, the high collector 
current can be turned off. 
a can exceed unity because it consists of two parts. One part, the 

larger, is obtained from the normal relationship between the emitter, 
base, and collector. The emitter injects holes into the base, and over 
90 per cent of these holes are received by the collector. 
However, it is also found that the special collector connection injects 

electrons into the body of the collector. These electrons are swept to 
the emitter and therefore increase the emitter-collector current. This 
"electron a" is strongly dependent on collector current. It is very low 
when the collector current is low, but it increases about 100 times 
when the collector current rises from 1 to 5 ma. 

Since the two a's add, a critical current at which the total a exceeds 
1 is reached, and now a cumulative buildup in which the total current 
rises sharply occurs and the transistor resistance drops to a very low 
value ( about 3 ohms between emitter and collector). The Thyristor 
remains in this condition for as long as the circuit remains intact. This 
is true whether or not the pulse which produced the initial current 
rise is retained. 
The Thyristor can be turned off by applying a strong reverse-bias 

pulse to the base-emitter circuit, by interrupting the collector current, 
or by applying a strong pulse to the collector, which counteracts the 
normal collector bias. 

Uniiunction Transistor 

The unijunction transistor is a development of the General Electric 
Company. It was originally called a double-base diode because of its 
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similarity to a junction diode with two base connections instead of 
one. The name was changed subsequently to unijunction transistor 
because the device does possess a control feature; since there is only 
one junction ( i.e., emitter to base), the prefix "uni" was added to the 
name. 

Structurally, a unijunction transistor consists of a uniformly doped 
N-type silicon bar having ohmic contacts at each end and a PN junction 
at the center, Fig. 9 . 25a. The two ohmic contacts are called base 1 
and base 2, and at room temperature the base-to-base resistance is 
5,000 to 10,000 ohms. The PN junction at the center of the bar is 
formed with an aluminum wire. This junction is called the emitter. 

PH JUNCTION, 

EMITTER / 

N-TYPE 
SILICON BAR 

B. 

E 

Fig. 9.25 The unijunction transistor. 

= 10V 

(b) 

If the two base leads are connected together, the entire unit behaves 
as a conventional diode, with the aluminum wire representing one ter-
minal and the connected base leads the other. However, the unique 
properties of the unijunction transistor are obtained when the base 

leads are separated and a voltage is applied between them, Fig. 9 . 25b. 
This voltage may have values of 30 volts or more, but for this dis-
cussion, 10 volts will be used. This 10 volts, inserted between B, (base 
1) and 114 ( base 2), produces a uniform drop across the 5,000 to 10,000 
ohms internal resistance of the silicon bar. Since the emitter is placed 
halfway along the bar, it sees +5 volts ( with respect to B,.) opposite 
it. 

If, now, we apply anything less than +5 volts to the emitter lead, 
the emitter PN junction will be reverse-biased, and very little current 
will flow in the emitter circuit. However, the instant the emitter voltage 
rises above +5 volts, the junction becomes forward-biased, and holes 
are injected by the emitter into the silicon bar. These holes are drawn 
to B,, increasing the current flow in the emitter-B, circuit. The increase 
is quite steep because the presence of these holes in the silicon bar 



338 TRANSISTORS 

attracts a considerable number of electrons to this region and, in con-
sequence, causes the bar resistance between the emitter and B, to 

drop sharply. 
Thus, the unijunction transistor has many of the characteristics of a 

gas thyratron. Until the control voltage reaches a certain value, de-
termined by the potential between B, and B, and the silicon-bar tem-
perature, the unit is reverse-biased and essentially cut off. The instant 
the critical value is exceeded, the emitter PN junction becomes for-
ward-biased, the conductivity between the emitter and B, rises sharply 
(i.e., the resistance of the bar in this region drops to a low value), and 
the emitter current increases considerably. 
A typical characteristic curve of a unijunction transistor is shown 

in Fig. 9.26. This curve has three distinct regions. Region 1 is the 
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Fig. 9.26 A typical characteristic curve of a unijunction transistor. 

cutoff region, where the emitter is reverse-biased. As the voltage 
applied between the emitter and B, rises, the current through the 
emitter circuit rises too, although the total current seldom exceeds 10 
¡fa. In essence, this is the saturation current obtained whenever any 

PN junction is reverse-biased. 
Region 1 ends when the applied voltage reaches the point marked 

"peak." At this point, the unijunction transistor "fires," with a large 
increase in current and a falling off of the voltage drop between 
emitter and 131. This is the negative-resistance section, and it is this 
feature which gives the unijunction transistor its unique properties, as 
we shall see presently. Eventually there is reached a point, called the 
minimum, or valley, point, beyond which the device behaves as a 
positive resistor. That is, the current increases slowly with voltage. 
This region, called the saturation region, does not figure so prominently 
as the other two regions in the application of the unijunction transistor. 
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A typical circuit using this transistor is shown in Fig. 9.27a. Initially, 
capacitor C, is not charged and the emitter potential is zero. However, 
because C, is connected to the battery through R1, it will slowly charge 
until enough voltage develops across C, to forward-bias the emitter 
junction; at this point the unijunction transistor "fires." C, now dis-
charges rapidly through the low resistance of the emitter-B, path. With 
C, discharged, the transistor returns to its nonconducting state, and 
the cycle repeats itself. 
The waveforms developed in this circuit are shown in Fig. 9.27b. 

The voltage across C, is a sawtooth wave, possessing a slow rise and 
a rapid descent. At the time of the firing, the current through the entire 
silicon bar rises, and if a small resistor is placed between B, and the 

{a) (b) 

Fig. 9.27 (a) A sawtooth oscillator using the unijunction transistor. ( b) Sawtooth wave developed 
across C. 

battery, a negative pulse is obtained. By the same token, if a positive 
pulse is desired, a similar resistor can be inserted between B, and 
ground. 

Note the extreme simplicity of this circuit, requiring only two resis-
tors and a capacitor. As a matter of fact, if only the sawtooth wave is 
desired, the resistor can be dispensed with. 
Another application of the unijunction transistor is as a multivibrator. 

However, before we consider its operation in this form, let us return 
briefly to the characteristic curve shown in Fig. 9.26. From this graph 
we see that once the transistor is "fired," it will remain conductive as 
long as the proper amount of current is maintained through the emitter-
B, path. However, if the current drops to too low a value, the transistor 
relapses into its nonconductive state. This is what happened in the 
circuit of Fig. 9.27 when C, was unable to maintain the flow of current 
through the emitter-B, path. 

Now, consider the multivibrator shown in Fig. 9.28a. Initially, C, is 
not charged; however, with the power on, it will charge through R, 
and diode D. The unijunction transistor is cut off at this time and re-
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mains cut off until the potential across Ci becomes equal to or greater 
than the peak-point potential of the unit. At this instant, the transistor 
"fires" and the potential of point B (the emitter) drops to a value close 
to ground potential. This causes D, to cut off because now it is reverse-
biased, with the cathode more positive than the anode. 
With D, nonconducting, points A and B are isolated from each 

other. The transistor remains "fired" because R2 is passing enough cur-
rent to keep the transistor activated. At the same time, C, discharges 
through R1, continuing to do so until the potential at point A is 
approximately equal to the potential between the emitter and ground. 
At this point, D, starts to conduct again. When this happens, enough 

CI 
1500 
MMF 

(a! (b) 

Fig. 9.28 (o) A unijunction multivibrator circuit and (b) the waveforms generated at several points 

in the circuit. 

current is diverted away from the emitter to C, to cause the transistor 
to lapse again into cutoff. The transistor remains in this state until it is 
retriggered by a suitable voltage rise across C1. 
The waveforms generated at various points in this circuit are shown 

in Fig. 9. 28b. The voltage across C, follows the usual charge and dis-
charge pattern of RC networks. The waveform at point B follows that 
of C, on charge because D, is conducting. However, when D, is cut off 
and the transistor is conducting, the potential at B drops to a value 
near ground and stays there for as long as D, is cut off. 
When the transistor is "fired," the current through it rises sharply, 

producing a square wave across R3. It is this voltage which can be 
used as the multivibrator output. 
There are a number of additional applications to which the uni-

junction transistor can be put, including pulse generators, frequency 
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dividers, phase detectors, and one-shot multivibrators. All, however, 
rely on the basic operation outlined above. 

The Field-effect Transistor 

Still another form of transistor which is being investigated carefully 
and which apparently possesses sufficient commercial possibilities to 
warrant pilot-plant production is the field-effect transistor. Not only 
does the construction of this unit differ considerably from the construc-
tion of all previous transistors, but in it we encounter a new operational 
method of approach as well. 

The basic structure of a field-effect transistor is shown in Fig. 9.29. 
The body of the device consists of a rectangular block of N-type 

GATE ( P-GERMANIUM) 

SOURCE CONTACT, BODY OF N-GERMANIUM 

Fig. 9.29 Basic construction of a field-effect transistor. 

DRAIN CONTACT 

germanium. Around the center of this block, a continuous P-type junc-
tion is formed. ( Field-effect transistors have also been built with the 
gate just on two sides instead of all the way around. Operation remains 
the same.) In addition, there are two ohmic connections, one at each 
end of the N-type block. These contacts serve the purpose of bringing 
externally applied voltages ( and signals ) in contact with the unit. 

In transistors discussed previously the three electrodes were always 
known as base, emitter, and collector. In the present instance, entirely 
new names are employed. The P section that is formed on the central 
block is called the "gate." The ohmic contact at the left is known as 
the "source," while its counterpart at the right is called the "drain." 
The reason for the choice of these particular designations will become 
clearer as we examine the operation of this device. 

To start, let us apply a voltage between the source and drain elec-
trodes with the drain terminal made positive with respect to the source. 
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This is shown in Fig. 9.30. At the same time, let us connect the P-type 
gate to the source terminal. Under these conditions the gate is said to 
possess zero potential, the source electrode serving as the reference 

point for the entire unit. 
Electrons will travel from the source to the more positive drain 

electrode when a voltage is applied to these end terminals. Since a 
definite potential is being applied across the ends of the N-germanium 
block and since this material possesses a certain amount of resistance, 
the applied voltage will be distributed equally along the body of the 

GATE 

SOURCE 

DRAIN 
VOLTAGE 

Fig. 9•30 Voltage applied to field-effect transistor. Gate is at sanie poterltial as source, while 

drain is positive with respect to source. 

N-GERMANIUM 

DRAIN 

N germanium from the source to the drain. In the present arrange-
ment, the potential will become progressively more positive as we 
travel from the source to the drain. ( If the reader has any difficulty 
visualizing this distributed voltage drop, let him substitute a resistor 
for the germanium block. A point on this resistor which is closer to the 
positive end of the battery will be more positive than any point along 
the resistor to the left. The same situation holds for the germanium 

crystal.) 
Now consider the gate. This forms a PN junction with the ger-

manium block over the area in which the two are in contact. The end 
of the gate nearest the source will find the least amount of potential 
difference between it and the body of the germanium block just under-
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neath. This is at point A in Fig. 9-31, and the reason is quite simple. 
The gate itself is at the same potential as the source, since the two are 
externally directly connected. Inside the body of the germanium block, 
however, at point A, there exists a small positive potential ( with re-
spect to the source) because of the above-mentioned voltage drop. This 
positive potential at A repels the holes in the end of the P-type gate 
just above it and also exerts an attractive force on the electrons in the 
germanium block. Thus, a small reverse bias is present here. 
As we progress further down the block, the positive potential ( with 

respect to the gate) increases, making the reverse bias across the PN 

INTERNAL OHMIC 
RESISTANCE OF BLOCK 

Fig. 9•31 A side view of field-effect transistor. The internal ohmic resistance of the germanium 

block is represented by the dotted resistor. Owing to the voltage drop acrcss this resistance, point 

B is more pcsitive than point A. 

junction even greater. Thus, there is no tendency on the part of the 
electrons in the block to flow to the gate or for the holes in the gate 
to cross the junction and move into the block. 
However, holes do exist in the block. These come from three sources. 

(1) They may be thermally generated in the body of the semiconduc-
tor; ( 2) they may be developed at the surfaces of this block; or ( 3) 
they may come from the two end contacts, the source and drain metal 
electrodes. In any event, a certain number of holes exist in the N-type 
germanium, although the donor electrons exceed these by ratios as 
high as 10:1 or more. 
Under the repelling effect of the positive voltage drop along the 

semiconductor body and the attractive force of the more negative gate, 
holes in the semiconductor will be drawn up to the gate. The number 
of holes which are drawn from any section of the block will be gov-
erned by the positive potential present in that area. Thus, more holes 
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will be drawn from the right-hand section of the block than the left-

hand section. 
Now consider the P-type gate. It will possess a number of free elec-

trons, possibly for some of the same reasons that the N-type body pos-
sesses holes. And these electrons will be repelled by the negative 
potential of the gate and attracted by the more positive potentials 
within the germanium block. Hence, there will be a movement of elec-
trons out of the gate and into the block, with the greatest number of 
electrons leaving the gate at the right-hand side of the germanium 
body. 

P.TYPE GATE 

Fig. 9.32 The shape of the space- charge distribution within the body of a field-effect transistor. 

(IRE) 

One result of this redistribution of charge is to make the PN junction 
more reverse-biased than before. Another result is to increase the 
negative space charge in the germanium block, with the concentration 
greatest at the right. The actual space-charge distribution is shown in 
Fig. 9-32. It rises to a maximum at the right-hand edge of the P gate 
and then decreases fairly rapidly. This space charge exerts a repelling 
force on those electrons traveling from the source to the drain elec-
trodes because of the externally applied potential. What it actually 
does is channel, or direct, the current flow into the regions between the 
concentrated space charge. These regions are shown in white in Fig. 
9-32. The dotted area represents the negative space charge. 

As the drain voltage is increased, the current flow through the semi-
conductor will rise until the drain voltage reaches a certain critical 
limiting value which is referred to as the pinch-off voltage. Beyond this 
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point, no further increases in drain current will result as the drain 
voltage is made greater. The only effect of higher voltages is to alter 
the shape of the channel through which the electrons flow. 
Thus far, the gate has been held at the same potential as the source. 

If, now, we make the gate negative with respect to the source terminal 
by the insertion of an additional negative voltage, then the amount of 
external voltage needed between source and drain in order to reach 
the constant drain current value will be much less. This is because the 
negative gate voltage aids the space charge in the germanium body to 
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Fig. 9.33 The characteristic curves of a field-effect transistor. (IRE) 
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narrow the channel of the current. Eventually, if the negative potential 
of the gate is made high enough, current flow through the device will 
be halted completely. 
The foregoing behavior is depicted by the curves in Fig. 9.33. 

Maximum saturation current flows when VG (the gate voltage) is zero 
with respect to source. For each successively lower current curve, the 
negative bias on the gate becomes greater. When the gate potential is 
equal to the pinch-off voltage, the amount of current flowing through 
the semiconductor is very small. 

The circuit in Fig. 9.34 is similar to that of Fig. 9.30 with the addi-
tion of a signal in series with the gate bias battery. As the signal varies, 

it will vary the total voltage applied to the gate. When the signal is 
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negative, the gate will become more negative and serve to reduce the 
flow of drain current. On the next half cycle, when the signal goes 
positive, the overall gate voltage will be made less negative. This will 
reduce the space charge in the body of the semiconductor, and the 
drain current will rise. In short, a small voltage variation at the gate 
will produce a sizable current variation in the germanium crystal. In a 
vacuum tube, this characteristic is labeled "transconductance" and is 
responsible for the amplification which is obtained. Obviously the 
same results should be possible in the field-effect transistor, enabling 
us to use this device to achieve signal amplification. 

GATE 

N-GERMANIUM 
SOURCE 

Fig. 9.34 The field-effect transistor with a negative gate bias voltage VG. Also shown is the point 

where a signal would be injected. 

The similarity between the field-effect transistor and triode vacuum 
tube is quite marked. In a vacuum tube, the grid potential regulates 
the space charge existing between cathode and plate and, by this con-
trol, determines the extent of plate current flow. In the field-effect tran-
sistor, the polarity of the gate governs the intensity of the negative 
space charge existing in the N material and, through this, the ampli-
tude of the current flowing from source to drain. 
Another interesting feature of this transistor is the fact that essen-

tially only one type of carrier, here electrons, is involved in the 
process. (A field-effect transistor could be constructed by using a P-
type main body and an N-type gate. Battery potentials would have to 
be reversed, and the current in the source-drain channel would be 
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carried by holes. Similar results would be obtained, however.) This is 
in sharp distinction to the conventional transistor, where both types of 
carriers play roles. Hence, this device is called a unipolar transistor. 
It also results in a very significant difference in the way amplification 
is achieved. In the conventional triode transistor, the carriers must 
travel from the emitter through the base to the collector. This makes 
carrier transit time an important factor in determining frequency 
response. In the field-effect transistor, the signal at the gate serves to 
modulate the drain current and in this way produce the signal varia-
tions in the drain output circuit. Carriers do not have to transport the 
signal from the gate to the drain; hence, carrier transit time is not 
involved. We do not even have to worry about transit time from source 
to drain, because the signal voltage at the gate merely expands or 
contracts the current stream; it does not alter the rate of travel. This 
does not mean that the field-effect transistor is without frequency 
limitation. It is not, because there are certain shunting capacitances to 
be dealt with plus the variation of transconductance with frequency 
and other effects. But transit time does not possess the significance here 
that it does in other transistor structures. 

Operating frequencies in the megacycle range have been obtained 
with experimental field-effect transistors. Another important feature 
of these devices is their high input and output impedances. In this 
respect they resemble pentodes. However, the units do possess a fairly 
high noise figure, which means that they are not suitable for low-
power applications. They are also useful in various types of oscillators, 
such as multivibrators, Colpitts oscillators, and relaxation circuits. 

The Tunnel Diode 

The tunnel diode is a new semiconductor device capable of opera-
tion in the 1- to 10-kilomegacycle range. Although it is used in the 
conventional applications of amplifying, oscillating, and switching, its 
principle of operation is entirely different from the transistor or the 
vacuum tube. The name "tunnel diode" has been adopted because the 
physical mechanism by which the device functions is caused by a 
complex quantum-mechanical tunneling process. In actual practice, the 
tunnel diode is basically a very heavily doped PN junction, and thus, 
as one might expect, it possesses many of the properties of a con-
ventional diode. 

The tunnel diode has two outstanding properties: ( 1) extremely 
high frequency response and ( 2) very low power consumption. For 
example, where a vacuum tube may operate at 100 Mc and consume 
1 watt of power and a conventional transistor may operate at 100 Mc 
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and consume 10 mw of power, a tunnel diode can operate at 500 Mc 
and consume 1 mw of power. The tunnel diode is not without its 
problems, however. Instability and unwanted signal feed-through 
plague the device, and these difficulties are not easily resolvable. The 
instability arises because a tunnel diode is a negative-resistance device 
and negative resistance is always difficult to control. Feed-through 
arises because the tunnel diode is a two-terminal device and its input 
and output terminals are the same. Compare this with the vacuum tube 
and transistor, where the third lead offers isolation between input 
and output. 
The discussion to follow will present the operation, physical charac-

teristics, and applications of the tunnel diode. The important param-
eters of the device will be examined, and several figures of merit 

will be introduced. 
Operation of the tunnel diode. The operation of the tunnel diode is 

dependent upon a quantum-mechanical principle called tunneling. 
To appreciate its significance, let us review semiconductor-diode 
operation. Each diode contains two sections, a P section and an N 
section. The P section possesses an excess of holes, while the N section 
possesses an excess of electrons. Between the two sections there is a 
depletion layer containing very few free electrons or holes. That is, 
there are no mobile charges in this region. This depletion region 
amounts to a potential barrier, and to pass current through the diode, 
sufficient external voltage must be applied, with the proper polarity, 
to overcome the potential barrier. The proper polarity, of course, is 
connection of the negative battery terminal to the N section and the 

positive battery terminal to the P section. 
In the absence of any external voltage or in the absence of sufficient 

voltage, very little current will pass across the junction. However, some 
carriers on both sides of the junction will attain enough thermal 
energy to surmount the barrier presented by the depletion layer and 
reach the other side. This, however, occurs only to those relatively few 
electrons and holes capable of attaining a sufficiently high energy state. 

Classical physical theory states that unless a carrier possesses 
enough energy to overcome a potential barrier, it will never cross or 
surmount that barrier. The more recent quantum mechanics, however, 
contradicts classical physics in this instance and states that a carrier 
can reach the other side of a potential barrier even though it does not 
have enough energy to surmount the barrier. The carrier does this by 
tunneling through the potential hill. In fact, quantum mechanics can 
predict the probability of this occurrence. The probability of a carrier 
tunneling through the potential hill is dependent on how far the 
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particle must tunnel, i.e., the thickness of the potential hill. The 
probability of tunneling is nil unless the barrier is extremely narrow. 
This is proved by the fact that tunneling does not occur in a conven-
tional PN junction. 
To make a tunnel diode, the PN junction must be very heavily 

doped with impurities. The large number of impurities produces a 
very narrow depletion layer. With this thin layer, electrons can tunnel 
their way from the N region to the P region. This gives rise to an 
additional current in the diode at very small forward bias which 
disappears when the bias is increased. It is this additional current 
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Fig. 9.35 The voltage vs. current characteristic curve of a conventional diode. 

V--

that produces the negative resistance in a tunnel diode. It has also been 
found that the electrons travel through the depletion layer at tre-
mendously high velocities. This enables the tunnel diode to operate at 
far higher frequencies than conventional transistors. The theoretical 
frequency limit is in the neighborhood of 1 million Mc. 

Figure 9.35 shows the voltage vs. current curve of a conventional 
PN junction diode. The forward voltage required to cause current flow 
is approximately 0.3 volt for germanium diodes and 0.8 volt for silicon 
diodes. The reverse breakdown usually occurs between 20 and 200 
volts. If we superimpose on this characteristic curve the tunneling 
current which occurs at a forward bias of about 50 to 100 mv, we 
obtain the characteristic of Fig. 9.36. The composite characteristic is 
shown in Fig. 9.37. Note that the tunneling current appears at very 
small voltages. As we continue to raise the applied voltage, the carriers 
receive enough energy to surmount the potential barrier and cross the 
junction in the conventional manner. 
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Fig. 9.36 Combination of tunneling current and conventional PN junction current. 
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Fig. 9.37 Compcsite characteristic representing overall operational curve of a tunnel diode. 

In the composite curve of Fig. 9.37, the dotted line in the valley 
region shows the curve one would expect to get if the two curves of 
Fig. 9.36 were superimposed. The solid line shows the actual curve 
which is obtained. The excess current which occurs in the valley region 
is as yet unexplained. The important characteristic to note is that the 
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region between points A and B represents a negative resistance; i.e., as 
the voltage is increased, the current decreases ( just the reverse of the 
behavior of an ordinary resistor). Before studying the tunnel diode as 
a circuit element, it will be useful to characterize the device on both 
an a-c and d-c basis and derive some of the important parameters 
which are usually specified on a tunnel-diode data sheet. 
Parameters of the tunnel diode. Figure 9.37 shows the total 

voltage-current curve with various d-c parameters noted. Typical 
values of these parameters for a germanium tunnel diode are also 
given. 
D-C Parameters. Let us study these various parameters and point 

out their significance. h is the peak current and is dependent upon 
the junction area and the doping that is used. The actual value of h 
is determined by the intended application. Common values are 1, 5, 
10, and 100 ma. Of extreme importance in switching circuits is the 
variation of 1p from unit to unit. The tolerance of this parameter is 
usually held to within -±-5 per cent or less. Vp, the voltage at which the 
peak current occurs, is generally in the region of 40 to 100 mv for 
germanium diodes. 
Iv, called the valley current, is the lowest current on the voltage-

current curve. This current should be as low as possible. Actually, /v 
should be small in comparison to Ir, because the largest possible cur-
rent swing of the device is /p — 
V, is the voltage at which the valley current occurs. Its value ranges 

from 200 to 350 mv for germanium diodes. Vv represents the cross-
over point where the resistance goes from negative to positive. 
Vf, called the forward voltage, is measured to a current equal to 

Ir. Typical values for germanium diodes range from 300 to 500 mv. 
The difference between V, and Vp represents the largest possible 
voltage swing from the tunnel diode. If larger ( 0.5- to 1-volt) voltage 
swings are required, silicon or gallium arsenide tunnel diodes are 
used. 

All of the above information refers only to d-c parameters of the tun-
nel diode; a discussion of the a-c characteristics of the tunnel diode 
follows. 

A-C Parameters. In order to form an a-c equivalent circuit for the 
tunnel diode, we must consider what properties of this device would 
effect its a-c operation. 

First, the tunnel diode exhibits a negative resistance. This negative 
resistance is given by the slope of the voltage-current characteristic 
shown in Fig. 9.37, and, for the curve shown in Fig. 9.37, is about 
—150 ohms. A moderate value of negative resistance is most desir-
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able. If the negative resistance is too small, it limits the use of the 
tunnel diode to low-impedance circuits. If the resistance is too high, 
the problem of a-c instability ( oscillation) arises. The value of nega-
tive resistance is virtually independent of frequency. 
As in the conventional PN junction diode, the tunnel diode also has 

a barrier capacitance. This capacitance is analogous to the collector-
junction capacitance in a transistor; typical values of it range from a 
few micromicrofarads for diodes of very small area to hundreds of 
micromicrofarads for large-area diodes. This junction capacitance is 
shown in the simple equivalent circuit of Fig. 9.38 shunting the a-c 
negative resistance. 

—Rd 
NEGATIVE 

RESISTANCE 

Cd 
(JUNCTION 
CAPACITY) 

Fig. 9.38 Simple equivalent circuit of a Fig. 9.39 A more complete equivalent 

tunnel diode, diagram of a tunnel diode. 

In addition to the foregoing, the tunnel diode has in series with it 
two parasitic elements, spreading resistance Rs and lead inductance 
Ls. The spreading resistance is a combination of the resistance of the 
bulk semiconductor material and of the leads. Its value is in the order 
of 0.1 to 10 ohms. The lead inductance is in the order of a few mil-
limicrohenries; however, even this small inductance can cause prob-
lems with parametric oscillations. Both the series spreading resistance 
and the lead inductance should be kept as low as possible. 

Figure 9.39 shows the equivalent circuit obtained when all of the 
foregoing factors are taken into consideration. 

Figures of Merit. The equivalent circuit of Fig. 9.38 may be used to 
develop the various figures of merit associated with the tunnel diode. 
Let us consider the figures of merit which pertain to linear, small-
signal circuits. 
An important figure of merit for both video and tuned tunnel diode 

amplifiers is a quantity called the transducer gain-bandwidth product. 
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This is somewhat analogous to the gain-bandwidth product of a tran-
sistor fr discussed in Chap. 12 and is a measure of the frequency 
response of the diode. It is 

1  
o jo do hanu,,d 

where lid is the negative resistance, Cd is the junction capacitance, 
and BW is the bandwidth. The important point to notice is that the 
square root of the power gain multiplied by the bandwidth is a con-
stant that is dependent only upon the parameters of the diode. It 
also shows that as the gain Gt increases, the bandwidth decreases, so 
that at very high gains the bandwidth will be narrow, and vice versa. 
With presently available devices it is possible to achieve gain-band-
width products on the order of 500 Mc. 
Another important figure of merit is the cutoff frequency. Unlike 

the vacuum tube and transistor, the tunnel diode has two cutoff fre-
quencies. One cutoff frequency, the resistive cutoff frequency, is 

IC" - 1  IRd 

27rRded \/ii — 1 

This is the frequency at which the resistive part of the diode im-
pedance, measured at its terminals, goes to zero. Above this frequency 
the tunnel diode has a gain less than 1 and is thus useless as an am-
plifier. The reactive cutoff frequency is given by 

fC0X = 1 N .. i 1 ( 1 ) 2 

27 Lsed \RdCd 

This cutoff frequency is sometimes called the self-resonant frequency, 
because it represents the frequency at which the tunnel diode will 
oscillate of its own accord. Actually, this frequency represents the 
point at which the reactive component of the diode impedance goes 
to zero. 

In an actual application, both of the above frequencies are reduced 
by the effects of the external circuitry. Thus, the highest frequency 
of operation is very dependent upon the types of circuit, the com-
ponent values, and the diode package. Lead inductance is especially 
important and extreme care should be taken to keep this element as 
small as possible. The newest tunnel diodes are packaged in micro-

strip, pill, and microwave cases in order to reduce lead inductance. 
The resistive cutoff frequency is the maximum frequency at which 

the tunnel diode may be used as an oscillator. This is a natural con-



354 TRANSISTORS 

sequence of the fact that this is the frequency at which the power 
gain falls below 1. 
Another important figure of merit is the efficiency of the tunnel 

diode when used as an oscillator. The formula for the efficiency of a 

class A oscillator is 

Eff = 25 (1 — [1 ( fJCORf )2] per cent 
Rd  

where Rs = series diode resistance 
f = frequency of oscillation 

feo!? = resistive cutoff frequency 

Note that if Rd» Rs, a condition that is normally true, the maximum 
low-frequency efficiency is 25 per cent. This is just one-half that at-
tainable when using transistors. 

Still another important figure of merit is the noise figure of a tunnel 
diode. This is expressed by 

NF = 10 log ( 1 -F db 
52 

where NF = noise figure 
Rd = the negative diode resistance, ohms 
I = the d-c bias current, ma 

Unlike the noise figure of transistors, the noise figure NF of the tun-
nel diode is virtually independent of frequency over its entire oper-
able frequency range. The noise figure of the tunnel diode is quite 
low, usually in the 3- to 5-db range. 
A very useful area of application for tunnel diodes is in switching. 

Since the tunnel effect proceeds with the speed of light, the tunnel 
diode is not plagued with the problem of carrier transit time ( across 
the base region) as the transistor is. A lowering factor on this switch-
ing speed is the shunt capacitance Cd of the tunnel diode structure. 
As a simple approximation, assume that the characteristic curve of the 
tunnel diode may be approximated as shown in Fig. 9.40. 

If, now, we switch the tunnel diode from its low state to its high 
state or vice versa, the shunt capacitance Cd is being charged by a 
current of approximately /p — I, The switching time is determined by 
the time it takes this current to charge the capacitance to voltage VI. 
The resulting switching time is very closely predicted by the 

expression 

t = Cd r  
ip — iv 
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Both I. and Cd are directly proportional to the PN junction area. 
But we wish Ip to be large and Cd to be small to minimize t. There-
fore, the ratio /p/Cd is a measure of the merit of the material used to 
fabricate the tunnel diode. It has the dimensions of milliamperes per 
micromicrofarad or volts per nanosecond. This figure of merit is also 
applicable to small-signal evaluations. It has been noted that for op-
eration above 1,000 Mc, an /p/Cd ratio of at least 0.1 ma per 1.1.4 is 
required. 

Package and external inductances should be kept to a minimum, 
since increasing L will result in undesirable overshoots and delays, 
which increase the overall switching time. 

Fig. 9.40 

Parameter Variation. One of the advantages of the tunnel diode is 
its environmental insensitivity. For example, the tunnel diode will sur-
vive intense nuclear radiation which would ordinarily alter transistor 
characteristics permanently. However, a more common environmental 
consideration is the effect of temperature variations on the tunnel 
diode parameters. 

The key parameter in nearly every tunnel diode switching circuit is 
Ip. For reliable operation, the peak currents of the tunnel diodes em-
ployed must be matched to within 3 per cent to permit operation with 
practical supply and component tolerances. Fortunately, the /p of tun-
nel diodes can be accurately controlled during manufacture. The 
peak current can be temperature-stabilized during the manufacture 
of the tunnel diode by the proper choice of materials and the tem-
perature-time cycle of the alloying process. It is possible to obtain a 
zero coefficient of peak-current temperature dependence at room tem-
perature. There is generally a reduction of 1p when the diode is op-
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erated at extremely cold or warm temperatures ( outside the range of 
0 to 55°C). 
The valley current, often referred to as excess current which ideally 

should be zero, shows a nearly linear increase with temperature. A 
typical tunnel diode has an /v of 0.09 ma at —25°C, 0.11 ma at room 
temperature, and 0.15 ma at +75°C. 
The peak, valley, and forward voltages, Vp, Vv, and Vf, all decrease 

with increasing temperature. The change in V1, approximately —1 
mv per °C, is the largest of the three. This is lower than the typical 
2-mv per °C decrease in the forward voltage drop of a conventional 
germanium diode or the forward VHE of a germanium transistor. 
Commonly used symbols for the tunnel diode are shown in Fig. 

9.41. If the anode is positively biased with respect to the cathode, the 

Fig. 9.41 Commonly used symbols for the 
tunnel diode. (After "Tunnel Diode Manual," 
General Electric Co., 1961) 

tunnel diode will display its negative resistance characteristic. In the 
middle illustration, the —g next to the symbol implies that the unit 
is a negative-resistance device. (g stands for conductance, the recip-
rocal of resistance.) 

Backward Diode 

Many of the circuits which utilize the tunnel diode also include a 
backward diode. The backward diode is essentially a tunnel diode 
in which the peak current /p is as close to zero as possible. This is 
shown in the voltage-current ( V-/) characteristic of Fig. 9.42. 

In tunnel diodes, a large current will flow when a voltage is applied 
in the reverse direction. As a matter of fact, this current will increase 
continuously as the applied voltage is increased ( up to the point 
where the current flow generates so much heat the diode is destroyed). 
Thus, with a forward voltage applied, we obtain a much smaller 
current than when a reverse voltage is applied. The backward diode 
is fashioned to emphasize this difference in currents. The term "back-
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ward" means that the diode conducts heavily with a negative rather 
than a positively applied voltage. It finds considerable application as a 
high-conductance coupling diode. 

The backward diode can also be considered as a conventional diode 
with a very low reverse breakdown voltage. Its symbol, for the most 
part, is the same as that for diodes. 

Tunnel Diode Applications 

Three areas in which tunnel diodes have been applied are as 
oscillators, as amplifiers, and in switching. Of these, use as oscillators 
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Fig. 9.42 Comparison of forward characteristics of tunnel and backward diodes. 

and use in switching are of the most practical value because of the 
results achievable not only in regard to stability but also in compari-
son with other semiconductor devices. 

Oscillators. To achieve oscillation with a tunnel diode, it must be 
set up so that the negative resistance it provides is greater than the 
positive resistance of the resonant components in the circuit. A typical 
tunnel diode has a negative resistance of approximately —100 ohms 
when it is biased at the center of its negative-resistance region. To 
bias the diode correctly, approximately 125 mv is required. At this 
voltage, the current drawn by the diode is approximately 0.5 ma. 
There are several ways to set up this bias circuit. We can connect 

the tunnel diode in series with a resistor and a small battery. If we 
assume a battery voltage of 3 volts, then a series resistor of 6,000 ohms 
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would be required to limit the current flow to 0.5 ma. But the 6,000 
ohms would completely overshadow the —100 ohms of the tunnel 
diode and prevent us from properly utilizing this negative resistance. 
This difficulty can be circumvented by the resistive arrangement 

shown in Fig. 9 43. The necessary bias voltage is here developed 
across a 20-ohm resistor, a value considerably less than the —100 ohms 
of the tunnel diode. 
We can now connect a resonant circuit in series with the tunnel 

diode, and if this circuit possesses a resistance less than 80 ohms, then 

Fig. 9.43 A method of biasing a 

tunnel diode. 

Fig. 9.44 A tunnel diode oscilla tor. 

Fig. 9.45 A tunnel diode crystal- controlled oscillator. ( After " Tunnel Diode Manual," General 

Electric Co., 1961) 

the tunnel diode will completely balance out this resistive loss of the 
circuit and enable oscillations to take place. A suitable circuit capable 

of oscillating into the megacycle range is shown in Fig. 9 - 44. 
A crystal-controlled oscillator using a tunnel diode is shown in Fig. 

9 - 45. R, and R, are selected to each have about twice the value they 
should have to enable the negative resistance of the tunnel diode to 
predominate the circuit. A crystal is placed between these resistors. 
At all frequencies other than the resonance, the crystal impedance is 

high and the circuit is unable to function. At the resonant frequency, 
however, the crystal becomes a short circuit and R, is placed in parallel 
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with R2, thus reducing their total resistance value to half their in-
dividual values. This new value permits the circuit to oscillate freely 
at a frequency accurately governed by the crystal. 

Amplifiers. If we increase the impedance of the external circuit con-
nected across a tunnel diode until it equals the negative resistance of 

1N2939 
16 

50 

SIGNAL 
SOURCE 

RFC 
I5MH 

1.5K 

6 VOLTS 

50-100 
MH 

Fig. 9'46 A tunnel diode amplifier. 

the tunnel diode, amplification rather than oscillation is obtained. 
This is done in the 100-Mc amplifier shown in Fig. 9.46. The 1N2939 
tunnel diode has a negative resistance which is just counterbalanced 
by the circuit positive resistance. The latter, in this instance, is equal 
to 50 ohms from the signal source, 50 ohms from the load, 2 ohms 
from the internal lead resistance of the 1N2939, and 16 ohms from 

Fig. 9.47 Simple circuit to demonstrate 

ability of tunnel diode to amplify. ( After 

W. L. Walters and J. V. Claeys The Tunnel 

Diode Story, Radio- Electronics, July, 1960) 

TUNNEL 
DIODE 

the series resistor. In this particular configuration, the 16-ohm resistor 
was added simply to achieve this counterbalancing. 
While the actual mathematical justification for the above-indicated 

condition is quite complex, some inkling of how it is arrived at may be 
seen from an examination of the simple circuit shown in Fig. 9.47. 
Assume that the tunnel diode is biased to the center of its negative-
resistance range and that Cg represents an incoming signal and eo is 
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the output signal. Then the voltage across the tunnel diode, with 
negative resistance —Ri, is 

e. = 
e„(— RI')  

R1 + (— Ri') 

When R1, the circuit positive resistance, exactly equals —RT in 
value, e0 becomes infinite. In an actual circuit, of course, this does 
not happen, but the largest output is obtained when R, = R. At this 
point, the ratio of e0 to e0, or the voltage gain, is greatest. 

Switching circuits. Perhaps the most important application of the 
tunnel diode is its use in switching circuits. Such switching circuits 
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Fig. 9.48 Tunnel diode characteristic and a load line representing load resistor RI. (After W. L. 

Walters and J. V. Claeys, The Tunnel Diode Story, Radio-Electronics, July, 1960) 

may be simple AND or OR logic networks, relaxation or multivibrator 
oscillators, or bistable oscillators or flip-flops. In fact, a host of various 
logic circuits can be designed around the tunnel diode, all capable of 
switching from one state to the other in the order of nanoseconds 

(10-9 sec). 
To fully appreciate the operation of a tunnel diode in a switching 

circuit, let us reexamine its characteristic curve, shown in Fig. 9.48. 
For amplification and sinusoidal operation, we are primarily interested 
in keeping the diode biased to the center of its negative-resistance 
segment. This is the region roughly extending from point A to point B. 
To further obtain the desired operation, the resistance of the circuit 
connected to the tunnel diode must be such that its load line intersects 
this negative-resistance segment with an angle greater than the angle 
or slope of this portion of the characteristic curve itself. Thus, load 



ADDITIONAL TRANSISTOR DEVELOPMENTS 361 

line R, satisfies this condition. Note: Load lines are discussed at length 
in Chap. 12. They are mentioned here because they present a clearer 
picture of tunnel diode operation. A load line represents the load 
resistance, or impedance, and its effect on a circuit. This will become 
more evident as we proceed. 
The more vertical the load line, the less resistance it represents. By 

the same token, the more horizontal the line, the greater the load re-
sistance in the circuit. Thus, the load line in Fig. 9.49 means that there 
is more resistance ( of the positive variety) in the tunnel diode ex-
ternal circuit. Note, though, that this load line cuts across the tunnel 
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Fig. 9.49 A load line representing a higher load resistor than the load line of Fig. 9-48. (After 
W. L. Walters and J. V. Claeys, The Tunnel Diode Story, Radio-Electronics, July, 1960) 

diode characteristic curve at points 1, 2, and 3. Points 1 and 3 are 
stable; point 2 is not. To demonstrate this, assume that the voltage 
corresponding to point 2 is being applied to the diode and the current 
represented by that point is flowing through the unit. If, for some 
reason, a slight increase in current should occur, then by looking at 
the characteristic curve we see that this would mean less voltage drop 
across the diode. If we assume the circuit of Fig. 9.47, then we see 
that if this happens, there is more voltage available to send current 
through the circuit. This current increase causes a further decrease in 
the voltage across the diode. 
The foregoing action continues until point 1 is reached. At point 1, 

if there is to be any further increase in current, there must be an 
increase in voltage across the diode because now we are in the posi-
tive-resistance region. From Fig. 9.47 we see that the only way the 
voltage across the diode can increase is for the voltage across R, to 
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decrease. This can happen only if the circuit current decreases. Thus, 
point 1 is a stable point and the circuit remains there. 

If we had started from point 2 with a decrease in current instead 
of with an increase, the circuit would have ended up at point 3. This, 
too, is a stable point because it also is in a positive-resistance region. 
Thus, with a load line such as that shown in Fig. 9-49 there are two 
stable states that the circuit can assume. One of the points, point 1, 
is a low-impedance point possessing high current flow through the 
tunnel diode and low voltage across it, and point 3 is a high-impedance 
point. Here the diode current is low and the voltage across the diode 

is relatively high. 
To operate the tunnel diode as a switch, let us initially bias it to 

operate at point 1. If we now inject a strong current pulse into the 
circuit, we essentially move the operative point up to the peak-current 
point and then down the other side ( i.e., the negative-resistance side) 
to point 3. The speed of switching between these two points or states 
is exceedingly high. 
The tunnel diode will remain at point 3 indefinitely. To shift it back 

to point 1, we simply inject a pulse of current of opposite phase into 
the circuit. This counteracts the current flowing and drops the current 
value below the valley point. This shifts the operating point from 
the valley point straight across to the left until point 4 is reached. 
After the injected current pulse has disappeared, the circuit current 
readjusts itself to the value indicated by point 1, and the tunnel diode 
is back to its initial state again. The switching speed is just as high 

in this changeover as it was in the first shift. 
This switching behavior is readily put to work in a variety of circuits. 

For example, consider the simple arrangement shown in Fig. 9-50. 
The tunnel diode is biased to operate at point 1. If, now, a positive 
current pulse through R, raises the current through the diode above 
the peak of its characteristic curve, the diode will switch to point 3. 
If current pulses through R, can do the same thing, this arrangement 
becomes an OR circuit. If the diode is biased farther down on its 
characteristic curve, Fig. 9-50c, and it requires simultaneous pulse 
currents in R2 and R3 to exceed the peak, then this is an AND ar-
rangement. With only one pulse present, no switching occurs because 
the operating point never is able to surmount the peak and move into 
the negative-resistance region. 

In the above circuit, no output pulse is obtained so long as the 
tunnel diode is at point 1 because there its impedance is close to zero 
(low-voltage, high-current condition). However, when the tunnel 
diode is switched to point 3, an output pulse is obtained because now 
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Fig. 9.50 A tunnel diode circuit for OR and AND operations. 

Fig. 9-51 A tunnel diode flip-flop circuit. (After "Tunnel Diode Manual; General Electric Co., 1961) 

the diode impedance is high and a useful voltage drop appears 
across it. 
A tunnel flip-flop circuit is shown in Fig. 9-51. A value of d-c 

supply voltage is chosen such that only one tunnel diode can be in 
the high-voltage state at any instant. The difference between the two 
tunnel diode currents flows through the inductance. When a positive 
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trigger pulse turns the diode which is in the low-voltage state to the 
high-voltage state, the voltage induced in the inductance, because 
of the decreasing current through it, is of a polarity to reset the other 
tunnel diode to the low-voltage state. With two input pulses, a com-
plete switching cycle is obtained. 
A combination circuit employing a tunnel diode and a transistor as 

a multivibrator is shown in Fig. 9.52. Capacitor C, charges through 
resistors It' and RL. As the voltage at point C rises, so does the current 
flowing through R, and the tunnel diode. When this diode current 
reaches the peak-current value of its characteristic curve, the diode 
switches to the high-voltage state. This forces the current flowing in 
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Fig. 9.52 A combination tunnel diode and transistor circuit generating a square•wave output 

the R, branch to travel through the base-emitter circuit of the transis-
tor, and the transistor is driven to saturation. In this condition, the col-
lector ( and point B) are brought to ground potential. This causes C1 
to discharge until point A drops below the valley voltage of the tunnel 
diode. When this happens, the diode switches quickly to the low-
voltage state, diverting the base current away from the transistor and 
cutting the latter off. The cycle now repeats itself, with C, again slowly 
building up a charge. Output of the multivibrator is a wave which is 
reasonably square. With the values of the components shown, the 

frequency is about 3 kc. 
Finally, a bistable circuit using the tunnel diode and an NPN 

transistor is shown in Fig. 9.53. Initially, the diode is biased to the 
low-voltage high-current state by the current l b flowing through RI. 
This value of lb is slightly less than the peak diode current. In this 
state, the diode presents essentially a short circuit to ground. Practically 
no current flows into the base of the transistor and the latter is cut off. 
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If, now, we inject a positive trigger pulse into the circuit, enough 
additional current will flow through the diode to cause it to switch to 
the high-voltage low-current state. In this high-impedance condition, 
lb is diverted to the transistor, turning it on and bringing its collector 
voltage close to ground potential. 
The diode will remain in the high-voltage state until a negative 

pulse at the input causes the diode current to fall below the valley-
current value. This will switch the diode back to the low-voltage 
condition, again diverting lb away from X, and turning the latter unit 
off. This now completes one full cycle. The 47-ohm resistor serves to 
keep the tunnel diode biased above the valley point when the latter 

TRIGGER 

Fig. 9-53 A bistable circuit using a tunnel diode and an NPN transistor. 

is in the high-voltage state. It also prevents the tunnel diode from 
loading the trigger pulse circuit. 
The tunnel diode is thus seen to possess a range of application 

possibilities. Just how extensive its use will be will depend upon its 
stability ( in a circuit) and its relative cost. 

Other Semiconductor Materials 

Although germanium and silicon have received the greatest amount 
of research and almost exclusively dominate the commercial transistor 
field, considerable interest and investigation are being directed to 
other semiconducting materials. Among the more promising of the 
newer types are the intermetallic compounds. They differ chemically 
from such semiconductors as silicon or germanium in that they are 
formed with two pure elements in place of one. Thus, a germanium 
transistor starts with pure germanium and then has added to it ap-
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propriate impurities to form the requisite P and N regions. The same 
is true of silicon. In an intermetallic compound, the basic crystal 
structure consists of two different metallic elements such as gallium 
and phosphorus, which together form gallium phosphide, GaP. Suit-
able impurities are then added to this compound to form the needed 
P and N regions. 

In the introductory discussion on transistors, it was noted that ger-
manium and silicon each have four valence electrons in their outer or 
chemically active rings. The crystalline structure is then formed by 
having the atoms share each other's outer electrons to form bonds. 
In the intermetallic compounds, one of the combining elements has 
three valence electrons per atom while the second element has five 
valence electrons per atom. Equal numbers of the two atoms are used, 
and these also share each other's valence electrons to form a crystal 
structure. This structure exhibits many of the same properties as 
germanium and silicon. 
We have seen that a fundamental electrical property of a semicon-

ductor is the energy needed to free an electron from the bond formed 
between two atoms. In silicon, more energy is required to liberate 
electrons, and this is a major reason why silicon can be employed at 
higher temperatures. With intermetallic compounds, by using different 
combinations of three valance atoms and five valence atoms, we can 
achieve a very wide range of energy gaps. 
The mobility of electrons and holes in semiconductors ( i.e., the 

speed with which these particles or charges move through a crystal) 
can also be regulated over a fairly extensive range in intermetallic 
compounds. All these variations make it possible to construct tran-
sistors or semiconductor diodes having a wide choice of such proper-
ties as current- or power-handling capacity, frequency range, and 
rectification ratio. 
Some of the newer compounds which are being studied extensively 

include gallium arsenide, gallium phosphide, indium phosphide, in-
dium antimonide, and indium arsenide. Gallium arsenide, as a semi-
conductor, can potentially combine the high-temperature capacity of 
silicon ( at present, 150°C in practical devices) and the high-frequency 
capabilities of germanium. Higher-temperature capability will permit 
higher power applications and levels, since the heat energy can be 
more effectively handled. Gallium phosphide, used in conjunction with 
gallium arsenide in a device, is expected to extend the upper tempera-
ture limit anticipated from gallium arsenide alone to above 500°C. 
Indium phosphide, with an upper temperature limit of approximately 

400°C, is considered as a possible runner-up to gallium arsenide. In-
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dium antimonide and indium arsenide are being experimentally tested 
in galvanomagnetic devices, where frequency and temperature do not 
play a primary role. Such semiconductors, as opposed to use in transis-
tor or rectifier applications, have potential application in magnetome-
ters, magnetic compasses without moving parts, and gyrators. 
Many compounds are under investigation, and undoubtedly some of 

them will be employed commercially. At the present time, fabrication 
of these substances presents major problems because of the difficulty 
in purifying them to the degree necessary and then forming them into 
suitable transistors or diodes. 

Microsystems Electronics 

Semiconductor technology has advanced very far and very rapidly 
since the days of its beginning. The most significant aspects of its 
advancement may be seen in the areas of improved reliability, reduc-
tion in cost, and increased operating frequency. So far as operating 
frequency is concerned, computers operating at speeds in excess of 
100 Mc are being contemplated; compare this with the fastest com-
puter of the late 1950s, which operated at a speed on the order of 

Mc. This increase in speed permits a tremendous increase in the 
amount of data that may be processed in a given time, providing a 
large saving in cost per computation. The importance of reliability is 
self-evident: a transistor failure could send a missile far from its desti-
nation or permit a computer to continue calculating incorrectly long 
before any error was detected. Although there are safety methods to 
prevent such errors, such as using two circuits to do the same job 
and then comparing their outputs before proceeding, guaranteed tran-
sistor and component reliability is a much more potent and much 
more economical solution. 
Another area of advancement, now of prime concern but which has 

not received much attention until recently, is that of size and weight. 
This may be viewed with respect to component size, circuit size, 
functional operation size, and, finally, system size. Why are size and 
weight important? This is an interesting question in light of the small 

size and weight of the transistor compared to its predecessor, the 
vacuum tube. A computer, an aircraft, or, more obviously, a satellite 
has only so much room in which to store the required electronic 
circuitry. If this circuitry could be reduced in size, then a single 
satellite could send us information not just on temperature or on 
radiation, but on both these factors and much more. As another il-
lustration, consider the relative size of a computer using vacuum tubes 
with a computer using transistors; the reduction in size per operation 
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is greater than 3:1, not counting the reduction in the required air-
conditioning equipment. 

In addition to considerations of sheer size and weight, there are 
two other factors which lead to the conclusion that electronic com-
ponents must become smaller. Consider a large computing system. 
In present high-speed computers, time delay per stage averages about 
10 nsec. If this delay is to be reduced to 0.1 nsec, we must certainly 
reduce the distance between stages. It takes an electrical signal 
(traveling at 3 X 108 m per sec) almost 0.1 nsec to travel a dis-
tance of only 1 in. Thus, if we envision a kilomegacycle computer 
(where the total information must be contained in 1 nsec), we will 
certainly have to build a very small computer. However, a small 
computer implies a very high component density, where each com-
ponent must dissipate less power to maintain the same heat-volume 
relationship. 
The reader well may ask why such high computing speeds are de-

sired. This brings us to the second factor: the relationship between 
the size of the memory and the logic section. For computers to have 
a higher information capacity, they must be able to store more in-
formation. We must be able to extract this information quickly, 
operate on it, and return it to storage. Thus, in general, a large amount 
of stored information implies a high-speed logic section. This high-
speed requirement, coupled with the increased size of a larger com-
puter, again implies a need for small package size and low power 
consumption. Considerable miniaturization has already taken place in 
conventional components such as resistors, capacitors, inductors, tubes, 
and transistors. To go beyond this point requires either new techinques 
in component miniaturization or entirely new concepts in circuitry. 
Both of these avenues have been explored with varying degrees of 
success. 

If circuits are to be reduced in size, crammed into smaller volumes, 
and finally packed more densely to do more jobs in less space, there 
arises the immediate problem of heat. Heat, besides being an evidence 
of energy lost and unreclaimable, is probably the biggest contributor 
to semiconductor and component failure. Thus, any attempt to reduce 
circuit or system size must be accompanied by a reduction in operating 
power dissipation. This also has a desirable side effect: power supplies 
and other energy sources will need to provide less energy. This will 
enable them to be made smaller with a higher probability of long life. 
Another obstacle to higher component density is solder joints and 

connections. One of the most important causes of poor reliability in 
computers is the failure of interconnections. Each transistor must have 
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three external connections; each resistor, capacitor, coil, or wire needs 
two external connections. Consider now a large computer with 50,000 
transistors, 50,000 capacitors, and 150,000 resistors. In such a computer, 
there are probably more than 500,000 component connections. If we 
assume a connection failure rate of only 0.002 per cent per thousand 
hours, we will have approximately one failure per week. Thus, even 
without component failures ( 0.01 per cent per thousand hours for 
transistors), the computer would still cease functioning once every 
week. It would be extremely useful to eliminate all external connec-
tions. It is a known fact that internal connections, such as those inside 
a transistor case, have a very low failure rate—much lower than that 
of external connections. This is yet another reason for pursuing micro-
electronics and packaged circuitry. 

Research into the problem of microelectronics has produced a 
number of solutions. These various methods of producing microelec-
tronic components may be grouped rather loosely by size into the 
following categories: 

1. High-density packaging techniques—a circuit-reduction concept 
utilizing conventional miniaturized components 

2. Micropackaging—a functional-operation-reduction concept where-
by an entire operational circuit is packaged by using discrete 
microsize components or thin-film techniques 

3. Solid-state or integrated circuits—a functional approach whereby 
a complete circuit is entirely formed, using semiconductor tech-

niques, on a semiconductor slab and then packaged 

It will prove worthwhile to study these three approaches in detail. 
High-density packaging techniques. The number of components 

which can be fitted into a given volume, say a cubic foot, can be 
substantial by suitably reducing the physical dimensions of conven-
tional components. ( By conventional components, we refer here to the 
resistors, capacitors, inductors, tubes, and transistors that would be 
found in a pocket radio, for example. These retain the same basic 
appearance that we have for some time associated with these com-
ponents. ) Estimates as high as 1,000,000 parts per cubic foot have been 
made, and there are some engineers who have indicated even higher 
figures. 

To appreciate some of the obstacles which must be overcome when 
a component is made more compact, consider the transformer for an 
example. A transformer generates a certain amount of heat as a result 
of the current flowing through its windings. This heat must be dissi-



370 TRANSISTORS 

pated, but as we work toN% ard miniaturization, we reduce the available 
surface radiating area. Furthermore, to attain a smaller volume in the 
first place, smaller-size wire must be employed in the windings, and 
this, in turn, possesses a higher resistance so that more heat is gener-
ated by the current flowing through the wire. 
Both of the foregoing factors force the transformer to operate at a 

higher temperature, and if suitable insulating materials are not devel-
oped, component failure will be high. 
Temperature also enters the picture in still another way. Overall 

reduction of equipment, a direct consequence of component minia-
turization, means that the amount of heat generated per unit volume 
will be higher than in conventionally sized equipment, where the 
spacing between components can be made much greater. This leads 
to a higher ambient temperature, and this factor, added to the in-
creased heat generated within each component itself, further aggravates 
the demands made upon the materials used. 
The solution resides in the development of new substances possessing 

greater heat-resistant properties than heretofore possible. In trans-
formers, silicon-impregnated Fiberglas, Mylar, and adhesive Teflon 
tapes are used extensively to provide improved insulation between the 
various layers and windings. The shapes of cores used fall generally 
into the toroid or flat-laminated categories. Tape-wound toroids are a 
most convenient way of obtaining a miniature core using thinner 
material; air gaps are minimized with this construction, permitting 
utilization of almost the full permeability of the material. When flat 
laminations are employed, they generally possess an E or I con-

figuration. 
Cores are fabricated from such high-permeability materials as 

Ferroxcube, grain-oriented Hipersil steel, Moly-Permalloy powder, or 
grain-oriented Silectron steel. Formvar-type wire coatings, bobbin 
windings ( in contrast to the layer windings common in larger trans-
formers), and improved production techniques, especially in the han-
dling of the very fine wire used, all have combined to permit the 
evolution of transformers which are truly miniature in size, Fig. 4.9. 

In another component, fixed capacitors, Fig. 9.54, the problem of 
miniaturization is being overcome in a number of ways. For non-
electrolytic capacitors, generally those less than 1 p.f in value, extensive 
use is being made of plastic, impregnated paper, and ceramic dielec-
trics. Desirable characteristics in a dielectric are high insulation resist-
ance, relatively low temperature coefficient capacitance ( i.e., small 
change in capacitance with temperature), the ability to function satis-
factorily over a wide range of temperatures, and a high dielectric 
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Fig. 9•54 Several illustrations of miniature capacitors employed in transistor circuits. (a) Tan-

talum- foil electrolytic capacitors. ( b) Mica capacitors. ( c) Ceramic capacitors. 
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constant. ( Few substances possess all these characteristics, and the 
end product is usually a compromise.) 

In plastic dielectrics, wide use is being made of Mylar, a product of 
E. I. du Pont de Nemours & Company. This substance, which is chemi-
cally a polyester, possesses a high resistivity to heat and excellent 
mechanical strength. In thin films it is frequently impregnated with 
silicon, mineral oil, or polystyrene. Dielectric constant of Mylar is 
about 3, and it remains fairly constant with frequency. 
When paper dielectrics are employed, the paper is frequently im-

pregnated with vegetable or mineral oils or with a synthetic compound 
such as Permafil ( General Electric Company). Metallized paper 
capacitors are also rather widely used. In these units, the conventional 
separate layers of metallic foil are replaced with an extremely thin film 
of metal which is deposited directly on a lacquered surface of the 
paper dielectric by a high-vacuum vaporizing process. This lacquer 
coating considerably improves the dielectric strength and insulation 
resistance of the paper. 
Within recent years, a wide variety of ceramic dielectrics such as 

the Erie Ceramicons have appeared. Because of their high dielectric 
constant, these dielectrics permit the fabrication of fairly high valued 
capacitors in small volumes. One disadvantage of some of the very high 
dielectric constant substances is their sensitivity to temperature. This 
means that the capacitance value can change markedly as the equip-
ment warms up. However, in many applications, such as bypassing and 
coupling, considerable variation is tolerable. In fully transistorized 
equipment, where there are no vacuum tubes to generate large quan-
tities of heat, this temperature dependence does not present any undue 
difficulties. 
The trend toward miniature fixed capacitors of the type just de-

scribed was established before transistors became commercially avail-
able. However, the story of miniature electrolytic capacitors is entirely 
different. For transistor operation, bypass capacitor values in the 
microfarad region are required because of the low impedances in-
herent in such circuits. Coupling capacitors of 2 to 10 pl are not un-
common, as we noted in earlier chapters, and for bypass functions, 
capacitance to 50 ef is employed. Fortunately, the voltages used in 
transistor circuits are extraordinarily low, and this does help to sim-
plify the problem. 
One dielectric which is being used widely in the fabrication of mini-

ature electrolytic capacitors is tantalum. The tantalum anode is in 
the form of a wire which is completely surrounded by a porous, ab-
sorbent sleeve, effectively insulating this section from the base. A 
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neutral electrolyte is used whose properties are so chosen that these 
capacitors show excellent capacitance stability and power characteris-
tics over the temperature range — 20 to +55°C. 

The tantalum anode and the electrolyte are hermetically sealed into 
a solid-silver tubular case which serves as the cathode. Terminal leads 
are of solid tinned copper. Dimensions of a typical unit designed to 
possess a capacitance of 8 ef at 4 volts d-c are 1/8 in. in diameter by 1A- 
in. long. 
One of the most widely employed methods of mounting miniature 

components is the module. Components are clustered together and held 
in place by soldering or welding the component leads to printed-circuit 
boards or to supporting wires that extend from one end of the module 
to the other ( see Fig. 9.55). Once the proper connections are made 

•-.____ 

Fig. 9.55 Miniature modules showing how components are clustered together. 

and the necessary input and output terminals are established, the body 
of the module may be encapsulated in a suitable resin. This not only 
provides additional physical support for the components but also pro-
tects the module from the atmosphere. The proper resin can also aid 
materially in removing heat from the interior of the module. 
One new approach—new in that it does not represent a use of con-

ventional miniaturized components—may be found in the "dot packag-
ing" concept, Fig. 9'56. By this method, specially packaged compo-
nents, in pill shape, are fitted into a hole structure on a nonconducting 
wafer. The pills generally have a 0.05-in, diameter and are 0.03 in. 
long. The flat faces of the "pills" are the connecting points; series or 
parallel connections are easily obtained by strapping the pills together 
with tiny conducting strips. Capacitors, resistors, and diodes are 
available in this package. The wafer is generally 1.1 in. square and 
0.05 in. thick; this additional thickness represents a thin nonconducting 
film that covers both sides of the wafer and thus insulates the exposed 
pill faces. Small can-package transistors may also be sealed in the 
wafer, although a larger hole is required. All leads to the circuit are 
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brought out one end of the wafer; a close-packed stack of many such 
wafers is then easily made and all connecting leads may terminate 
in a single connecting circuit board. 
Micropackaging. The concept of micropackaging first began with 

the idea of combining two or more transistors or diodes within a single 
transistor case and providing the proper number of external leads. This 
is illustrated in Fig. 9.57. Many configurations are possible: common-
cathode and common-anode diode arrays, common-element transistor 

Fig. 9.56 Miniaturized dot components. ( P. R. Mallory Co.) 

configuration, and direct-coupled transistor circuits, as well as numer-
ous transistor-diode combinations. 
Such packaging brings many previously external connections inside 

the transistor housing. This is a step toward improving overall re-
liability. This packaging concept has now progressed to the point 
where an entire functional circuit is contained inside a transistor can. 
In this case, the circuit components are no longer the standard resistors 
and capacitors familiar to us; rather, they are formed by film or 
deposited-metal techniques. One typical example of a functional circuit 
packaged in this manner is shown in Fig. 9.58. This is an RC-coupled 
transistor flip-flop. In addition to four transistors, it also possesses four 
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Fig. 9.57 Transistors and diodes packaged in transistor housings. ( Philco Corp.) 

Fig. 9.58 A transistor case containing a complete flip-flop. ( Philco Corp.) 
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resistors and two capacitors. Many such circuit combinations are 
commercially available, although for the most part they are circuits of 
prime use in computers. Because of the larger number of circuits which 
a computer employs, and because of the repetition of certain basic 
arrangements, computers lend themselves particularly well to this 

approach. 
Thin-film techniques for fabricating components, notably resistors 

and capacitors, are becoming increasingly important in the manufac-
ture of micro circuits. Present available methods for creating thin films 
with specific electronic characteristics are: 

1. Physical methods such as sputtering and vacuum deposition 
2. Chemical methods such as electroplating, chemical reduction 

(etching), and thermal decomposition 
3. Mechanical methods such as spraying and rolling 
4. Photographic methods such as photoengraving 

Generally, more than one of these approaches are employed in any 
one process. The thin film is deposited on a nonconducting substrate 

Fig. 9.59 Various geometrical shapes suitable for deposited resistors. 

which is generally glass or ceramic. It is important that the surface of 
the substrate be extremely smooth so that the thickness of the de-
posited film is uniform. Resistances are obtained by simply depositing 
a long enough strip of a conductive ( i.e., metallic) material. The 
geometrical shape may be a spiral; a square area; a straight, narrow 
strip; or some irregular pattern, Fig. 9.59. To obtain a high resistance, 
the thin film should be narrow, thin, and long. To obtain a low resist-
ance, a wide, thick film pattern should be employed. A typical range 

of resistance is from 100 ohms to 1 megohm. 
If the resistor is to dissipate much power, it must be made with a 

large area. Power dissipations as high as 100 mw are possible. Resistor 
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tolerances of ±5 per cent are common. If extreme care is taken during 
manufacture, tolerances of -± 1 per cent may be obtained. The amount 
of resistance variation with life and temperature is extremely small 
because the thin film is actually a metal. 

Capacitors are obtained by depositing films on two sides of a sub-
strate with a controlled thickness. Very small values may be obtained 
by paralleling two deposited strips on the same side of the substrate. 
Another method of making the capacitor is to first deposit the metallic 
thin film, then cause it to become oxidized, and then plate another 
metal film over the oxide. The metal films then act as the plates and the 
oxide serves as the dielectric. Thus a parallel-plate capacitor is formed. 
The value of the capacitor is then determined by the area of the metal 
film and the thickness of the oxide layer. Microminiature capacitors 
with values from 30 itef to 0.05 ii.f can be readily formed in this fashion. 
The same metal film employed to provide capacitors and resistors can 

also serve as a conductor to interconnect these components as well as 
the semiconductor diodes and transistors in the circuit. This single-
metal system offers many advantages in the manufacturing process. 
Philco, for example, uses tantalum in microfilm circuits. Tantalum's 
high sheet resistivity, low temperature coefficient, stability, corrosion 
resistance, amenability to being formed into very fine lines, and repro-
ducibility make it desirable for resistors. Its oxide provides the 
dielectric for capacitors. Finally, when overlaid with gold in selected 
areas, the resultant film forms the basic high-conductivity wiring 
pattern. 

One of the advantages of the thin-film technique is that distributed 
CR networks may easily be obtained by depositing resistances on both 
sides of the substrate; this may, of course, also present a problem if 

distributed parameters are not desired. Another problem present in the 
thin-film approach is the limited power dissipation of the components. 
This fact may be used to point out that reduced power dissipation is 
not only desirable from the reliability standpoint but also a definite 
consequence of microminiaturization techniques and approaches. 
Finally, two problems are involved in thin-film fabrication at present: 
accuracy in depositing the films and the amount of time involved in 
the actual deposition. 

Solid-state circuits. Solid-state circuits are another step in the 
evolution of microsystems electronics. In this case, the entire circuit is 
fabricated by using semiconductor techniques. The circuit is formed 
from a slab of semiconductor material, usually silicon. From this slab, 
resistances, capacitances, diodes, and transistors are formed. To illus-
trate the procedure, consider a block of P-type silicon possessing a 
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fairly high resistivity ( — 200 ohms per cm). Figure 9.60a shows such 
a P-type block. If we now apply ohmic or nonrectifying contacts to the 
ends of the block, a resistor is formed. In general, the range of obtain-
able resistance values ( 200 to 100,000 ohms) is smaller and the toler-
ance not quite as good as that obtainable by using thin-film techniques. 
Furthermore, the resistance value will be found to change more with 

temperature and with age. 
A capacitor can be formed by depositing metal films on either side of 

a diffused junction, Fig. 9.60b. By applying a reverse voltage across 
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Fig. 9.60 Illustrations of how solid circuits can be employed to form a variety of components 

the junction, capacitances of 20,000 to 200,000 p.I.tf per cm2 are 

achievable. 
One important problem which arises when making a capacitor from 

a reverse-biased junction diode is that the leakage currents are high. 
Also, the capacitor can only be used for a signal of one polarity. 
Another problem with this type of capacitor is the resistance which 
the semiconductor itself possesses and which it essentially places in 
series with the capacitor. Typical values of series resistance range from 
1 ohm to 100 ohms. 
The same wafer or block of silicon can also serve as a transistor or a 

diode, Fig. 9.60c and d, with suitable diffusion of impurity materials. 
This technique has been fully covered in preceding chapters. 
An example of a solid-state circuit, a diode-coupled transistor logic 

gate, is illustrated in Fig. 9.61. This circuit includes one transistor, two 
resistors, one capacitor, and four diodes. The transistor and diodes are 
formed in the slab, while the resistances are obtained by using the 
material of the slab. Such a circuit is easily housed in an eight-lead 
transistor package. 
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There are really few restrictions to the solid circuit except those im-
posed by size and the number of elements, both active and passive, 
that can be formed on a single slab of semiconductor material. For 
example, a large silicon wafer may be diffused to form a large planar 
diode. This wafer may then be photo-diffusion-processed further to 
obtain the desired number of diodes and their desired locations. Code-
conversion matrices that will contain upwards of 1,000 diodes are 
contemplated. 

Fig. 9.61 A digital-computer logic circuit housed in a transistor package. The unit on the right 
performs the same logic function as the printed-circuit unit on the left. 

These are but a few of the approaches to microsystem electronics. 
There are many problems yet to be solved, and probably a great 
number of solutions will be found. One of the most pressing problems 
lies in micropackaged-circuit performance; generally, performance 
capabilities, such as speed and number of possible loads, are related 
to power dissipation. Thus, at the present, speed and gain are neces-
sarily sacrificed for a reduction in size and in power dissipation. A few 
transistors have been especially designed for microenergy use; such 
devices, tailored to give optimum performance at low power levels and 
incorporated in micropackages, may well be one immediate solution 
to this problem. The future will shortly find manufacturers of large 
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electronic systems, such as computers, purchasing not individual tran-
sistors and components but entire functional packages, such as logic 
circuits. These will then be interconnected to form the computer. 

QUESTIONS 

9.1 Why are phototransistors frequently more desirable than 
phototubes? How does the phototransistor of Fig. 9-1 operate? 

9.2 Explain the reason for the shape of the curve in Fig. 9.2. 
9.3 Why does the response of a phototransistor depend upon the 

wavelength of the incident light? 
9.4 How does the phototransistor in Fig. 9.5 function? Show 

one application. 
9.5 What is a tetrode transistor? Show the structure of such a 

device and indicate the polarity of the biasing voltage applied to each 

element. 
9.6 How can the tetrode transistor be employed as an amplifier? 
9.7 Draw the circuit diagram of a transistor frequency converter 

using a tetrode transistor. 
9.8 In what way does the coaxially packaged transistor permit 

higher frequency operation of transistors? 
9.9 Describe the operation of a PNPN transistor. 

9-10 Why can the PNPN transistor be employed as a switch? 
Explain. 

9.11 Describe two methods for turning off controlled rectifiers. 
9. 12 What is a unijunction transistor? How does it operate? 
9. 13 Explain how a unijunction transistor can be employed to 

generate square waves. 
9.14 Compare the field-effect transistor with a conventional PNP 

(or NPN) transistor. 
9.15 Compare the field-effect transistor with a triode vacuum tube. 
9-16 Why is carrier transit time not so important in the operation 

of a field-effect transistor as it is in a conventional PNP transistor? 
9.17 Explain why the space charge in a field-effect transistor pos-

sesses the shape shown in Fig. 9.32. 
9.18 Where is the signal applied in a field-effect transistor? How 

is an amplified version of this signal obtained? Draw a suitable circuit 

to illustrate your answer. 
9.19 On what one feature does the operation of a tunnel diode 

depend primarily? Name three other electronic devices which depend 
upon the same characteristic for their operation. 

9.20 Describe the operation of a tunnel diode. 
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9.21 Explain the following tunnel-diode parameters: 17,,, IV, VI, 

9.22 What is the principal frequency-limiting factor of a tunnel 
diode? How does this limit the upper frequency attainable by a tunnel 
diode? 
9 23 Explain how the circuit of Fig. 9 • 44 functions. 
9.24 Show how a tunnel diode can be employed to operate as a 

flip-Hop circuit. 
9.25 What is the difference between a tunnel diode used as an 

oscillator and a tunnel diode used as a bistable switch? Hint: Use a 
characteristic curve in your explanation. 

9.26 What advantages do miniature circuits offer? What diffi-
culties? 

9 • 27 What obstacles are encountered when components are minia-
turized? Name some of the ways these obstacles are being overcome. 

9 • 28 What are thin-film components? How are capacitors, resistors, 
and conductors produced by thin-film techniques? 

9.29 Differentiate between thin-film circuits and solid-state 
circuits. 

9.30 How are resistors, capacitors, and conductors produced in 
solid-state circuits? 



CHAPTER 10 

Servicing Transistor Circuits 

THE TRANSISTOR exhibits a curious combination of ruggedness and 
fragility. It is, for example, far more physically rugged than even the 
most powerfully built vacuum tube; it is capable of withstanding 
centrifugal forces with accelerations as high as 31,000 times the force 
of gravity and impact tests as great as 1,900 times. These are far in 
excess of the forces which will completely shatter any vacuum tube. 
On the other hand, a transistor is a fragile device with respect to heat 
or to the application of d-c biasing voltages possessing the wrong 
polarity. It is important, then, to be familiar with the physical handling 
limitations of transistors, so that transistor equipment can be built or 
serviced with a minimum adverse effect either on the transistors 
themselves or on the miniature components with which they are often 

employed. 

Tools 

Probably the first step to take in preparing yourself for transistor 
work is the acquisition of the proper tools. Since transistors and their 
associated components are extremely small, conventional-sized tools are 
frequently unsuitable for effective use. In their place, the technician 
requires tools which, because of their own reduced size, are better able 
to cope with the limited space encountered in compact, miniaturized 
equipment. In addition to the smallest cutting pliers that can be ob-
tained, it is suggested that two or three shapes and sizes of tweezers 
be acquired. These will come in handy when fine wires must be 
soldered ( or unsoldered ) in the circuit. Another useful device is a sol-
dering aid one end of which has a notch for gripping wires while the 
other end comes to a fine point for probing or cleaning away solder 

from small openings. 

382 
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Servicemen have also found a large reading or magnifying glass to 
be useful, particularly one which is mounted on a holding stand so that 
both hands are left free. Other tools which should be available include 
needle-nose pliers and small- and long-shank screwdrivers having 
narrow blades. 
Another change required by the transistor is the use of a small, low-

wattage soldering iron ( or pencil) possessing a narrow point or wedge. 
Wattage ratings on the order of 35 to 40 watts are satisfactory; any-
thing larger than this could damage the transistor while it is being 
soldered into the circuit. ( The same low-wattage iron is also required 
for the printed-circuit wiring of a transistor receiver.) 
To provide the transistor with the maximum protection while it is 

being soldered or unsoldered, it is good practice to grasp the terminal 

Fig. 10.1 A representative transistor socket. 

lead tightly with long-nose pliers positioned between the transistor 
body and the lead end. With this arrangement, any heat traveling 
along the wire will be shunted away from the transistor housing. It is 
desirable to retain the pliers on the wire for a short time after the iron 
has been removed to make certain that all the heat has been dissipated. 
It is also good practice to provide such a heat shield when other wires 
are being soldered to any terminal lugs to which a transistor lead is at-
tached. 
Two helpful rules to follow are to keep the transistor leads as long 

as possible, consistent with the space available and the application, 
and to get whatever soldering that has to be done over with as quickly 
as possible. Helpful in this respect is 60/40 low-temperature rosin-core 
solder. 

In some instances, transistors are constructed with leads stiff enough 
to permit plugging the transistor into a specially constructed socket, 
Fig. 10.1. In such cases, of course, soldering is no problem, and the 
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only precaution to observe is to remove the transistor from the socket 
before the soldering iron is brought into contact with any of the socket 
terminal lugs. 
As a final word concerning the use of any tools on transistors and 

their associated miniaturized components, always remember that be-
cause these units are small, their connecting wires are quite fragile. 
Handle these wires carefully and gently, both when the part is being 
installed and when it is being removed. 

Ba ttery Potentials 

Two factors combine to make transistors particularly sensitive to 
applied bias voltages. First, there is the fact that the emitter-base junc-
tion is biased in the forward, or low-resistance, direction and the 
impedance of this circuit, under these conditions, is extremely low. Any 
voltage in excess of the required value could easily result in so large 
a current that the resultant heat would permanently damage the tran-
sistor. The correct operation of a transistor—any transistor—is inti-
mately tied in with the maintenance of its crystal lattice structure and 
the distribution of certain impurity atoms throughout that structure. If 
enough heat is generated to disrupt the crystal structure, the effective-
ness of the transistor to function as desired is seriously undermined. 
This is the reason for the oft-repeated warnings against applying too 
much heat or permitting the unit to become too warm during 
operation. 
The second factor that makes transistors sensitive to applied bias 

voltages is the extremely minute dimension of the several elements 
and their very limited heat-dissipating ability. Collector current is im-
portant in this respect because this current, passing through the rela-
tively high collector resistance, develops a certain amount of heat. If 
this heat, added to the ambient heat at which the transistor is oper-
ating, exceeds the maximum limits of the transistor, behavior becomes 
erratic. That is why the maximum collector dissipation is always speci-
fied at a definite ambient temperature. If the surrounding temperature 
is higher than specified, the collector-dissipation rating must be re-
duced proportionately. This is called derating and was discussed in 
Chap. 3. The maximum safe value of collector voltage is important 
also, since too high a value will lead to a reverse voltage breakdown. 

Thus, because of the foregoing limitations, the value and the polarity 
of any voltages applied to the circuit must be scrutinized carefully. 
Make certain first that you have the right voltage, then check polarity 
before making final connection to the circuit. If you are at all in doubt 
about the latter point, check the type of transistors being employed. 
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PNP units require negative collector voltages and positive emitter volt-
ages, both taken with respect to the base. In NPN transistors, the re-
verse situation holds. 

Before the battery is connected to the circuit, the various transistors 
should be firmly in place. Never insert or remove a transistor when 
voltages are present. This is designed to prevent the development of 
surge currents which can damage a transistor. Always remove the 
voltage first. If you are experimenting with a new circuit or building 
a transistor kit, double-check all wiring before applying bias voltages. 
If you are doubtful about the outcome, insert a current meter in series 
with the collector circuit and then use a potentiometer arrangement 
to apply the collector voltage gradually. If the collector current begins 
to exceed the specified maximum, you know something is at fault. 
To men who have gained all their radio and television experience on 

vacuum-tube circuits, all these precautions may appear somewhat ex-
cessive. However, experience has revealed that they are most certainly 
required. Transistors are extremely sensitive to heat, and anything 
that develops heat, such as current flow, must be watched with a wary 
eye. 

Another source of potential danger lies in the signal generators which 
the technician uses to service radio and television systems. When a 
signal is injected into a transistor circuit, start with a very low ampli-
tude signal and gradually increase the generator output until the de-
sired indication is obtained. Never inject strong signals into a transistor 
circuit, particularly when it is a low-level stage. Frequently, indirect-
rather than direct-coupling methods of signal injection are advisable. 
For example, clip the "hot" output lead from the generator across the 
insulated body of a nearby resistor or capacitor. The signal will then 
enter the circuit by radiation and capacitive coupling. This approach 
is widely practiced in television-receiver alignment when a marker 
signal must be brought into the system without swamping the sweeping 
signal. 

It has also been suggested that signal injection can be achieved by 
connecting the output of the signal generator to a suitable coil and 
then aligning the axis of the coil with that of the input of the circuit 
under test. This will bring the signal into the circuit by inductive coup-
ling. In using this method, the radiating coil should be geared to the 
signal frequency, i.e., a high-inductance coil for low frequencies and 
a low-inductance coil for high frequencies. 
The sensitivity of a transistor to surge currents should be borne in 

mind when a voltmeter is being used to check voltages at various 
points in a transistor receiver. Because of the closeness with which 
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components are placed, it is easy for the probe tip to touch two closely 
spaced terminals accidentally if the technician is not exceptionally 
careful. This simple slip may result in battery burnout or be respon-
sible for a current surge through the transistor as, for example, when 
the probe makes simultaneous contact with the collector and base 
electrodes. Special emphasis is placed on this precaution because of 
the ease with which the mistake can be made. In vacuum-tube circuits, 
similar slips may occasionally cause a component to burn out, although 
they rarely affect tubes. In a transistor circuit, the transistor is usually 
the weakest link, and it becomes the victim. 
Along these lines, here are some meter precautions which are issued 

by the manufacturer of the Regency pocket radio receiver discussed in 
Chap. 6. Some service ohmmeters utilize circuitry which necessitates 
an other-than-normal battery polarity inside the meter. With instru-
ments of this type, the red test lead has a negative potential and the 
black lead has a positive potential. The technician should investigate 
his meter to determine the polarity of its leads. This can be done easily 
by connecting a voltmeter across the ohmmeter test prods. When 
measuring circuits which are critical with regard to polarity ( such as 
those containing electrolytic capacitors), the technician should keep in 
mind the polarity of the meter leads and should connect them accord-
ingly. The positive lead, whether it is red or black, should be con-
nected to the positive lead of the electrolytic capacitor. The transistors 
in this receiver ( i.e., the Regency model TR-1G) would not be ruined 
if an ohmmeter were to be connected into the circuit in the reversed 
polarity, but the electrolytic capacitors would give incorrect readings 
because they would be measured backwards. It is also imperative not 
to use an ohms range which utilizes a battery of more than 3 volts, be-
cause the transistors can be damaged if too much voltage is applied to 

them. 
Before we leave the subject of heat and its effect on transistors, one 

word might be said about the precautions to observe when positioning 
transistors in electronic equipment. Keep transistors clear of any com-
ponent, be it tube, resistor, or transformer, which passes enough cur-
rent to develop a noticeable amount of heat. The ratings specified for 
a transistor are always given at a certain ambient temperature, gen-
erally 25°C. For every degree above this figure, a corresponding low-
ering of the transistor ratings must be made, thereby effectively 
reducing the operating range of the unit. It might be useful to re-
member this when you find that transistor equipment is not operating 
as it should and no component is apparently at fault. Measure the 
ambient temperature of the enclosure where the transistor is contained. 
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Make this measurement under the same conditions that prevail when 
the equipment is functioning normally, that is, with the chassis in the 
cabinet and all removable sections or panels in place. If you possess a 
Fahrenheit thermometer, the equation for conversion to centigrade is 

5 
C = — (F — 32) 

9 

where C = temperature, °C 
F = temperature, °F 

Transistor Testing 

The transistor may be checked, in roundabout fashion, by substitut-
ing another unit known to be good. If the circuit operation returns to 
normal, the previous unit was defective; if the trouble persists, the 
transistor was not at fault. 

A more direct approach is to test the suspected transistor in a 
suitable tester. A number of such units are commercially available. 
Many of these testers are fairly simple in design, checking only the 
leakage current and current gain of a transistor. If the results of both 
checks are satisfactory, the unit is probably functioning normally. 

In most testers, leakage is checked first because it is the more sensi-
tive indicator of the condition of a transistor. Leakage will almost 
always drag the gain down with it, and the transistor that possesses 
more than the normal amount of leakage will have a greater distorting 
effect on the circuit than one with low leakage and gain. If a transistor 
passes the leakage test, it should then be checked for gain. 
Leakage measurement. In nearly all commercial transistor testers, 

leakage tests are performed in one of two ways. The most widely 
employed method is the Irgo test in Fig. 10.2a, in which a meter, 
resistor, and battery are connected in series. If a PNP transistor is 
being checked, the positive terminal of the battery is connected to the 
emitter and the negative terminal is connected to the end of the 
circuit terminating at the collector. The current through the circuit is 
a function of temperature, the resistivity of the germanium or silicon, 
and the applied voltage. Any contamination on the surface of the tran-
sistor or a short circuit within the device will produce a high reading 
on the meter. 

The L.,„ notation of this leakage test indicates that current is flowing 
between the collector ( C) and emitter (E) with the third element or 
base open (0). Thus, the first two letters after the I indicate the cir-
cuit in which the current is being measured. The disposition of the 
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third element is then identified by the third letter, 0, here standing for 

open circuit. 
The foregoing test provides enough current to actuate a milliam-

meter, and this is the chief reason for its popularity. Perhaps a more 
sensitive indicator of the leakage condition of a transistor is the /cuo 
current ( frequently shortened to Io). As the notation indicates, cur-
rent is measured between the collector and base with the emitter 
circuit open. This circuit is shown in Fig. 10.2b. The battery is con-
nected between the collector and base, the negative battery terminal 
going to the collector of a PNP transistor and the positive terminal 
to the base. In essence, the transistor is reverse-biased, and only a very 
small current should flow ( perhaps no more than 10 or 15 pta ). Since 

PNP METER 
C + 

(b) HOOKUP FOR Icgo TESTS 

(a) HOOKUP FOR ICE() TESTS 

Fig. 10.2 Two leakage- current tests that are 

performed on transistors. 

the transistor is reverse-biased, the reader may wonder why any 
current at all flows. The reason is the energy which the ambient, or 
surrounding, temperature supplies to the internal atoms of the tran-
sistor structure. This energy causes some of the atomic electrons to 
vibrate strongly enough to enable them to break away from their 
parent nucleus and leave behind an equivalent positive charge called 

a hole. The positive charges are attracted to the negative terminal of 
the battery, while the electrons are drawn to the positive terminal. It 
is the flow of these two opposite charges that produces a current flow. 
If a transistor is in good operating condition, however, this current 

should be very low. 
Just what constitutes a very low reverse current for a transistor 

depends on its power rating. In milliwatt transistors such as are found 
in most signal stages except the output, 10 to 15 ea or less would be 
considered an acceptable /co. In a 5- or 10-watt power transistor, as 
much as 1 ma or so would be good. As a general rule, the larger the 

power capabilities of a transistor, the greater its acceptable /co. 
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Since the test for /cm, current requires a highly sensitive meter move-
ment, most low-cost transistor testers avoid this test and measure 
instead the larger Lb current. 
Gain measurement. Once it has been established that the transistor 

leakage falls within a normally acceptable limit, the d-c fi gain of the 
transistor is measured next. This gain is a measurement of the change 
in collector current for a small change in base current. A small current 
is introduced into the base circuit and its effect on the collector circuit 
is noted. There are several ways to do this, and they will be brought 
out as we examine the various commercial testers. 

The most desirable condition for a low-frequency transistor is low 
leakage and high 6. As the leakage current rises and the p value falls, 
the transistor becomes increasingly less desirable until its usefulness in 
the circuit is negligible. ( Keep this in mind when checking any tran-
sistor.) if several similar transistors are available, it is possible, by the 
foregoing tests, to select the one w hich gives the best indication and d to 
grade the others in terms of their indications. 
For high-frequency transistors ( say those above 10 Mc), low leakage 

is still desirable. The /3 value measured by most checkers, however, is 
not too indicative of the high-frequency behavior of the transistor. A 
6 reading of 5 or more is still desired to ensure that the unit will 
amplify, but it gives no direct clue of what the transistor will do in 
the circuit. The latter operating condition can be determined only by 
an actual test at the frequency in question, and such a facility is not 
generally available to the technician. 
Remember that transistors have d-c and a-c fi values which, in high-

frequency units, do not necessarily have any direct and simple relation-
ship to each other. In low-frequency transistors, on the other hand, it 
is more likely that such dependence will exist. In general, high-fre-
quency transistors have lower d-c and a-c /3 than low-frequency ones 
have. 

Commercial Transistor Testers 

General Electric transistor tester. This tester is shown in Fig. 10.3. 
The setup is for a PNP transistor. This unit performs the IrEo leakage 
test, in which the base is left floating while a voltage is applied 
between the collector and emitter. A 680-ohm resistor is connected 
together with a 0- to 3-ma meter. When the transistor is inserted in 
the socket, the meter will indicate the leakage current flow. The meter 
scale is divided into several colored areas, and as long as the needle 
rests at some point other than "bad," the transistor leakage can be 
assumed to be within normal limits. 
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After this has been established, the gain switch is depressed. It 
connects a 200,000-ohm resistor to the base element, through which a 
current of 30 pa flows. With this current in the base circuit, a larger 
current should flow in the collector circuit. This larger current will be 
indicated by the meter. According to the instructions for the instru-

GAIN SW 
200K 

SIMPLIFIED DIAGRAM 

(a) 

Pr P 

680 

-L-

NPN 

0-3 MA 

COMPLETE DIAGRAM 

(b) 

3V + 

Fig. 10.3 Simplified and complete dia-

grams of a General Electric transistor tester. 

ment, an increase of at least one division on the scale represents an 

acceptable current gain. 
Note that this instrument does not directly give the value of /3 for 

the transistor under test. Rather, a relative reading is taken. So long as 
the needle moves a sufficient number of divisions for the gain test and 
the leakage does not exceed a certain value, the transistor is presumed 
to be satisfactory. 
A complete diagram of the General Electric tester is shown in Fig. 

10.3b. The connections for the NPN socket complement those of the 

PNP socket to provide the proper voltages for each. 
Knight- Kit transistor tester. A second inexpensive transistor checker, 

the Knight-Kit transistor and diode checker, is marketed by the Allied 
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Radio Corporation. The internal circuit arrangement, Fig. 10.4, is quite 
similar to that in Fig. 10.3. The transistor is inserted into the tester and 
the switch labeled "Leakage-Gain" is shifted to "Gain." Calibration 
control R, is then rotated until the meter reads "1," or full scale. The 
switch is then returned to the leakage position and the meter reading 
is again noted. If the leakage current is less than the gain current 
(here, arbitrarily set at 1), the transistor can be presumed good. 
Actually, the greater the difference between the gain and leakage read-
ings, the better the unit. Thus, although this instrument has the same 
basic circuitry as the preceding transistor checker has, the method of 

Fig. 10.4 The schematic diagram of the Knight- Kit transistor tester. 

checking is somewhat different. The gain for every transistor is 
arbitrarily set at 1 by the calibration control while the switch is in the 
gain position. When the switch is returned to the leakage position, the 
current through the transistor should be considerably less than 1. ( The 
leakage current being measured here is /ere°. ) 
The foregoing arrangement permits a wide range of transistors to be 

checked, because no matter what the actual /3 of a specific transistor 
is, the calibration control always establishes it at 1. Thus, this checker 
does not directly measure # either; instead, it measures the ratio 
between /3 and leakage. The higher this ratio, the better the transistor. 

Triplett transistor testers. The Triplett Electrical Instrument Company 
has two transistor testers, a Model 690-A and a Model 2590. Of the 
two, the Model 690-A is the simpler and will be considered first. For 
leakage, /en° is checked with the circuit in Fig. 10.5. The base-to-
collector elements are reverse-biased by a 6-volt battery, and the 
emitter is left floating. A 200-pa meter, connected into this circuit, 
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indicates any current. For small transistors ( i.e., low-power units) the 
leakage current should be less than 15 ea. Otherwise, the transistor is 
defective. Power transistors, as previously noted, have higher leakage 
currents. Good silicon transistors should not produce any reading at all 

on the meter. 
In order to measure 13, the instrument must first be calibrated. The 

calibration circuit for the Model 690-A is shown in Fig. 10.6a. Here 
is how it operates. A 30-volt battery is connected in series with a 
100,000-ohm potentiometer, a 33,000-ohm resistor, and a 200-µa meter 
movement having a 500-ohm shunt. From the diagram, it would appear 
that the meter movement is by itself in the base circuit and that the 
100,000-ohm potentiometer and the 33,000-ohm resistor are in the 

Flo. 10%5 Leakage test circuit in the Triplett 

Model 690-A transistor tester. 

emitter circuit. Basically, this is so. However, because of the short 
circuit between emitter and base, no current passes through the tran-
sistor. Instead, all of it flows through the meter and its shunt. With this 
setup, the 100,000-ohm potentiometer is adjusted until the meter needle 
lines up with an indicated calibration point. This occurs when 500 ILa 
is flowing in the circuit. 
Once the calibration is established, the short circuit is removed, 

together with the 500-ohm shunting resistor, Fig. 10 . 6b. Now the 
current passes into the emitter element; part of it flows to the base 
circuit, but the bulk of it ( about 95 to 98 per cent) flows to the col-
lector circuit. In short, the transistor begins to function as an operating 
device. The current injected at the emitter passes, for the most part, 
through the collector circuit; only a nominal amount (3 to 5 per cent) 
flows in the base circuit. This causes the meter needle to decrease 
from the calibration line. The smaller the current in the base circuit, 
the higher the 13 value of the transistor. This causes the largest numbers 
to be at the left end of the gain scale. These markings can be read 
directly, and wherever the meter needle comes to rest, this represents 
the d-c a for the transistor under test. 
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In the second transistor tester, the Triplett Model 2590, leakage can 
be measured for 1,, and /cm), Fig. 10.7. This is a departure from any 
of the preceding instruments. The initial step in gain measurement is 
to first calibrate the meter scale according to the transistor under test. 
The calibration circuit, Fig. 10.8a, is a simple one in which current is 
fed into the base. The resulting collector current is then measured by 

33K 

CALIBRATION CIRCUIT 

(a) 

GAIN CIRCUIT 

(b) 

Fig. 10.6 The calibration and gain circuits in the Triplett Model 690-A transistor tester. 

a 100-pa meter which has sufficient shunts to handle up to 500 µa. 
Calibration adjustment R, is then rotated until the meter needle rests 
at the extreme right edge of the dial, at the point marked CAL. Next, 
the central selector switch on the test instrument is switched to the 
BETA position. This produces the circuit in Fig. 10.8b. That is, the 
meter previously in the collector circuit has now been replaced by an 
equivalent resistor, and the meter movement itself has been shifted 
to the base circuit. Here, the base current is measured directly. Be-
cause of the previous calibration, the f value can be read directly from 
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the scale. Note that here again, because the meter movement is shifted 
from a high- to a low-current circuit, the 13 values increase to the left. 
Obviously, the less current the base circuit requires to produce a 
certain collector current, the higher the # value for that particular 
transistor. 

Servicing Transistor Circuits 

In the servicing of transistor devices, much can be learned from 
a measurement of the voltages found in the circuits. This voltage-

Fig. 10.7 A transistor tester. (Triplett) 

analysis method has long been employed with considerable success in 
vacuum-tube circuits; that it can be applied equally well to transistor 
circuits is indeed fortunate. There is, however, this very important 
difference: whereas electrons always flow through a tube in one 
direction, their path through a transistor is dependent on the type of 
transistor, PNP or NPN. Also, the relationship between the various 
electrode voltages is significantly different in transistors as compared 
with tubes. But once these obstacles have been overcome, voltage 
analysis of defective transistor circuits will pay off handsomely as a 
servicing tool. 
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The following are some general statements that apply to both PNP 
and NPN circuits. Since both have currents flowing through them, 
both will develop voltage drops across resistors in the base, emitter, 
and collector circuits. A typical audio amplifier stage using a PNP 

/IA 

R1 

2MEG 

Fig. 10.8 Calibration and gain-measure-
ment circuits employed in the transistor tester 

shown in Fig. 10.7. 

R1 

2MEG 

CALIBRAT JON LARCUI I 
(a) 

625 

MEASUREMENT CIRCUIT 

(b) 

Fig. 10.9 Current flow in a PNP transistor circuit. 

transistor is shown in Fig. 10.9. Resistors R, and R, provide the base 
with the proper voltage ( or current). R, is an emitter-stabilizing 
resistor; R, is the collector load resistor. Since the battery potential 
applied to the circuit is negative, electrons will flow in the directions 
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indicated by the arrows. In PNP transistors, electrons travel into the 
collector and base and out of the emitter element. In NPN transistor 
circuits, Fig. 10.10, electrons flow into the emitter and out of the 
collector and base. Thus, the NPN transistor comes closest to dupli-
cating the electron flow of vacuum tubes. 

In examining the voltages at the transistor elements, it will be 
found that the range of separation between emitter and base is gen-
erally on the order of 0.1 to 0.3 volt. This is because the emitter-
base diode is forward-biased; hence, the internal resistance across 
this PN junction is very low and so is the voltage drop there. On 

Fig. 10.10 Current flow in an NPN transistor circuit 

the other hand, the voltage difference between collector and base or 
collector and emitter is considerably greater. 
The one exception to the above statements occurs when a transistor 

is normally cut off, conducting only when it is pulsed. In this case, 
the difference between base and emitter voltages can be greater 
than the range indicated. This situation does not occur in radio-
receiver circuits, but it is found in television circuits and industrial 

equipment. 
When the transistor is conducting, every resistor in its immediate 

circuit will have a voltage drop. The drops should be measured when 
a circuit is being investigated to establish the fact that current is 
flowing. If there is no voltage drop across one or more resistors, but 
voltages are present, then an open transistor is a possibility. On the 
other hand, if the voltage drops are higher than normal, the transistor 

may be leaky. 
Of the voltages associated with a transistor, those at the base and 

emitter are the most critical. When both of these elements have the 
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same voltage, the transistor is at cutoff. This will bring the collector 
voltage to the same value as the applied battery voltage to that 
stage. 
Now, normally, cutoff will be difficult to achieve in a single stage 

if no outside influences enter the circuit. That is, in Fig. 10.9, Ri, 
R,, and R, can normally change values within a wide range and the 
transistor will still conduct ( although, perhaps, at a different value 
from its normal condition). This is because the emitter voltage 
follows the base and, as the base voltage changes, so will the emitter 
voltage. But if an outside voltage is brought into the circuit, such 
as a leaky C, might bring, then cutoff can occur. 

Note, too, that the collector voltage can vary over a fairly wide 
range and still provide normal or close-to-normal operation. This is 
evident from the characteristic curves of transistors. 
Voltage variations of 10 to 20 per cent from those stated by the 

manufacturer for the circuit or system are ordinarily permissible. 
Furthermore, since low voltages are the norm for transistor circuits, 
10 or 20 per cent of these voltages will likewise be small. Thus, 
where we might be inclined to dismiss a variation of 5 to 10 volts 
(from a stated value) in a vacuum-tube circuit, in a transistor circuit 
this could represent a change considerably more than the permissible 
10 to 20 per cent. So it is necessary to be more alert to voltage varia-
tions generally and always try to evaluate them from the percentage 
standpoint. 
A circuit arrangement which is fairly common in power stages is 

shown in Fig. 10.11. The collector of this PNP transistor is d-c 
grounded, while a large positive voltage is applied to the emitter. 
This has the same effect as applying a similar negative voltage to the 
collector and grounding the end of the 470-ohm emitter resistor. The 
arrangement in Fig. 10.11, however, is advantageous with power tran-
sistors because it necessitates less stringent insulating precautions from 
the chassis on which the transistor case is mounted. In power transis-
tors, the collector is usually connected directly to the transistor case. 
Note that a similarly large positive voltage must also be applied 

to the base to establish the proper base-to-emitter bias. This is done 
in Fig. 10.11 by tying R, to the +9-volt line. The voltage-divider 
arrangement of Ri and R, then provides the base with the necessary 
voltage. 

Particular attention is called to the circuit setup of Fig. 10.11 not 
only because it enjoys widespread use but also because a zero col-
lector voltage reading ( or one close to it) will often be taken as an 
indication of a defect. 
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The effect of open elements and open leads. When an open 
element develops in a transistor or when an open circuit appears in 
one of the components ( or connections) attached to a transistor, the 
voltages that are then measured at the transistor can easily prove 
confusing unless the situation is carefully analyzed. For example, in 
Fig. 10.11 the emitter voltage is ordinarily 8.4 volts, the base is 8.2 
volts, and the collector is 0.6 volt. If, now, Ri should open up, con-
duction through the transistor would effectively stop. In making a 
voltage check of the stage, however, it would be found that a meter 
would show 9 volts on the emitter and the base. That is, the base 
voltage would not show up as zero. The reason for this stems from 
the very low internal resistance between base and emitter. With this 

0.6V 

Fig. 10.1 1 

low resistance, the base will show, to the voltmeter, the same voltage 
as the emitter. This could easily lead the serviceman to conclude that 
the base was receiving its voltage through its voltage-divider network 
and pass up the defect that exists in R,. 

Exactly the same result will be obtained when the open circuit 
develops in the emitter lead but the base is intact. Thus, if R, should 
open up, the base voltage ( because of R, and 112) would remain 
about 8.2 volts. Measuring the voltage at the emitter would reveal 
the same value, again because of the low resistance between the two 
elements. 
On the other hand, if the emitter opened up internally so that no 

direct path then existed between base and emitter, the emitter 
voltage would be 9 volts, Fig. 10.11, while the base would be 8.2 
volts. This difference of +0.8 volt between emitter and base in a 
PNP transistor would ordinarily cause excessive current flow through 
the circuit. Since it does not here and, further, because it reveals no 
voltage drop across R„ suspicion is directed at the transistor. An 
open internal base lead will give precisely the same voltage readings. 
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One interesting effect appears when an open circuit develops in 
the collector external circuit. With the removal of the battery voltage, 
we would expect the collector potential to drop to zero. Instead, 
however, a voltage equal to the base voltage appears at the collector. 
To see why this occurs, let us consider the internal conditions in 
the transistor. Figure 10.9 will serve as an illustration. With the 
collector voltage gone, we find —0.9 volt on the base ( which has not 
been affected by the change in the collector) and nothing on the 
collector. Since the base is an N-type semiconductor and the collector 
a P-type semiconductor, the foregoing voltages will forward-bias the 
base-collector diode and produce a low-resistance condition there. 

Fig. 10.12 The resistance value indicated by the ohmmeter will depend upon the way the 
internal battery of the instrument is connected. 

Hence, when a voltmeter probe is touched to the collector electrode, 
the voltage at the base will be obtained. As a matter of fact, with 
the collector circuit open, the potentials at all three transistor ele-
ments will be fairly close to each other. 

Finally, if the collector opens internally, no current will flow in 
the collector circuit. The collector voltage will then be at the full 
battery voltage. 

Resistance measurements in a transistor circuit may pose a problem 
because of the presence of the transistors. To see how this can occur, 
consider the partial input circuit shown in Fig. 10.12. All power in 
the circuit has been turned off, and one of the resistance checks we 
wish to make is that of R2. Now, depending on what ohmmeter lead 
we connect to the top end of R, and what lead we connect to the 
bottom end, the value indicated by the ohmmeter will be either 0 or 
15,000 ohms, assuming the resistor to be good. 
The reason for this behavior stems from the nature of transistors 

and the manner in which ohmmeters operate. An ohmmeter applies 
a voltage across the resistance to be measured, and from the resulting 
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current flow the resistance value is determined. Let us suppose that 
the ohmmeter has an internal battery of 3 volts, this being a fairly 
common value. This voltage must make one lead positive and one 
lead negative. Ordinarily, the red lead is positive and the black lead 
is negative, although the reverse combination is also found. Now, if 
the positive lead goes to the top of R, and the negative lead to the 
bottom, the true value of 11, will be indicated on the meter because, 
under these conditions, the base-emitter circuit of the transistor is 
reverse-biased. That is, the positive meter voltage is being applied 
to an N base here while the negative meter voltage goes to a P 
emitter ( through the ground connection). 
From this, it is readily apparent that if we reverse the ohmmeter 

leads, a negative voltage will be applied to the base and a positive 
voltage to the emitter. This will forward-bias the unit and throw an 
extremely small impedance across R,. The measured result of this 
combination will also be quite small. ( While it was indicated above 
that the value obtained under these conditions would be zero, this 
is not exactly true. Actually, under the conditions specified, it might 
be on the order of 100 ohms or less; but, with the ohmmeter set to 
read 15,000 ohms, the lower reading will appear to be quite close 
to zero on most conventional ohmmeters.) 
Another possible side effect of the second reading is damage to the 

transistor because of the excessive current flow. To avoid damage, 
either the transistor should be removed prior to such measurements or 
care should be taken to see that the proper ohmmeter lead goes to 
the top end of R,. If the polarity of the ohmmeter leads is not known, 
it can be determined readily by connecting the leads to a d-c volt-
meter and noting whether the meter needle moves to the right or 
left. 
What has been stated for resistance measurements in the emitter 

circuit is just as true in the collector circuit. Remember that a for-
ward-biased collector has practically the same low impedance as a 
forward-biased emitter. 

It is generally a good practice to inspect a transistor circuit visually 
as part of the servicing procedure. Look for such things as breaks in 
the printed circuitry or even in the printed board itself. A sudden 
twist, a sharp jar, or an inadvertent fall of a transistor device can 
readily damage any one of a number of miniature components com-
mon to transistor circuitry, including the mounting board containing 
the printed wiring. A careful visual inspection will frequently bring 
these defects to light and shorten what could otherwise be a lengthy 
service job. 
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Because of the wide variety of battery voltage values found in 
portable receivers, it is helpful to have a low-voltage power supply 
available for transistor-receiver servicing. Since battery voltages used 
in transistor sets seldom exceed 221A volts, the power supply need 
not provide a higher voltage than that. Current requirements are in 
the milliampere range and are generally below 100 ma. The voltage 
output of the supply should be variable, preferably with a front-
panel indicating meter to reveal the exact output voltage. Then, when 
the batteries in a unit are suspected of being low or dead, the power 
supply can be substituted directly for the batteries. 

In selecting a power supply for testing purposes, make certain that 
a good d-c output is obtainable. Because of the low value of the d-c 
voltages required by a transistor circuit, even minute amounts of a-c 
ripple can produce annoying hum from the loudspeaker. 

Printed Circuits 

Transistors are used extensively with printed circuits, and so it be-
hooves the technician to become familiar with the proper methods of 
removing or adding components to a printed-wiring chassis. The 
following discussion, from information furnished by the Admiral 
Corporation, will be helpful in this respect. 
A printed circuit begins as a laminated plastic board with a sheet 

of thin copper foil bonded to one side. To form the necessary wiring, 
some of the copper foil is removed by a photographic and etching 
process. Holes through which various component leads are inserted 
are punched in the board. The leads of the various components are 
cut and bent over the copper-foil wiring. The wiring side of the board 
is then dipped in molten solder to make all solder connections at once. 
The copper-foil wiring also picks up solder, thus increasing its ability 
to carry current. Finally, a coat of silicone-resin varnish is applied to 
the wiring side of the board. This prevents dust or moisture from 
causing short circuits. The result is a circuit with uniformity of wiring, 
compactness, and freedom from wiring errors. 
The foregoing method of producing printed wiring boards is known 

as the etched wiring method. It is more widely used today than any 
other form of printed wiring. This is largely because of the reliability, 
great flexibility, and low setup cost of the method. There are, how-
ever, other methods of manufacture such as embossed wiring, stamped 
wiring, and pressed-powder wiring. Since we are interested primarily 
in the end result, none of the other methods will be described here. 

Circuit tracing of a printed-circuit board is usually simpler than that 
of conventional wiring owing to the uniform layout of the wiring. 
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Also, many boards are translucent, and a 60-watt light bulb placed 
underneath the side being traced will facilitate location of connections. 
Test points can frequently be located rather easily in this manner 
without the necessity of viewing both sides of the board. 

Resistance or continuity measurements of coils, resistors, and some 
capacitors can be made from the component side of the board. In 
some cases a magnifying glass will assist in locating very small breaks 
in the wiring. Voltage measurements can be made on either side of 
the board. However, on the wiring side of the board ( some printed 
circuit boards have component parts on both sides), a needle-point 
probe for circuit checking should be used, since the varnish coating 

must be pierced to make contact. 
Be careful when removing components from the board. However, 

if the copper-foil wiring is damaged, a piece of wire can be used to 
replace the damaged foil. Small breaks can be "jumped" with molten 
solder. Larger breaks can be repaired with ordinary hook-up wire. 
It is seldom necessary to replace an entire board because of foil 
breakage. 
Do not apply excessive pressure to the printed-circuit board or 

components. Although the board is sturdy in construction and mount-
ing, it may crack or break if proper care is not taken when servicing. 
On extremely rare occasions, access to components on the board may 
be difficult. In that case the board may be removed from the chassis 
by removing the mounting screws around the edges and unsoldering a 
few leads between the board and the chassis. If this is done, a vise 
with protected jaws should be used to hold the board while servicing 
and care should be taken not to exert excessive pressure against the 
board. 

In some areas on the printed board, the wiring is very closely 
spaced. When resoldering a new component, avoid excessive deposits 
of solder. Excessive solder may cause a short or intermittent trouble 
to occur later and be difficult to locate. 
When using the soldering iron ( 35 watts or less), do not overheat 

the component terminals or the copper foil. Excessive heat ( applying 
the soldering iron longer than necessary, using a higher-wattage iron 
than recommended, or using a soldering gun) may cause the bond 
between the board and foil to break. This will necessitate the replace-
ment or repair of the foil connection. 

Replacing Capacitors, Resistors, Couplates, and Peaking Coils 

Defective resistors, couplates, and ceramic-disk and wax-encased 
capacitors can be replaced by either of the following two methods: 
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1. If the leads extending from the defective component are long 
enough for a replacement component to be soldered to it, cut the 
leads where they enter the defective component, Fig. 10.13. 

2. If there is not enough length in the leads extending from the 
defective component to use the method described in ( 1), cut the 
defective component in half. Then cut through each half of the 
component until it is broken away from its lead. If this procedure 
is performed carefully, enough extra lead inside the component 

USING DIAGONAL WIRE CUTTERS 

AS SHOWN, CUT LEAD AS 

CLOSE AS POSSIBLE TO 

DEFECTIVE COMPONENT 

Fig. 10.13 Cutting a defective resistor free of the printed- circuit board. ( Admiral Corp.) 

will be gained to permit soldering the replacement component 
to it, Figs. 10.14 and 10.15. 

Clean off the ends of the remaining leads, leaving as much of the 
leads as possible. Make a small loop in each lead of the replacement 
component and slide the loops over the remaining leads of the old 
component, Fig. 10.16. Caution should be observed not to overheat 
the connection, since the copper foil may peel or the original com-
ponent lead may fall out of the board. This is possible because of heat 
transfer through the leads. The lead length of the replacement part 

should be kept reasonably short to provide some mechanical rigidity. 
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USING DIAGONAL DIAGONAL WIRE CUTTERS 
AS SHOWN, CUT DEFECTIVE 

COMPONENT IN HALF 

MOW 

Fig. 10•14 Cutting a defective resistor apart so as to have maximum lead length left. (Admiral 

Corp.) 

USING DIAGONAL WIRE CUTTERS 

AS SHOWN, CUT REMAINDER OF 

COMPONENT AWAY FROM LEAD 

Fig. 10.15 Cleaning remaining leads of component that has been cut apart. ( Admiral Corp.) 
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In some cases, components are mounted in such a manner that 
neither of the above methods can be used. In that event it is neces-
sary to unsolder the defective component completely and replace it. 
The following procedure should be used whenever it is necessary to 
unsolder any connections to replace defective components. 

1. Heat the connection on the wiring side of the board with a small 
soldering iron. When the solder becomes molten, brush away the 

.70 

LOOP LEADS OF REPLACEMENT COMPONENT AROUND 
REMAINING LEADS OF OLD COMPONENT AND SOLDER 

Fig. 10.16 Soldering replacement resistor in place. (Admiral Corp.) 

solder, Fig. 10-17. A 60-watt bulb placed over the component side 
of the board will facilitate location of the connections on the 
wiring side if the board is translucent ( and many boards are). 
In the process of removing the solder, caution is needed to 
prevent excessive heating. Therefore, do not leave the iron on 
the connection while brushing away the solder. Melt the solder, 
remove the iron, and quickly brush away the molten solder. ( For 
this purpose, a small wire brush is suitable.) More than one 
heating and brushing process may be required to remove the 
solder completely. 

2. Insert a knife blade between the wiring foil and the bent-over 
component lead, and bend the lead perpendicular to the board. 
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(It may be necessary to apply the soldering iron to the connec-
tion while performing this step, because it is sometimes difficult 
to break the connection completely by brushing.) Do not over-
heat the connection. 

3. While applying the soldering iron to the connections, wiggle the 
component until it is removed. 

4. Remove any small particles of solder embedded in the silicone 
resin ( if such a coating is employed) by using a clean cloth 
dipped in solvent. 

COMPONENT LEAD BRUSHED 

FREE OF SOLDER AND BENT UP 

WIRE BRUSH 

REMAINING LEAD ABOUT TO BE CLEANED OF SOLDER 

Fig. 10.17 All excess solder should be carefully brushed away. (Admiral Corp.) 

5. A thin film of solder may remain over the hole through the board 
after removing the component. Pierce the film with the lead from 
the new component after heating the film with the soldering iron. 

6. Insert the leads of the new component through the holes pro-
vided, cut to desired length, and bend over the ends against the 
copper foil. Resolder the connection with 60/40 low-temperature 
solder. 

7. It is recommended that the cleaned area be recoated with clear 
lacquer or sprayed with Krylon for protection against shorts. If 
the Krylon spray is used, it will be necessary to cover the top of 
the tube sockets and chassis ground connections with masking 
tape to prevent the contact surfaces from becoming coated. 
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Replacing Coils 

The terminal lugs of these components are not bent over against 
the foil in most cases; therefore, brushing is not necessary. Heat one 
connection until the solder becomes molten, and wiggle the coil back 
and forth until the connection is broken. Continue to wiggle and apply 
the soldering iron to the other connections, and lift the coil from the 
board while the solder is still molten. Insert the replacement coil in 
the exact same position, and solder the connections. Cover the connec-
tion points with a coat of lacquer or Krylon. 

Transistor- receiver Servicing 

Transistor-receiver servicing does not differ appreciably from the 
servicing of vacuum-tube-operated receivers. There are, however, cer-
tain differences of initial approach that are due to the use of batteries 
and transistors, and it is these differences ( rather than the more 
familiar similarities) which will be considered here. 
For example, when the output of a transistor receiver is distorted, 

weak, or completely dead, the prime suspect is the battery. The meas-
urement is made with a vacuum-tube voltmeter or high-resistance 
voltmeter and is best taken with the battery in the receiver and the 
latter turned on. If the voltage reading is at or near the correct value, 
the battery can be presumed to be good. If the voltage reading is off 
by 20 per cent or more, then the receiver output may be weak or 
distorted, but it should not be dead. Since transistor characteristics 
are linear to very low voltages and currents, chances are that distor-
tion will not occur until the battery voltage drops more than 20 per 
cent. There is, however, no set rule regarding this, and it is best to 
try a new battery when the voltage of the existing battery has de-
creased by this amount. If the distortion or weakness still persists, 
then some other defect is indicated. 
Whenever a weak battery is found, it may be advisable to check the 

resistance of the circuit across the battery clips before a new unit is 
inserted. For example, in the Regency model TR-1G receiver, the 
manufacturer indicates that the resistance between the battery clips 
(with the battery removed and the receiver turned on) should be 
between 6,000 and 15,000 ohms as read by an ohmmeter with an 
internal battery of not more than 3 volts. A reading lower than 6,000 
ohms will usually indicate a defective component somewhere in the 
receiver. 

Some manufacturers indicate what the current drain on the battery 
should be instead of quoting the circuit resistance across the battery 
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clips. In that case, a milliammeter must be inserted in series with the 
battery. For example, with the negative terminal of the battery touch-
ing the negative clip, a wire is connected from the negative terminal 
of the milliammeter to the positive battery clip. Then one end of an-
other wire is connected to the positive terminal of the milliammeter 
while the other end of this wire is touched to the positive end of the 
battery. The value of current indicated on the meter should fall in the 

range specified by the manufacturer. 
If the battery proves to be good, then the rest of the trouble-shoot-

ing procedure follows established practice. As an example of this, 
the method of attack for the Regency model TR-1G, as recommended 
by the manufacturer, is given below. Study this in conjunction with 
the schematic diagram of the set. The latter will be found in Fig. 6.3. 
The alignment procedure for the same receiver is given also follow-

ing the trouble-shooting outline. 

Trouble-shooting Procedure for the Regency Model TR-1G Receiver 

This section is reprinted from IT Reporter by permission of 

Howard W. Sams & Co., Inc. 

Dead receiver—absolutely no output 

1. Remove the battery and turn on the switch. Measure the resist-
ance between the battery clips. ( Make sure the positive meter 
lead is on the positive clip.) If the resistance is 
a. Approximately 10,000 ohms, the B+ circuit is normal. 
b. Less than 2,500 ohms, check the leads of capacitors C1, and 
Cu, and make sure they are not touching the battery clips or 
the frame of the output transformer. Check for a shorted con-
dition in either C17 or Cu. Measure the resistances from the 
top ends of R, and R, to ground. These should be 2,200 ohms 
more than the reading across the battery clips. 

c. Infinity, check for an open switch. 
2. Turn the volume control to maximum and insert the battery. If 

a click or noise is heard from the speaker, check X, by shorting its 
base to the frame of the output transformer. The audio stage is 
operating if a click is heard. If no click or noise is heard, proceed as 

follows: 
a. Check for an open or shorted jack. Indicative readings can be 

obtained by measuring the resistance from the fixed contact of 
the jack to ground. These readings are 
0 ohms—shorted jack 
2 ohms—normal 
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15 ohms—jack is open, or the ground between the wiring 
board and chassis is open 

b. Check for an open condition in the speaker or in the output 
transformer. 

c. Voltage at the base of X, ( about +2 volts normal). 
d. Voltage at the emitter of X, ( should measure approximately 

0.15 volt less than the base voltage). 
3. Check capacitor C19 by paralleling it with a capacitor known to 

be good. 
4. Measure the voltage at the output of the diode D, (should be 

approximately +0.1 volt ). 
a. If voltage is zero, check the resistance to ground with the 

positive meter lead on the output. This resistance should 
measure between 20 and 100 ohms. If the resistance is zero, 
check for a shorted condition in the diode circuit. If the re-
sistance is 200 ohms or greater, check for an open in the diode 
circuit or for an open diode. 

b. If voltage is negative when the receiver is tuned to a station, 
move the tuning dial so that no station is received. The nega-
tive voltage should decrease. 

c. If voltage is negative by 1 volt or more and does not drop 
when the receiver is tuned off the station, the receiver is 
oscillating. Proceed to the section entitled Oscillating Receiver. 

5. Make voltage and resistance measurements in the i-f stages. 

Dead receiver— noise but no signal 

Cheek the local oscillator in the receiver as follows: Tune another 
receiver to any station above 850 ke. On the receiver being serviced, 
rock the dial above and below a setting that is approximately 262 kc 
below the frequency of the station being received by the other re-
ceiver. If the local oscillator in the receiver being serviced is operat-
ing, a whistle will be heard from the other receiver as the radiation 
from the oscillator beats with the station frequency. 

If the oscillator is dead, proceed as follows: 
1. Check the voltage at the base of X,. This should be between 3 

and 10 volts. 
2. Check the voltage at the emitter of X,. This voltage should be 

within 0.1 volt of the base voltage. 
3. Check the voltage at the top end of R3. This should be measured 

from the B+ line, and it should be between 0.6 and 2 volts. 
4. If any of the voltages measured in the three preceding steps are 
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incorrect, check for an open oscillator-coil primary or an open first 

i-f transformer. 
5. Check resistances of 

a. The high side of the antenna coupling coil to ground ( should 

be less than 1 ohm). 
b. The secondary of the oscillator coil ( should be approximately 

10 ohms). 
c. Stator of oscillator section of the tuning capacitor to ground 

(should be infinity). 

Weak or distorted output 

1. Turn volume control to maximum. Check capacitors C,„ and C21 
by paralleling a good capacitor across each. 

2. Perform step 5 under section Dead Receiver—Absolutely No 

Output. 
3. Measure voltages at 

a. Base of X, ( should be approximately +2 volts). 
b. Emitter of X, (should be approximately 0.15 volt less than the 

base voltage). 
c. Base of X„ ( should be approximately 0.15 volt less than the 

voltage at the emitter of X„). 
d. Top end of R,, (should be approximately —0.5 volt when re-

ceiving a signal of average strength). 
e. Ave line ( should be from approximately 0 volt with signal to 

0.5 volt with no signal). 
f. Emitter of X2 ( should be approximately 0.15 volt less than the 

aye line). 
4. Check the alignment of the receiver. 

Oscillating receiver 

1. Measure the battery voltage. If it is below 15 volts, the battery 
should be replaced. 

2. Check the local oscillator as in step 1 under the section entitled 
Dead Receiver—Noise but No Signal. 

3. Check capacitors C„ and C„ by paralleling a good capacitor 
across each. 

4. Check ground connection between wiring board and chassis. 
This connection is the twisted lug near the negative battery clip and 
is the only lug which has been soldered to the board. Measure be-
tween an i-f transformer can and the metal chassis. These readings are 

0 ohms—normal 
15 ohms—ground lead is open 
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Alignment of Regency Model TR-1G Receiver 

The alignment of the Regency receiver is quite simple. Signal injec-
tion is accomplished by connecting the signal generator to a loop 
formed of several turns of wire and situated close to the antenna coil 
of the receiver. Set the generator to 262 kc with 400-cycle modulation 
and reduce the output to as low a value as is usable. Connect an out-
put meter ( with a 0.1-volt scale) across the voice-coil terminals. ( The 
high side of the voice coil is easily accessible at the spring of the 
phone jack in this set.) Set the volume control in the receiver to maxi-
mum. Adjust each of the cores of the i-f transformers for maximum 
indication on the output meter. Set the receiver dial to its maximum 
counterclockwise position, tune the generator to 535 kc, and adjust 
the core of the oscillator coil for maximum output. Tune the generator 
to 1,630 kc, set the receiver dial to its maximum clockwise position, 
and adjust the oscillator trimmer capacitor for maximum output. Re-
peat these last two adjustments alternately until no further improve-
ments can be made. Then tune the generator to 1,500 kc, tune in this 
signal with the receiver dial, and adjust the antenna trimmer capacitor 
for maximum output. Turn the receiver dial to the high-frequency end 
and determine whether or not the range extends to 1,630 kc. If not, 
the oscillator trimmer capacitor must be readjusted and the alignment 
at 1,500 kc must be repeated. 

QUESTIONS 

10 • 1 In what respects are transistors sturdy? In what respects 
fragile? 

10 • 2 What changes in working tools are necessary when dealing 
with transistors and their associated components? 

10.3 Indicate several precautions to follow when soldering tran-
sistors into a circuit. 

10-4 Why are transistors especially sensitive to applied voltages? 
10.5 Outline the precautions to observe when injecting signals 

into a transistor circuit. Indicate a suitable safe method of bringing 
such signals into a circuit. 

10.6 How could one determine whether a transistor was good or 
bad? 

10. 7 Draw a simple test circuit to measure leno. 
1 0 8 Indicate briefly how transistor gain is checked. 
10.9 Indicate generally the precautions to observe when remov-

ing components from printed-circuit boards. 
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10.10 In what respects does the servicing of transistor receivers 
differ from the servicing of comparable vacuum-tube sets? 

10.11 Is it better to check a battery ( using a vacuum-tube volt-
meter) while it is in the circuit or after it has been removed com-
pletely from the set? Give reasons for your answer. 

10-12 How would you align the Regency model TR-1G receiver? 
10.13 If it were determined that the oscillator in the Regency 

receiver was not functioning, how would you proceed to localize the 

defect? 
10.14 What might cause a weak or distorted output from the 

Regency receiver? 
10.15 Under what conditions would the battery in the Regency 

set not be the first component checked? ( Assume that the receiver is 
not functioning properly.) 



CHAPTER 11 

Experiments with Transistors 

IN THE PRECEDING chapters, the theory and application of tran-
sistors were covered in detail. The information contained there 
represents the first step toward the acquisition of a basic understand-
ing of transistor operation. The next step for the man who is going to 
work with these units is actual physical contact so that he may be-
come practically proficient in handling transistors and learning, first 
hand, of their characteristics and peculiarities. Toward this end, a 
series of experiments are presented, and all readers are urged to per-
form them prior to any work on transistors in commercial equipment. 
The circuitry involved in these experiments has been kept as simple 

as possible. This serves the twofold purpose of making each experi-
ment easy to perform and keeping component cost down. Further-
more, the same basic components are used over and over again. Be-
cause of this, caution should be exercised when leads are trimmed 
prior to soldering lest the amount of wire removed be so much that 
the unit will not be usable for as many times as required. 
Another very important precaution to observe, one that was men-

tioned in Chap. 10 on transistor servicing, is the use of a low-wattage 
soldering iron when soldering transistor leads into the circuit. Keep 
the leads as long as possible, and grip the lead being soldered with 
a pair of long-nose pliers. Since the lead is held between the point 
where the heat is applied and the body of the transistor, any heat 
traveling along the lead wire will be shunted away from the transistor. 

It is also important to observe battery polarity when connection is 
made to the circuit. If the collector terminal receives a forward-bias-
ing voltage in place of a reverse-biasing voltage, the transistor can be 
damaged permanently. Double-check wiring before connecting any 
batteries. Do not use voltages higher than those indicated in the ex-

41 3 
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periments. Also, make certain that the battery is disconnected before 
any wiring connections are altered. Finally, be especially careful to 
avoid circuit shorts between various wires. If necessary, cover all bare 
wires ( or exposed ends of wires) with protective spaghetti. 
No specific chassis form or size is recommended for the ensuing 

experiments. They may be performed on a breadboard or on any of 
the small metallic chassis that are obtainable at a parts jobber. In the 
latter instance, there are a number of standard base sizes ranging gen-
erally from 2 by 6 by 4 in. ( height, width, depth) to 5 by 17 by 13 in. 
A recommended size of 3 by 7 by 5 in. was found to be entirely ade-
quate for the experiments; however, any suitable dimensions may be 
used. 

It would also be desirable to use terminal strips on which the com-
ponents may be mounted. Choice of such strips is left to the reader. 

Experiment 1. Adjusting Transistor Voltages and Currents 

Note: NPN transistors can be used in place of the PNP units 
specified. If they are, the battery voltage as well as all electrolytic 
capacitors must be reversed. Otherwise, identical results should be 
obtained. 

Object. To adjust the voltages on a transistor and to establish the 
principle of phase reversal in a grounded-emitter amplifier. 

Material required 

1 5-ef electrolytic capacitor 
1 0.01-ef capacitor 
1 1-megohm potentiometer 
1 2N104 transistor ( or equivalent) Note: Any low-frequency PNP 

transistor which operates with the voltages noted would be suitable 
in place of the recommended 2N104. Other high-frequency or higher-
power transistors could also be employed, but these units generally 
cost more, and they would not provide any more useful information 
( in these experiments) than the inexpensive transistor 
1 5,600-ohm resistor ( 1/4 watt) 
1 1,000-ohm resistor ( % watt) 
1 4%-volt battery 

Test equipment 

1 vacuum-tube voltmeter or a good multimeter ( preferably 20,000 
ohms per volt) 
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Procedure 

1. Wire the circuit of Fig. 11.1. 
2. Check all connections before attaching the battery. 
3. Connect the battery and adjust P, until the voltage between col-

lector and emitter is approximately 3 volts. 
4. Leave the voltmeter connected to the collector. Take a 10,000-

ohm resistor and touch it between base lead and ground. Notice how 
the collector potential becomes more negative. When the 10,000-ohm 
resistor was touched from the base to ground, it caused the base to 

TRANSISTOR 

INPUT o 

GROUNDo-i 

( 

CI 
5 MF 

T.4  4.5 V 

Fig. I I • I 

(--0 OUTPUT 

C2 
0.01 

R2  1 K f- 0 GROUND 

become less negative, or more positive. At the same time the collector 
became more negative. 

Conclusions 

1. The principal conclusion that can be drawn from the foregoing 
behavior is that a grounded-emitter amplifier reverses the phase of an 
applied signal. 

2. As a secondary consideration, it was noted that as P, was rotated, 
it varied the base and collector voltages. We could also conclude that 
if a resistor had been inserted in the emitter lead, the voltage drop 
across the resistor would have varied also. Ninety-five per cent of the 
emitter current passes through the collector, and if we vary the col-
lector current, we must also vary the emitter current. 

Experiment 2. Distortion and Temperature Effects 

Object. To observe the operation of a single-stage transistor with 
signal input and to demonstrate the effect of temperature change. 
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Material required 

1 5-4 electrolytic capacitor 
1 0.01-4 capacitors 
1 1-megohm potentiometer 
2 2N104 transistors ( or equivalent) 
1 5,600-ohm resistor ( 1/4 watt) 
1 1,000-ohm resistor ( 1A watt) 
1 4 u-volt battery 

Test equipment 

1 audio signal generator or a filament transformer arrangement as 
shown in Fig. 11.2 

1 oscilloscope 

TO 

FILAMENT 
TRANSFORMER 

POWER  
LINE 

Fig. 11-2 

60 OUTPUT 

GROUND 

Procedure 

1. Apply a very low voltage signal, about 0.01 volt rms, between 
C, and ground in Fig. 11.1. An audio oscillator is desirable for this 
purpose. ( Be careful not to use too strong a signal, because the tran-
sistor can be damaged by overdrive.) The signal lead goes to C1, 
while the other generator lead goes to ground. If an audio oscillator 
is not available, a filament transformer can be used with the circuit 
shown in Fig. 11.2. 

2. Connect the vertical input terminals of an oscilloscope between 
the output of C,, Fig. 11.1, and ground. 

3. Starting from zero, adjust the output of the audio generator until 
an undistorted sine-wave signal is just seen on the oscilloscope. 

4. By varying P1, the least distorted signal may be obtained. Note, 
when adjusting P1, how the output signal reaches a peak and then 
starts clipping. The clipping o-cu-s on the negative half cycle of the 
input signal. While this portion of the signal is active, the collector 



EXPERIMENTS WITH TRANSISTORS 41 7 

voltage is actually becoming less negative because the collector cur-
rent is increasing. At the negative input peak, the voltage drop across 
load resistor Ft, is almost equal to the battery voltage. Further increase 
in input signal cannot further lower the collector voltage, and the out-
put signal flattens out or clips. This is similar to plate clipping in a 
vacuum tube. 

If the input signal is increased beyond this point, clipping of the 
other half cycle also results. This occurs when the positive half cycle 
of the applied signal causes the emitter-to-base voltage to reach the 
reverse bias or cutoff region. Collector current is cut off too, at the 
same time. 

5. Signal leakage may be observed by adjusting P, until an undis-
torted signal is observed and then disconnecting the battery. Notice 
how the input signal goes through the transistor and appears at the 
collector. It possesses the reverse phase from that normally seen on 
the collector; it is usually distorted; and, of course, there is no gain. 

6. Reconnect the battery. With a vacuum-tube voltmeter or an 
oscilloscope, measure the input and output signals. The ratio of the 
output to input signals is the signal gain. After a numerical value is 
obtained, convert it to an equivalent decibel figure. 

7. Readjust P, for the best possible gain with a fixed input signal. 
Without changing any of the instrument settings, note the height and 
waveform of the output signal. Now bring a hot soldering iron in the 
general vicinity of the transistor, thereby warming it. Be careful not 
to bring the iron too close. Note how the output signal changes as 
the transistor cools down. The amplitude of the input signal should 
be such that the output signal is just below distortion on top and 
bottom. 

8. With the signal returned to normal and P, adjusted for maximum 
undistorted output, disconnect the battery and change transistors. Do 
not touch any of the other settings. Reconnect the battery and notice 
how the amplitude of the signal has changed. It may be even quite 
distorted. Readjust Pi for the least distorted signal. 

Conclusions 

1. Clipping occurs when the signal is too strong. 
2. Transistors are very sensitive to temperature variations. 
3. The collector bias current may frequently have to be adjusted 

for each transistor. 
4. The characteristics of transistors of the same type will often vary 

considerably. ( In time it is expected that the variations among indi-
vidual units will become less and less.) 
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5. A very definite voltage gain is obtained with grounded-emitter 

amplifiers. 

Experiment 3. Compensation, Input Impedance, and Bias 

Object. To establish temperature compensation, to note the effects 
of emitter degeneration on input impedance, and to note the effects 

of collector voltage on gain. 

Material required 

2 2N104 transistors ( or equivalent) 
2 5-d electrolytic capacitors 
1 0.01-d capacitor 
1 4,700-ohm resistor ( 1/4 watt) 
1 10,000-ohm resistor ( 1/4 watt) 
2 1,000-ohm resistors ( 1/4 watt) 
1 100,000-ohm potentiometer 
2 4%-volt batteries 
1 6-volt battery 

Test equipment 

1 audio signal generator or filament transformer arrangement as 

mentioned in Experiment 2 
1 oscilloscope 

Procedure 

1. Note the gain, or output signal level, in Experiment 2. 
2. Change the circuit to that shown in Fig. 11.3. Adjust P, until 

the voltage drop across R, is 1% volts. ( This occurs when the collector 
current is 1% ma.) 

P-N-P 
TRANSISTOR 

INPUT 0-H/-

ci 
5 MF 

GROUND 0-11_ 

-=-
4.7 K 

Fig. 11.3 

C, 
5 MF 

R, 
1K 

(-0 OUTPUT 

0.01 
1--0 GROUND 

B, 
14.5 V 

3. Note how the gain has fallen. This may be explained as follows: 
Voltage measurements will show that the base and emitter voltages are 
higher than before but the base-to-emitter voltage is still about —0.1 
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volt. The collector voltage, on the other hand, is still the same. Conse-
quently, the collector-to-emitter voltage is lower, and this accounts for 
the lower gain. 

4. Try changing transistors. Note that transistors may now be 
changed without further adjustment. The circuit is much more stable 
because any variation in /co (collector saturation current) or fl is 
minimized by the degeneration introduced by R3. This is also true for 
temperature changes. 

5. Increase the collector battery voltage (13,) to —6 volts. Notice 
how the gain increases. This is because of the high collector-to-emitter 
voltage. The transistor can also handle greater power with this in-
crease. Do not go any higher than —6 volts. 

6. Measure the gain of the stage by dividing the output signal 
voltage by the input signal voltage. 

7. Note the amplitude of the output voltage and then remove the 
emitter bypass capacitor C3. Notice how the gain drops markedly. 

8. The input impedance will also increase if the bypass capacitor is 
removed. This can be shown as follows: 

a. Reconnect the bypass capacitor 
b. Place a 10,000-ohm resistor in series with the signal input genera-

tor and the input capacitor C1, Fig. 11.4. 

o INPUT TERMINAL 
R, OF FIG. 11-3 

LEADS FROM A.F. SIGNAL GENERATOR 
OR FILAMENT TRANSFORMER 

Fig. 1 1.4 

10K 

GROUND TERMINAL 
OF FIG. 11-3 

c. Adjust the output of the signal generator for maximum undis-
torted output from C2. 

d. Note the height of the input signal at the junction of Ci and R4 
(point X in Fig. 11.4 ). 
Remove C, and note the increase in input signal at point X. This 

action can be explained as follows: With the bypass capacitor in the 
circuit, the base loading caused a voltage drop across R4. When the 
bypass capacitor was removed, the loading was reduced and conse-
quently more of the input signal became available to the transistor. 
Changes in input impedance of 5:1 or even 10:1 are common. 

Conclusions 

1. Emitter compensation improves transistor temperature stability. 
2. Emitter compensation permits different transistors to be em-

ployed without separately adjusting the circuit for each. 
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3. The emitter bypass capacitor eliminates signal degeneration. 
4. Removing the bypass capacitor increases the input impedance. 
5. The higher the collector-to-base voltage, the greater the gain. 

Experiment 4. Grounded- base, Grounded-emitter, and Grounded-
collector Amplifiers 

Object. To determine the relative differences among the grounded-
emitter, the grounded-base, and the grounded-collector amplifiers. 

Material required 

1 2N104 transistor ( or equivalent) 
1 0.01-4 capacitor 
2 5-ef electrolytic capacitors 
1 4,700-ohm resistor ( 1/4 watt) 
1 10,000-ohm resistor ( 1/4 watt) 
2 1,000-ohm resistors ( 1/4 watt) 
1 100,000-ohm potentiometer 
1 4%-volt battery 

Test equipment 

1 oscilloscope 
1 audio signal generator or filament transformer arrangement 

Proced ure 

1. Wire the circuit of Fig. 11.5. Adjust Pi until the voltage drop 

across R, is 1% volts. 
P•N•P 

TRANSISTOR 

INPUT (--0 OUTPUT 

0.01 
GROUND 0-1 f---0 GROUND 

R, 

='" 4.7 K 1K 

2. Connect the vertical input terminals of an oscilloscope between 
the output ( at C2) and ground. 
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3. Feed an input signal ( through a 5-p.f electrolytic capacitor and a 
10,000-ohm resistor in series, Fig. 11.6) to the input ( which is the 
base lead). 

4. Increase the signal input until maximum undistorted output is 
obtained. Check the magnitude of the output signal and also check 
the gain. The latter measurement should be taken as output voltage 
divided by the input voltage at point A, Fig. 11.6, and then computed 
again as output voltage divided by the generator voltage at point B. 

5 MF 10 K 

SIGNAL / e 
TO INPUT GENERATOR \ 

Fig. 1 1.6 

PNP 
TRANSISTOR 

E-0 OUTPUT 

0.01 
INPUT 

"=. 

GROUND 0-1 R2 

---. 5 MF 11( 

—= 4.5V 

Fig. 1 1.7 

GROUND 

There will be a difference between these two values because of the 
voltage drop across the 10,000-ohm resistor through which the signal 
is fed to the amplifier. This drop is caused by the input impedance of 
the transistor amplifier. 
The true gain figure is the value obtained when the output voltage 

is divided by the input voltage at point A. 
5. Connect a 0.01-pi capacitor from the collector of the transistor 

amplifier to the external sync terminal of an oscilloscope. When the 
instrument is properly synchronized, check the phase of the signal at 
the output and input terminals of the amplifier. The two waveforms 
Jhould be 180° out of phase. 

6. Repeat steps 1 to 5 using the circuit of Fig. 11.7, which is a 
grounded-base amplifier. Although the base does not go to ground di-
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rectly, the bypass capacitor essentially brings it to ground so far as 
alternating current is concerned. ( In setting up the circuit of Fig. 
11-7, adjust P, for a voltage drop across R, of 11/, volts.) 

7. Repeat steps 1 to 5 using the circuit of Fig. 11.8. This is a 
grounded-collector amplifier. The 5-4 capacitor from collector to 

P.N-P 
TRANSISTOR 

Fig. 11.8 

ground places this element at a-c ground potential. ( Adjust P, until 
the voltage drop across the 1,000-ohm emitter resistor is 11A volts.) 

Conclusions 

1. The input and output signals of a grounded-emitter stage are 180° 

out of phase. 
2. The input and output signals of a grounded-base stage are in 

phase. The same is true of a grounded-collector amplifier. 
3. The grounded-base amplifier possesses a higher voltage gain 

than the grounded-emitter amplifier. However, the input impedance 
of a grounded-base amplifier is lower than it is in a grounded-emitter 
stage. This was shown by the greater signal drop across the series 
10,000-ohm resistor. The grounded-collector stage possesses a voltage 
gain less than 1; input impedance is the highest of all three arrange-

ments. 
Actually, to measure the input impedance of any of these amplifiers, 

substitute a 100,000-ohm potentiometer for the 10,000-ohm resistor of 
Fig. 11.6. As an initial step, adjust this potentiometer for zero resist-
ance ( i.e., short it out of the circuit). Now feed in just enough signal 
for maximum undistorted output on the oscilloscope connected across 

the output terminals. 
Note the amplitude of the signal on the scope screen. ( The easiest 

way of doing this is by having the pattern cover a specific number of 
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squares on a calibrated screen overlay mask.) Then gradually increase 
the resistance of the potentiometer until the amplitude of the output 
signal has been reduced to half. The resistance of the potentiometer at 
this point equals the input impedance of the amplifier circuit. 

Experiment 5. Resistance-Capacitance and Impedance Coupling 

Object. To observe a two-stage audio amplifier with RC and im-
pedance coupling. 

Material required 

1 0.01-ef capacitor 
4 5-ktf electrolytic capacitors 
1 50-iLf electrolytic capacitor ( 25 volts ) 
2 4,700-ohm resistors ( 1/4 watt) 
4 1,000-ohm resistors ( I/4 watt) 
2 100,000-ohm potentiometers 
2 2N104 transistors ( or equivalent) 
1 interstage transformer. Note: Miniature interstage audio trans-

formers designed especially for transistors are available at local parts 
jobbers. A suitable unit would possess a primary impedance of 20,000 
ohms and a secondary impedance of 500 ohms 
1 41/2-volt battery 

Test equipment 

1 audio signal generator or filament transformer arrangement as 
described in Experiment 2 

1 oscilloscope 
1 vacuum-tube voltmeter 

Procedure 

1. Wire the circuit of Fig. 11.9. This is a two-stage RC-coupled 
transistor audio amplifier. Adjust P, for a voltage drop across R3 of 11/2 
volts. Adjust P, for the same drop across R. 

2. Feed a very low level signal into C,. The output is taken from C4 
and applied to the vertical input of an oscilloscope. Compute the over-
all gain of this system. Also compute the individual gain of each stage. 
This is done by measuring the amplitude of the signal at the base and 
collector of each transistor and then taking the ratio of collector 
signal to base signal. 

3. Increasing the signal input will show clipping of the positive and 
negative cycles. Do not increase too much, since it is possible to dam-
age the transistor with too strong a signal input. 
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4. If a microphone is available, feed its output into the amplifier 
instead of a signal generator. A considerably amplified version will be 

seen at the output. 
5. Feed the signal generator into the input and note the maximum 

undistorted output. Normally this is about 1 volt rms, but it will vary 
with the type of transistor used. 

C, 5 MF 
INPUT I GROUND 

°1_ 

R, 4.7 K 

C, 5 MF 
INPUT \  GROUND 
<1 
= 4.7K 

P-N•P TRANSISTOR 

45v 

P- N-P TRANSISTOR 

50 MFII-

Fig. 11•9 

P-N-P TRANSISTOR 

P-N-P TRANSISTOR 

Fig. 11°10 

C4 
0.01 

EelTPUT GROUND 
R., 
1K 

C4 0.01 
GROUND 

R 6 MF 1K 

6. Change to the circuit of Fig. 11.10 by removing R, and substitut-
ing the interstage transformer primary. This is impedance coupling. 
The blue lead goes to B— and the red lead to the collector. Do not 
connect the secondary. Notice how the signal clips about the same 
level. The gain is also the same. Adjust P2 for a voltage drop of 1% 
volts across R6. Adjust PI for the same drop across /12. ( What we are 
doing here is setting each transistor to an operating point of PA ma.) 
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7. Remove the transformer, put back R„ and remove R„. Connect 
the primary of the transformer in place of R„. The blue lead of the 
transformer connects to B— and the red lead to the collector, Fig. 
11-11. Readjust P, and P, for 1% volts across R, and R„. Lower the 
input signal until maximum undistorted output is obtained. The gain 
will be found to have increased by 5 to 10 times. 
What we have just seen may be summarized as follows: In Fig. 

11-9, we had conventional resistance coupling. In Fig. 11-10, although 
the collector voltage of the first stage was increased, the output could 
not handle a larger signal than the resistance coupling of Fig. 11.9. In 
Fig. 11.11, however, the output voltage was much greater, since the 

c, 
P-N-P 

TRANSISTOR 
P•N•P 

TRANSISTOR 

5 MF + 0.01 

INPF17±1 OUTPUT 

_  

GROUND GROUND c>" r __ R, IL , 
4.7 K 

Fig. 11.11 

4.5 V 

collector voltage of the second stage was higher. It could, therefore, 
handle a larger signal from the first stage and also develop a greater 
output voltage. This indicates that higher outputs require higher col-
lector voltages—a simple achievement with impedance coupling, since 
there is very little voltage drop through the low d-c resistance of the 
transformer primary. The a-c resistance, however, is quite high. 

Conclusions 

1. An RC amplifier has considerable gain. 
2. Impedance coupling increases the collector voltage and therefore 

increases the gain and voltage-handling capacity of the stage. It is 
most valuable in the final stage where it is not hampered by any suc-
ceeding amplifiers. 

Experiment 6. Audio-frequency Amplifier with Transformer Coupling 

Object. To observe the performance of a transformet-(oupled 
amplifier. 



426 TRANSISTORS 

Material required 

2 2N104 transistors ( or equivalent) 
4 5-4 electrolytic capacitors 
1 50-1.41 capacitor 
1 0.01-4 capacitor 
2 4,700-ohm resistors ( 1/4 watt) 
4 1,000-ohm resistors ( 1/4 watt) 
2 100,000-ohm potentiometers 
1 interstage transformer 
1 4%-volt battery 

Test equipment 

1 audio signal generator or filament transformer arrangement as de-
scribed in Experiment 2 

1 oscilloscope 
1 vacuum-tube voltmeter 

Procedure 

1. Wire the circuit of Fig. 11 -9 again. 
2. Compute the overall gain. 
3. Change to the circuit of Fig. 11.12. Keep each collector current 

at 1% ma, as discussed previously. 

P.N-P 
TRANSISTOR 

5 MF 
— 

INPUT 

GROUND 

01 

4.7K 

P•N•F' 
TRANSISTOR 

Fig. 11•12 

4.5 V 

0.01 

ETC,lc:ITPUT 

GROUND 

—E° 

4. Compute the overall gain. 
5. An excellent example of the current-amplifying ability of the 

transistor can be observed by disconnecting C, from the transformer 
secondary and connecting it to the collector of the first transistor. ( Be 
sure to reverse C, polarity when doing this step.) The circuit is now 
the same as that in Fig. 11.10. Note how the gain decreases when 
using impedance coupling. This is in spite of the fact that the signal 
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voltage across the secondary winding is very much lower than it is 
across the primary winding. The gain, however, increases when the 
input of the second stage is obtained from the secondary rather than 
from the larger primary. This is opposite to the action of interstage 
transformers in vacuum-tube amplifiers. The vacuum tube, of course, 
operates primarily on a voltage drive, while the transistor operates on 
a current drive. And the secondary of the transformer possesses a 
greater current than the primary. 

Conclusions 

1. Transformer coupling increases gain considerably by impedance 
matching. 

2. The transistor is a current-amplifying device. 
3. The transistor, in the grounded-emitter connection, has a much 

higher output impedance than input impedance. This can be more 
firmly established by rewiring the transformer in the circuit so that the 
secondary now goes to the collector and B— of the preceding stage 
while the primary connects to the base and ground of the following 
stage. Note the effect on distortion and overall gain. 

If the reader possesses an audio generator, he might try checking 
the frequency responses of the RC-coupled, impedance-coupled, and 
transformer-coupled amplifiers. Look particularly for the points where 
the low-frequency response begins to fall off and where the high-
frequency response begins to drop, and also note if the curve is flat 
between these two end frequencies. If desired, the reader might plot 
these responses on semilog paper. 

Experiment 7. Complete A-F Amplifier and Supplementary 
Experiments 

Object. To analyze audio amplifiers further. 

Material required 

3 2N104 transistors ( or equivalent) 
4 5-4 electrolytic capacitors 
1 50-ef electrolytic capacitor 
1 interstage transformer 
2 1,000-ohm resistors ( 1/4 watt) 
2 4,700-ohm resistors ( 1/4 watt) 
2 100,000-ohm potentiometers 
1 1-megohm potentiometer 
1 speaker and output transformer 
1 phonograph input 
1 41/2-volt battery 
1 15-volt battery 
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Test equipment. None. 

Procedure 

1. Wire the circuit of Fig. 11.13. Adjust P, and Pz for collector 
currents of 11A ma through each transistor. These will produce volt-
age drops of 1% volts across each emitter resistor. This is the same as 
Fig. 11.12 except that a loudspeaker and its output transformer have 
been added. High-impedance magnetic earphones ( phones with low 

C, 
5 MF 

o_41-

INPUT I 

GROUND 

R, 
4.7 K 

P.N.P 
TRANSISTOR 

OUTPUT 
P-N-P TRANSFORMER 

TRANSISTOR 

50 MF.1(. 

Fig. 1113 

«=—=-- 4'5 OR (SEE TEXT) 15 V 

CI 
SPEAKER 

d-c resistance) may be used in place of the loudspeaker and output 
transformer. 

2. A phonograph pickup is fed into the input. If possible, use a 
pickup with a high output voltage ( i.e., a crystal pickup). 

3. By changing to a 15-volt battery, a much greater output can be 
obtained. If a 15-volt battery is employed in the circuit shown in Fig. 
11.13, adjust P, and Pz for collector-emitter voltages of 71A volts. 
The operating point will now be in the middle of the load line and the 
output signal is able to swing equally above and below this point. 

4. Further output power may be developed by decreasing the 
values of emitter resistors R, and R, to 100 ohms each. Additional 
power output can be obtained by removing all base resistors and 
connecting a potentiometer ( 1 megohm) from the base of each tran-
sistor to B—. The collector current can then be adjusted for maximum 
output. 

5. It is startling to measure the total current used with 15 volts as 
a supply. The drain is only about 4 ma, and yet enough volume is 
produced to serve an average living room. If more gain is desired, a 
phonograph step-down transformer may be used to match the rela-
tively high phonograph impedance to the low input impedance of the 
transistor. The circuit is shown in Fig. 11.14. 
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INPUT 
TRANSFORMER 

PHONO 
PICKUP 

P, 
P-N-P 

1 MEG TRANSISTOR 

R, 
4.7 K 

50 MF 

Fig. 11.14 

P-N-P 
TRANSISTOR 

4.5 OR 
15 V 

OUTPUT 
TRANSFORMER 

 < 

SPEAKER 

6. An alternate circuit, Fig. 1115, contains a class A push-pull out-
put arrangement. The second-stage emitter bypass capacitor is omitted 
because the emitter currents are 180° out of phase, eliminating the 
need for a capacitor. (Note: This could not be done for class B push-

INPUT 
TRANSFORMER 

PHONO 
PICKUP 

P-N-P 
VOLUME TRANSISTOR 
CONTROL 

R P.N.P 
1 MEG TRANSISTOR 

4.7 K 

Ci 
5 MF 

50 MF 

2 
Fig. 11.15 

OUTPUT 
TRANSFORMER 

• 4.5 OR 
= 15 V 

SPEAKER 

pull output stages.) This circuit has the conventional advantage of 
push-pull operation. A 1-megohm potentiometer controls volume. 

Experiment 8. Transistor Signal Tracer and Elementary Radio 
Receiver 

Object. To construct a signal tracer and then tune it, thereby con-
verting it to a tuned signal tracer or a trf radio receiver. 
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Material required 

2 2N104 transistors ( or equivalent) 
1 loop antenna ( with ferrite core) 
4 5-1.4.f electrolytic capacitors 
2 50-4 electrolytic capacitors 
1 0.01-pf capacitor 
2 1,000-ohm resistors ( 1/4 watt) 
2 4,700-ohm resistors ( 1/4 watt) 
2 10,000-ohm resistors ( 1/4 watt) 
2 100,000-ohm potentiometers 
1 interstage transformer 
1 0.0015-4 capacitor 
1 1N34-A or equivalent germanium crystal diode 
1 4%-volt battery 
1 15-volt battery 
1 speaker and output transformer or earphone 
50 ft of antenna wire 
1 365-,t1 midget variable tuning capacitor 

Test equipment. None. 

Procedure 

1. Wire tile circuit of Fig. 11.16. Adjust P, and P2 for collector cur-
rents of 11/2 ma through each transistor. Earphones may be substituted 
for the loudspeaker and its output transformer. 

o  
INPUT 

GROUND 

Ri 
10 K 0.01 MF 

CI 

CRYSTAL 
DIODE 

P-N-P 
TRANSISTOR 

5 MF 

TRANSFORMER 

"IF 

SMF 

4.7 K 

R, 

INTERSTAGE 50 F 

P-N-P 
TRANSISTOR 

-= 4.5 OR 
15 V 

OUTPUT 
TRANSFORME TRANSFORMER 

SPEAKER 

Fig. 11.16 
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2. Connect a short length of wire to the input capacitor and another 
length of wire to ground. This system may then be employed as a 
signal tracer in practically any circuit from audio through TV by con-
necting the ground lead to the chassis of the device being tested and 
probing with the other lead. This instrument can be used in any appli-
cation where the well-known vacuum-tube signal tracer can be 
employed. 
Louder signals can be obtained from the transistor tracer by using a 

15-volt battery. 
3. The signal tracer may be tuned by the addition of a loop antenna 

and a variable capacitor as shown in Fig. 11.17. An antenna 50 ft in 

LOOP 
ANTENNA 

10 K 

) 
0 0015 

5 MF-

T- TRIMMER 
4.7K 

CRYSTAL 
DIODE 

P.N•P 
TRANSISTOR 

INTERSTAGE 
TRANSFORMER 

50 MF 

Fig. 11.17 

OUTPUT 
TRANSFORMER 

P•N•P 
TRANSISTOR 

4.5 OR 
=- 15 

di d 
d d 
d d 

SPEAKER 

length should be used. The chassis of the transistor receiver should be 
grounded to a radiator or water pipe. The importance of a good an-
tenna and ground, particularly in an area somewhat remote from high-
power broadcast stations, cannot be overemphasized. 

Conclusions 

1. The transistor audio amplifier may be converted to a signal tracer 
by the addition of a germanium diode. 

2. Tuning the signal tracer converts it to a trf receiver. 
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Experiment 9. Relaxation Oscillator 

Object. To analyze the mode of operation and the waveforms in a 

relaxation oscillator. 

Material required 

2 2N104 transistors ( or equivalent) 
2 10,000-ohm resistors ( 1/4 watt) 
2 1,000-ohm resistors ( 31/4 watt) 
2 0.01-d capacitors 
2 100,000-ohm potentiometers 
3 5-1.Lf electrolytic capacitors 
1 0.0015-id capacitor 
1 41/4 -volt battery 

Test equipment 

1 oscilloscope 

Procedure 

1. Wire the circuit of Fig. 11.18. Adjust Pi and P, for a collector-to-
emitter voltage of 2 volts in each transistor. 

FEEDBACK LINE 

r, 

4.5 V 

PS-P P N-P 
TRANSISTOR TRANSISTOR 

Fig. 11.18 

OUTPUT 

5 MFroGROU ND 

R4 
10 K 

2. When connected, the circuit will oscillate, producing the non-

symmetrical waveforms shown in Fig. 11 49. 
3. When observing waveforms with an oscilloscope, it is suggested 

that external synchronization be used. This may be accomplished by 
attaching a 0.0015-4 capacitor in series with a lead from the external 
sync terminal of the oscilloscope. The other end of this lead should be 
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connected to the collector of transistor 2. The vertical input probe of 
the oscilloscope may be used for observing the voltage waveform at 
various points in the circuit. If external synchronization is not used, 
the waveform will shift as the vertical lead is moved from one point to 
another. 

4. To analyze the operation of the circuit, let us assume that the 
base of X, goes positive momentarily. This decreases the collector cur-
rent in X,, causing the voltage at the collector ( and the top end of R,) 

BASE OF X, 

COLLECTOR OF X, 

COLLECTOR OF X2 

BASE OF X, 

Fig. 1 1.19 

to become more negative than it was before. This applies a negative 
voltage to the base of X,. Since this acts to increase the forward bias 
between base and emitter of X„ the collector current of X, will in-
crease and the voltage at the collector will become less negative or 
more positive. This signal makes the base of X, go more positive, 
thereby aiding the initial positive signal. This is the fundamental re-
quirement of oscillation—positive feedback with a gain greater than 1. 
The buildup will continue with the current through X, decreasing 

and the current through X, increasing until X, is cut off. When the 
latter condition is reached, the base of X, no longer receives any driv-
ing signal from the collector of X, and the current through X2 starts 
decreasing. This brings a negative signal to the base of X„ gradually 
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bringing this transistor out of cutoff. When X, starts conducting, the 
base of X, receives a positive-going signal from X„ and its current is 
further decreased. Through this process, the current is built up in X, 
and reduced in X, until X, becomes nonconducting. In this fashion, 

control is passed back and forth between X, and X2. 
5. Waveform analysis. As the base of X, goes positive ( points A and 

B of Fig. 11.19), it cuts off its collector current. Capacitor C3 therefore 
starts charging through R,. The charging is shown by points C and D. 
Since capacitor C„ is charging at a constant rate, the voltage at the 
base of X, is maintained fairly constant ( points E and F). When the 
charging of capacitor C3 starts to round off slightly ( approaching 
time-constant value), the base voltage of X, starts to decrease ( go less 
negative, point F). This causes the collector of X, to go more negative 
(points G and H). When the collector of X, goes more negative, it 
drives the base of X, negative, which in turn makes the collector of X1 
go positive ( see points D and I). The action is now the same as de-
scribed previously for the base of X,. 

6. The frequency of oscillation may be changed by varying the 
coupling capacitors. The frequency may also be altered by varying 
the base resistors, but this may prove to be somewhat difficult because 
it will result in a change in the d-c base voltages. 

7. By placing a potentiometer in the lead between the collector of 
X, and C,, a square-wave output may be obtained. 

Conclusions 

1. A transistor multivibrator is feasible. 
2. The frequency of oscillation is determined by the time constant 

of the RC circuits. In the circuit shown, it is easier to vary the fre-
quency by varying the coupling capacitors than the resistors. 

3. Square and sawtooth waves can be developed by this oscillator. 

Experiment 10. Blocking Oscillator and Sawtooth Generator 

Object. To study a blocking oscillator and sawtooth generator. 

Material required 

1 2N104 transistor ( or equivalent) 
1 1,000-ohm resistor ( 1/4 watt) 
1 100,000-ohm potentiometer 
1 0.1-d capacitor 
1 5-4 electrolytic capacitor 
1 transformer ( use interstage transformer) 
1 41/2-volt battery 
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Test equipment 

1 oscilloscope 

Procedure 

1. Wire the circuit of Fig. 11.20. Adjust Pi for a 0.5-volt drop 
across 113. 

P-NP 
TRANSISTOR 

2. Observe the waveforms at the base, collector, and secondary of 
the transformer. ( Use external synchronization from the secondary of 
the transformer as described in Experiment 9.) 

E 

BASE WAVEFORM 

COLLECTOR WAVEFORM 

3. To analyze the operation, at point A, Fig. 11.21, the base starts 
to go negative, and this drives the collector from point B to point C. 

At point C the collector current can no longer increase. This removes 
the feedback which the transformer has been supplying to the base. 
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The base, however, does not reach its most negative point until ca-
pacitor C, has been fully charged. Once the charging rate of C, ceases, 
the voltage across the base potentiometer Pi starts to drop, becoming 
less negative, or more positive. This drives the collector more negative, 
which, because of the phase reversal of the transformer, causes the 
base to go more positive ( point D). The gradual slope in the base and 
collector curves ( points E and F and G and H, respectively) is the 
time constant of the capacitor and resistor. 

4. If a capacitor is now placed from the collector to ground, a saw-
tooth wave will be obtained. Note the similarity between this and the 
blocking oscillator used in a television set. The frequency may be 

changed by varying C, or R3. 
5. It is suggested that two 10,000-ohm resistors be placed in parallel 

across the green and black leads of the transformer in waveform 
experiments. This will eliminate any transformer ringing, if present. 
By changing the value of this loading resistor you will see how various 

waveforms may be developed. 

Conclusions 

1. A transistor may be employed as a blocking oscillator. 
2. The addition of a capacitor from the collector to ground converts 

the blocking oscillator to a sawtooth wave generator. 
3. The frequency of oscillation is determined by the time constant 

of the circuit if the transistor has a high enough cutoff frequency. If 
it does not, then the transistor will determine the oscillation frequency. 

Experiment 11. A Transistor Colpitts Oscillator 

Object. To construct a variable-frequency Colpitts r-f oscillator 

Material required 

1 2N104 transistor ( or equivalent) 
2 0.01-mf capacitors 
2 47-4 capacitors 
1 1,000-ohm resistor ( lA watt) 
1 coil, which may be the antenna coil of Experiment 8 

1 100,000-ohm potentiometer 
1 4%-volt battery 

Test equipment 

Oscilloscope or radio receiver 
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Procedure 

1. Wire the circuit of Fig. 11.22. Adjust P, for a collector-to-emitter 
voltage of 2 volts. 

P.N.P 
TRANSISTOR 

4.5 V 

(--c> OUTPUT 

C, 
001 

ro GROUND 

Fig. 1122 11.22 

2. Oscillation should be observed by connecting the vertical lead 
from the oscilloscope to the collector output capacitor C4. The other 
lead from the oscilloscope goes to ground. 

3. Vary the frequency of oscillation by varying the slug in the coil. 
The frequency can also be varied by varying capacitor C2, C3, or both. 

4. Touch the vertical lead of the oscilloscope and note the change in 
oscillator frequency. This is because there is no intervening buffer 
stage. 

5. The frequency of oscillation will probably not go much beyond 
1 or 2 Mc with the transistor specified. However, with a high-fre-
quency transistor, operation to 100 Mc could be obtained. 

6. Check the amplitude of oscillations as the frequency is raised. 

7. Try to reach the highest operating frequency by continually re-
ducing the inductance of the tuning coil. Check the value of this fre-
quency with the two transistors you have. 

Conclusions 

1. A Colpitts oscillator can be readily formed with a transistor. 
2. The circuit is quite sensitive to "hand-capacitance" effects. 
3. Oscillations tend to become weaker as the frequency is raised. 
4. The highest operating frequency will tend to vary among similar 

transistors. 
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Experiment 12. Colpitts Oscillator and Buffer Using a Grounded-

collector Connection 

Object. To construct a buffer Colpitts oscillator arrangement. 

Material required 

2 2N104 transistors ( or equivalent) 
2 0.01-id capacitors 
2 47-14 capacitors 
1 coil, as in Experiment 11 
1 3,300-ohm resistor 
1 1,000-ohm resistor 
2 100,000-ohm potentiometers 
1 4%-volt battery 

Test equipment 

1 oscilloscope or radio receiver 

Procedure 

1. Wire the circuit shown in Fig. 11.23. Adjust P, for a collector-to-
emitter voltage of 2 volts. 

P-N-P P- N-P 
TRANSISTOR TRANSISTOR 

0.011 
1K 

47 
MMF 

47 
MMF 

o 3.3 

4.5 V 

 o OUTPUT 

p c, GROUND 

Fig. 11.23 

2. The output is taken here from the emitter of the second tran-
sistor. To observe the waveform of the generated signal, connect the 
vertical input lead of an oscilloscope to the output terminal. Use a 

capacitor in series with the oscilloscope lead. 
3. Observe the frequency of the waveform and then touch the out-

put lead. The level of the signal may decrease, but its frequency re-

mains essentially unchanged. 
4. The grounded-collector stage acts very much as a vacuum-tube 

grounded-plate ( i.e., cathode-follower) circuit. There is no voltage 
gain through the grounded-collector circuit, but there is a definite 
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buffer action. This stems from the change in resistance levels. The 
output is now a very low impedance and thus hand-capacitance effects 
will not he noted. 

Conclusions 

1. It is desirable to employ a buffer stage when operating transistor 
oscillators that may be subject to varying load conditions. The buffer 
here is a grounded-collector circuit. This is a good buffer circuit be-
cause load changes have less effect on the buffer input. 

Experiment 13. Transistor Characteristic Curves 

Object. To obtain the characteristic curves of transistors on the 
screen of an oscilloscope. 

Material required 

1 2N104 transistor ( or equivalent) 
1 100-ohm resistor ( % watt) 
1 25-ma silicon rectifier 
1 12-volt filament transformer ( 1-amp rating) 
1 1%-volt battery 
1 50,000-ohm potentiometer 

Test equipment 

1 oscilloscope 
1 vacuum-tube voltmeter or VOM 

Procedure 

1. Wire the circuit shown in Fig. 11.24. The leads to the horizontal 
terminals of the oscilloscope provide a horizontal sweep which is di-

TO HORIZ 
INPUT 
TERMINALS 
OF SCOPE 

R1 

50 

CURRENT 
METER 

117V 
A-C 

Fig. 1124 

I.5V 

12V 
1 AMP 

FILAMENT 
TRANSFORMER 
  000   

TI 

R2 
100 

25 MA 
SELEN IUM 
RECT IFI ER 

14- * 

TO VERTICAL 
INPUT 
TERMINALS 
OF SCOPE 
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rectly proportional to variations in collector voltage. The voltage 
across R2 is applied to the vertical input terminals of the oscilloscope, 
giving a vertical deflection which is directly proportional to the varia-
tions in collector current. In this way, we obtain a collector-voltage— 
collector-current characteristic curve. Note that the internal sweep of 
the oscilloscope is not used; the horizontal amplifier is switched to 

"horizontal input." 
2. The transistor is connected in Fig. 11.24 as a grounded-emitter 

amplifier. With this arrangement, a series of curves are desired for dif-
ferent base currents. ( See Chap. 3, where typical transistor character-
istic curves are shown.) To start, disconnect R„ making the base cur-
rent zero. Then, the vertical-gain and horizontal-gain controls of the 
oscilloscope are adjusted until the desired image size is obtained, 
Fig. 11.25. (Do not advance the vertical-gain control too far. The 

Fig. 11-25 Form of a single characteristic 

curve of a transistor. 

Fig. 11.26 Characteristic curves obtained 

with base current (above) of 100 pa and 

(below) of 20 pa. 

curve obtained when the base current is zero possesses the lowest ver-
tical amplitude. If this curve is made too high, some of the curves to 
follow will fall beyond the top of the screen.) 

3. For each different value of base current, a different characteristic 
curve is obtained, Fig. 11.26. The base current is varied by adjusting 

potentiometer RI. 
If desired, a transparent scale can be placed over the scope screen 

and the vertical-gain and horizontal-gain controls then adjusted for a 
known amount of gain. Here is how to do this. Apply a known a-c 
voltage first to the vertical-input and then to the horizontal-input ter-
minals of the scope and adjust the respective vertical-gain and hori-
zontal-gain controls for a given deflection. For example, an a-c voltage 
having a peak-to-peak amplitude of 6 volts is applied to the horizontal-
input terminals of the scope and the horizontal-gain control is adjusted 
for a deflection of 3 in. The horizontal sensitivity then becomes equal 
to 2 volts per in. This enables you to measure the collector voltage at 
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any point on a traced-out curve by measuring its distance horizontally 
along the screen. 

For the vertical-input terminals, a smaller voltage, say 0.6 volt peak 
to peak, is recommended. Then, if the vertical-gain control is adjusted 
for a deflection of 3 in., the vertical sensitivity becomes 0.2 volt per in. 
Since the vertical axis of the curves represents current, these voltage 
values must be converted into equivalent current values. This is read-
ily accomplished, since whatever voltage is applied to the vertical-
input terminals of the scope must come from the 100-ohm resistor of 
Fig. 11.24. Thus, if the transparent scale over the scope screen indi-
cates a vertical amplitude of 0.4 volt, then 

E = II? 

0.4 = I X 100 

0.4 
I = — = 0.004 amp = 4 ma 

100 

This is the collector current at the point where the above 0.4-volt 
amplitude was measured. 
Note that once the oscilloscope gain controls are set, they are not 

touched again; otherwise, the calibration is disturbed. 
4. The circuit shown in Fig. 11. 24 is for a PNP transistor. To obtain 

the characteristic curve for an NPN transistor, reverse the connections 
to the battery and to the selenium rectifier. 

5. To obtain the characteristic curves for a grounded-base arrange-
ment, the connections to the base and emitter of Fig. 11 • 24 would be 
interchanged. Battery polarity, too, would be altered accordingly. 
Then the curve for a number of emitter current values would be 
obtained. 

6. One curve of a family will be obtained for one value of base ( or 
emitter) current. To obtain a composite or family group of curves, 
a series of successive photos would have to be taken, Fig. 11 • 27. 

Fig. 11.27 Family of collector-current vs. 
collector-voltage curves for a 2N104 tran-

sistor at base currents of 25, 50, 150, and 
200 pa (bottom to top). 

7. If greater changes in collector voltage are desired, substitute an-
other transformer for T, which will provide a greater secondary volt-
age. For example, a 25-volt transformer may be used here. 



CHAPTER 1 2 

Transistor-amplifier Design 

THE TRANSISTOR, in order to be useful as an amplifier, must be 
employed in a circuit which is so designed that the transistor is oper-
ated over its most linear range. In this way, minimum distortion will 
be introduced in the signal passing through the stage. Another precau-
tion that must be observed is to maintain the transistor within its heat-
dissipation limits. Failure to observe these boundaries will lead to the 
destruction of the unit just as surely as a tube is destroyed when it is 
operated with abnormal voltages or currents. In the case of a transis-
tor, there is far less leeway, necessitating even greater care in design. 

Selection of a suitable operating point is one aspect of amplifier 
design, and it is governed almost completely by the d-c voltages ap-
plied to the transistor. The second aspect of amplifier design is the 
response of the stage to the applied signals. This is governed in part 
by the electrical characteristics of the amplifying device itself, in this 
case, the transistor, and in part by the characteristics of the coils, ca-
pacitors, and resistors attached to the transistor. It is these items which 
will frequently limit the bandpass of a circuit, at least for the low and 
medium frequencies. Beyond this, both the transistor and the circuit 
share the responsibility of degrading the frequency response. 

In this chapter we shall analyze the problem of transistor-amplifier 
design from each viewpoint separately. Not only is this the conven-
tional approach, but it is also an eminently practical one since it en-
ables the circuit designer to deal with each variable separately. Both 
the a-c gain and the frequency response are functions of the operating 
point, however. This is possible because we can quite accurately 
represent the transistor by an equivalent circuit under small-signal 
conditions. Furthermore, the external circuit components ( provided 
they are linear) will not affect the distortion produced by the transistor. 

442 
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Selecting the Operating Point 

The operating point for the transistor is established by the d-e volt-
ages chosen for the base, emitter, and collector elements. In this re-
spect, the transistor is identical to the vacuum tube; as a matter of fact, 
many of the steps followed in arriving at a bias point are similar to 
those employed in establishing the operating point for a tube. The 
biasing methods, however, will be frequently quite different because 
of the inherent differences between the two devices. 

14 

12 

180 e 

120 gA 

GO pA 

21  
0 pA 

o 5 10 15 20 25 

COLLECTOR TO EMITTER VOLTAGE ( I'm ) 

Fig. 12-1 The characteristic curves for a transistor connected in the common-emitter configuration. 

The first items needed to select the proper bias point are a listing of 
the transistor's characteristics and a graph of its current and voltage 
behavior for the particular circuit arrangement chosen. In practically 
all instances, this means with the transistor connected as a grounded 
emitter, i.e., with the input signal fed into the base and the output 
signal taken from the collector. 
The curves most useful for conventional design purposes show the 

variation in collector current for different collector voltages and with 
different base currents. A representative family of such curves is 
shown in Fig. 12 - 1. 

Note specifically that these should be for the grounded-, or common-, 
emitter configuration. Frequently, curves are shown for the common-
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base arrangement, and the two are very similar in appearance. Both 
the listed and the graphical characteristics contain important informa-
tion, and both are required to properly select a d-c working point. As 
a start, let us examine the listed characteristics to see what information 
they can provide that will help us choose a suitable d-c operating 

point for the transistor in question. 
At the top of Table 12.1 the absolute maximum ratings are given. 

These include element voltages, collector current, collector dissipa-

Table 12-1 Maximum Values and Average Characteristics 

Ratings—Absolute Maximum Values 

Collector-to-emitter voltage 
Collector-to-base voltage 
Collector current 
Collector dissipation 
Junction temperature (maximum 
recommended operating temperature) 

—30 volts 
—45 volts 

10 ma 
60 mw 

85°F 

Average Characteristics—Design Center 

Collector voltage 
Emitter current 
Current amplification 
Collector-current cutoff ¡co 
Output capacitance 
Frequency cutoff, fco 
Maximum power gain 

—6.0 volts 
1.0 ma 
0.98 
10 ma 
40 pf 
1.0 Me 

40 db 

tion, and junction temperature. Of specific interest is the collector-to-
emitter voltage, because we are dealing here with a common-emitter 
configuration. The stated limit is —30 volts. ( The minus sign simply 
means that the collector voltage is negative with respect to the emitter, 
this being a PNP transistor. For an NPN unit, the same voltage values 
would be given as positive.) Whatever d-c voltages are applied to the 
collector and emitter, their difference must not exceed 30 volts, or a 
voltage breakdown between these elements may occur. The word 
"difference" is important because the individual element voltages with 
respect to a common connection point such as ground may be much 
higher than 30 volts. However, it is only the voltage between emitter 

and collector that counts. 
Collector current le possesses a maximum figure of 10 ma. If, now, 

we multiply this collector current by the maximum collector-to-emitter 
voltage ( 0.01 >< 30), we obtain a power value of 0.3 watt. We might 
suppose that this is the maximum transistor dissipation. Just below 
the collector-current figure, however, maximum dissipation is given as 
60 mw, or 0.060 watt. How is this possible? 
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The answer, of course, is that maximum collector current and 
maximum collector voltage do not occur at the same time. If they did, 
the transistor would be destroyed in short order. What the values do 
mean is that, within the limits of a transistor dissipation of 60 mw, the 
collector voltage may go as high as 30 volts ( with respect to the emit-
ter) or that the collector current may go as high as 10 ma. But the 60-
mw value is the figure to watch and is the limiting factor on the choice 
of a suitable d-c operating point. More on this in a moment. 
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Fig. 122 The dotted curve indicates the maximum collector dissipation of the transistor repre-

sented by this set of characteristic curves. 

Also shown in the characteristic listing are recommended design 
center values. These represent average values which will bias the 
transistor to a point at which it can be employed gainfully as an ampli-
fier. Note that the recommended collector-to-emitter voltage is —6 
volts and the recommended current is 1 ma. These values are far from 
the maximum figures quoted above. 

Note, too, that with these values, collector dissipation is 

6 X 0.001 = 6.0 mw 

and this is well within the 60 mw given under the maximum ratings. 
In short, the operating figures provide considerable room for leeway, 
and this is as it should be. 
An interesting way in which the maximum collector dissipation can 

be kept in front of the circuit designer is shown in Fig. 12.2. The 
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dotted curve, at each point, equals 60 mw; so long as the operating 
condition of the transistor stays to the left of this line, the unit is 
within its maximum-dissipation range and no difficulty from burnout 
should be encountered. On the other hand, if this dotted curve is 
crossed, the chances are quite good that the useful life of the transistor 
will be materially shortened. 
Some manufacturers provide these maximum-dissipation curves with 

the transistor characteristic graphs. When this is not done, the designer 
himself can draw such a curve by choosing, for each collector voltage, 
a value of collector current such that the product of the two equals the 
maximum-dissipation figure. For example, in Fig. 12.2 the point P, the 
collector voltage, is 10 volts. The dotted line crosses this point at 6.0 
ma; the product of 10 and 6.0 ma is then 60 mw. 
As a general rule, to determine the points on the dissipation curve, 

voltages may be selected among the horizontal axis and corresponding 
current values calculated (I, = PcIV,), or current points may be 
selected along the vertical axis and corresponding voltage values calcu-
lated (Vc = 

Load lines 

A collection of curves, such as that shown in Fig. 121, represents 
the behavior of a transistor over a wide range of collector currents and 
voltages and for a wide variety of base currents. When a transistor is 
connected with the emitter grounded, the amount of current which 
will flow from emitter to collector is determined by the base-to-emitter 
potential. Instead of specifying the latter values, which are very small 
and exceedingly difficult to measure, the resultant base current is given 
instead, since for each base-to-emitter potential a certain base current 
will flow. It is the latter values which are indicated for each of the 
curves in Fig. 12.1. As a matter of fact, base current values are more 
significant than voltage values because the transistor is a current-
operated device. Furthermore, in the common-emitter configuration, 
the base is the element to which the incoming signal is applied. 
Now, in order to determine how a transistor will operate with spe-

cific voltages applied to its elements, we must determine the section of 
the graph where this operation is to take place. For example, for the 
transistor represented by the curves in Fig. 12.2, we can place the 
operating point anywhere to the left of the maximum-dissipation line. 
The manufacturer recommends —6 volts, 1 ma, but we have selected 
—6 volts, 5 ma because it enables us to use a load resistance of 1,200 
ohms, which is what we desire. 
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This point is identified by the letter A in Fig. 12.3. This is the cen-
tral point of any design we may wish to attempt with the transistor; 
from this point, the variations of the signal current applied to the base 
will cause the collector voltage and current to vary above and below 
the conditions specified by point A. 
With the location of the operating point, we are ready for the next 

step, i.e., the drawing of a load line through the operating point. 
This line reveals graphically what happens when a load resistor is 

COLLECTOR TO EMITTER VOLTAGE ( Vcc.) 

Fig. 12•3 Point A is the selected operating point. A 1,200-ohm load line, drawn through point A• 

is shown in Fig. 12•4. 

placed in the collector circuit and the input or base current varies. 
Now the question is, how do we know which line to draw? Several 
things are already known. First, we know that the load line must pass 
through point A. Second, it must be so drawn that it does not, at any 
point, cross the dotted line representing the maximum-dissipation line. 
These are the two most obvious restrictions on the load line. There 
are others which will become apparent in the ensuing discussion. 
As noted above, the load line represents the load resistance and the 

value of this resistance will determine the slope of the line. For 
example, let us assume that the load resistance is 1,200 ohms. Such a 
line, passing through point A, is shown drawn in Fig. 12.4. To 
demonstrate that this represents 1,200 ohms, it is necessary to know 
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that the slope of this line is given by the ratio of the change in collector 
voltage from minimum to maximum current and the current change 

itself, 
Maximum collector voltage — minimum collector voltage 
Maximum collector current — minimum collector current 

with the load resistance in the circuit. From Fig. 12.4, we see that the 
collector voltage changes from a maximum of 12 volts when the 
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Fig. 12 -4 A 1,200- ohm load line passing through point A. The base current, at point A, is 90 go. 

collector current is zero to 0 volts when the collector current is 10 ma. 
Substituting these facts in the above ratio, we obtain 

12-0 12  
= 1,200 ohms 

0.010 — 0 0.010 

For this value of load resistance, a battery voltage of 12 volts is 
needed. If only 10 volts is available and it is desired that the load line 
pass through point A, then another value of load resistance will be 
needed. This can be seen by actually drawing a line from 10 volts to 
point A and then extending the line out until it crosses the I. axis. It 
does so at 12 ma. From the slope of this second line, the computed 
value of the required resistor is 833 ohms, Fig. 12.5. 
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If we examine the load line of Fig. 12.4, we note several things. At 
the operating point, the base current required is 90 ea. At the bottom 
end of the load line, it crosses the 0-ea base-current curve, while at the 
upper end of the line, the base-current curve crossed is 240 ea. Thus, 
the swing below point A extends only for 90 ea, while above point A 
it can go up 150 ea ( 240 — 90). This occurs because of the progres-
sively closer spacing of the curves at the higher base-current levels 
because of a reduction in )3. Utilization of the entire load line would 
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Fig. 12.5 A 833-ohm load line passing through point A. 

25 

thus lead to distortion, which is undesirable. In the present instance, 
it would be better to limit the swing of the signal to the region of 
more nearly equal base-current curve spacing, particularly when low 
distortion is more important than maximum output. 
Other values of load resistances can be chosen to fit within the area 

to the left of the maximum-dissipation curve. Several are shown in Fig. 
12.6, and the reader can see how the various factors influence the 
amount of distortion and output obtainable. For example, with the 
battery voltage fixed, larger and larger resistances permit less and less 
of an input signal swing between transistor cutoff ( when the collector 
voltage is maximum) and maximum current ( when the collector 
voltage is zero and the characteristic curves are highly distorted). 
However, with the larger load resistances, most of the swing over the 
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load line is usable, except for the very extreme ends. With low loads, 
the extent of the curve is greater, but as we saw in Fig. 12-4, the entire 
curve cannot be used because of the distortion caused by the curves 

crowding together. 
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Fig. 12.6 Three different load lines using the same battery voltage. 
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Fig. 12-7 The condition for maxi-
mum power output. The load line is 

tangent to the maximum collector 

dissipation curve at point P. The bat-

tery voltage is V 1, while the maxi-

mum current that flows with this load 

line is i. 

If maximum power output is desired, the load line should be brought 
as close to the maximum dissipation line as possible, Fig. 12-7. This 
enables the line to encompass as wide an area as possible and this, in 
turn, means greater output power. 
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From the foregoing it is seen that there are a number of factors that 
determine the location of the load line, factors such as the operating 
point, the maximum collector dissipation permitted, the amount of 
battery voltage available, and the amount of distortion that can be 
tolerated. You start with those items that are fixed and adjust the re-
maining variable factors to fit the specified conditions. 

Transistor Bias Circuits 

Now that we have determined graphically the desired operating 
conditions for a transistor, let us see what we have to do circuit-wise 

Hi 
1.2 K 

lb) 

(cl 

Fig. 12.8 Three different biasing methods. 

in order to achieve this state. Fig. 12.8a is a very simple circuit which 
will provide the desired conditions. RL is 1,200 ohms, B, is 12 volts, 

B, is also 12 volts, and RE is 130,000 ohms. B, and RH are chosen to 
provide a base current of 90 ea. If we assume that the voltage drop 
between base and emitter elements in the transistor is negligible com-
pared to the voltage drop across RH, then 

12  
Rg = —E = = 133,333 ohms 

I g 90 X 10-6 

The actual value of RH is 133,333 ohms, but this resistance is close 
enough to the standard value of 130,000 ohms to permit its use. 
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A more economical arrangement, using only one battery, is shown in 
Fig. 12 8b. The conditions here are identical to those of Fig. 12. 8a, 
and R,, is computed in exactly the same fashion. Still another circuit 
that is employed more widely than either of the preceding circuits is 
shown in Fig. 12.8c. The base current is supplied by the voltage-
divider network of R, and Rs. RL is the collector load resistor and Rs is 
an emitter resistor which serves the same purpose as the cathode 
resistor in a vacuum tube. When this resistor is unbypassed, then it, 
together with R1„ receives the output signal of the transistor. That is, 
whatever collector current passes through RL must also pass through 
R.,, and the sum of both resistors represents the total load resistance. 
It is this value which is used to plot the load line. 

However, with Rs unbypassed, degeneration is introduced, and this 
tends to reduce the gain of the stage. If the degeneration is not desired, 

Fig. 12.9 To draw the a-c load line for this 

transistor, the effect of C, and R must be 

2.5 K considered. For the d-c load line, only R1 

need be considered. 

then Rs is bypassed. Now the question is, "is Rs still included in the 

computation of the load line?" 
The answer is no if we wish to draw an a-c load line in distinction 

to the d-c line. The difference between these lines is this: For various 
fixed or d-c currents, transistor operation will take place along the load 
line computed using the sum of RL and Rs. However, if a-c signals 
are applied to the base, then all current variations will be shunted 

around Rs by the bypass capacitor, and the corresponding voltage 
variations will appear only across RL. Hence, only the value of RL 
would be used in computing the a-c load-line slope. 

Since we are concerned ordinarily with the use of transistors to 
amplify a-c signals, we are more interested in the a-c load line than in 
the d-c load line. It is important that this distinction be recognized. 
An interesting situation arises when we have an output circuit of 

the form shown in Fig. 12.9. If we disregard capacitor C, and resistor 
It, then the load line will be determined by the value of R, alone, in 
this case, 2,500 ohms. This line, AB, drawn with a 15-volt battery, is 
shown in Fig. 12 . 10. Q is the quiescent, or operating, point when the 
input signal is zero. 
Now, attach C, and Rs. What an a-c signal, flowing in the collector 

circuit, now sees is the parallel combination of R, and R, (assuming 
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the reactance of C, to be negligible with respect to R2). Hence, a new 
load line should be drawn representing this new combination. This is 
CD in Fig. 12.10. Note that this second line is steeper than the pre-
ceding load line because the two resistors in parallel possess a total 
resistance which is less than R, alone. Further, the second load line 
must also pass through point Q because this is the resting position of 
the transistor when no signal is being received. It is this second line, 
too, which is carefully examined to see if it can accommodate the 
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desired range of input ( i.e., base) current without distortion. And this 
line must not extend into regions where the power ( product of col-
lector voltage and current) exceeds the maximum power dissipation of 
the unit. 

Determining the Best Bias Arrangement 

We have just seen several methods of biasing transistor amplifier 
circuits in order to obtain a specific operating point and, with it, a 
desired mode of operation. With so many possible arrangements, it 
would be logical to ask: Is any one of these better than any other 
one? And if the answer is yes, how can we determine which circuit is 



454 TRANSISTORS 

best? It is toward the determination of a suitable answer to these ques-
tions that the following discussion is directed. 
An important aspect of transistor behavior is its temperature de-

pendence. Increase the temperature of a transistor and it will be found 
that, with all other conditions kept fixed, the collector current will in-
crease. This rise stems from two causes: an increase in lo and a 
change in the input, or /II-VEB, characteristic. The collector-current rise 
from the latter source is important when the resistance in the base 
circuit is low. This occurs in stages that are transformer-coupled, 
where the base receives its d-c bias through the low-resistance winding 
of the transformer. In r-c-coupled stages, the base resistance is fairly 
high, and here the input characteristic change is not significant in its 
effect on the collector current. Only changes in /co need be considered. 
In the first part of the discussion to follow, we will assume fairly high 
base resistance and thus consider only the effect that changes in leo 

will have on the collector current. 
/co is the current that flows through the collector-base sections when 

the emitter current is zero. It stems from the presence of minority 
carriers in the base and collector sections, and it gives rise to a small 
current when the collector is reverse-biased. /co is generally below 10 
ea, and it is independent of emitter current or collector voltage when 
the latter is greater than a few tenths of a volt. Because of this it is 
called a saturation current. The value of /co is determined chiefly by 
the particular transistor being used and by the temperature. As a 
matter of fact, it is extremely sensitive to temperature, actually 
doubling in value with each 10°C rise in junction temperature. In 
short order, this can reach a value where it will have a disastrous 

effect on transistor operation. 
To demonstrate this more clearly, let us determine exactly what 

effect a rise in /co has on the operation of a common-emitter amplifier. 
To start, we know that the emitter current is equal to the sum of the 
base and collector currents. In equation form, this is 

IR = IR ± IC (12.1) 

The collector current, in turn, is composed of that portion of the 
emitter current IE reaching the collector, plus the saturation current 

/co. Thus, 
lc = «IF; 'co (12.2) 

Now, if we substitute Eq. ( 12.1 ) in ( 12.2), we obtain 

/c = a(l B-FIc)±1. co 
--= al B ale 'co 
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or, rearranging terms, 

lc ( 1 — a) = ± 

and 

where 

/co  ./c. =   1R + 
1 - a 1 — a 

IC = 131, -I- ( 1 + 0)I co 

= 1 —a a 

(1n) 

Equation ( 12.3) tells us a number of things. If we ignore the /co 
term, it tells us that for every change in 4, the effect on the collector 
current is /3 times as great. This is the basis for the wide popularity of 
the common-emitter arrangement. Since )3 is on the order of 30 or 
more, a small change in input current applied to the base will cause 
the collector current to change /3 times as much, giving us a sizable 
amplification or gain in signal. 
Now, consider the /ro factor in Eq. ( 12.3). As long as /co is small, 

even with a multiplying factor of 30 it still is considerably below the 
level of the normal collector current derived from the emitter. But, 
with /co doubling with each 10°C rise in temperature, it can quickly 
reach a point where the total collector current is appreciably above its 
normal operating value. This, in turn, will raise the wattage dissipated 
at the collector and cause the temperature there to increase. With a 
higher operating temperature, 1,0 will increase, further raising the 
collector current and the collector temperature. The process is cumula-
tive, and if no current limiting is provided, the temperature and cur-
rent at the collector can reach destructive values. 
By way of contrast, consider the situation when the common-base 

arrangement is employed. Under these conditions, 

IC = al E 'co 

A change in emitter current, caused by an input signal, will produce 
an a change in collector current. Note, however, that /ro stands alone, 
and even if it doubles with each 10°C rise in temperature, it is still 

quite small in total value. Consequently, /,. is hardly affected at all. 
Thus, the common-base arrangement is less disturbed by temperature 
changes than the common-emitter circuit. However, because of the 
marked gain characteristics of common-emitter circuits, they are used 
more widely. 
Now that the role played by temperature in transistor-circuit opera-

tion is understood, the next thing to uncover is which bias arrange-
ment previously shown provides the best defense against such changes. 
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For this determination, a special stability factor S is useful. This is 

defined as 
àlc dlc S = = _Jr (124) 
a/ co ui co 

This expression reveals the change in collector current di c for a 
change in collector saturation current d/co. The lower the value of S, 
the more stable the arrangement because changes in Lo have only a 
small effect on L. We can apply Eq. ( 12 4) to the two situations 
already discussed, i.e., common base and common emitter. For the 

former, we saw that 
IC = alE 'CO 

from which we obtain 

or 

dlc = die° 

dIc 
dIco = 

For common-emitter configurations, 

/c = ± (1 ± 0)/co 
and dIc = (1+ i3)clIco 

dlc 
or 

dICO 

(12.5) 

Obviously, the latter result possesses a higher value than the former, 
corroborating the conclusion reached previously, i.e., that the common-
base arrangement is less affected by changes in Ico than the common-

emitter arrangement. 
Note: For those readers who are not familiar with the calculus and 

differentiation, the following modified procedure will serve equally 

well. To the original expression 

lc = alE Ico (A) 

add a small increment 3,/, to the left-hand side and a small increment 
‘11,.„ to the right-hand side. This is the mathematical way of stating 

that increasing l .() by à/c,, will cause L. to increase by Alc. 
Making the addition just indicated, we obtain 

/c A/c = cr/E ± /co + A/co (B) 

Now, substitute Eq. ( A ) for Ic in Eq. ( B): 

aIE Ico Ale = aIE Ico+ Alco 
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Cancel similar terms on opposite sides of this equation. The result is 

à/r = A/co 
which is equivalent to dlc = dim 

as shown above. The same procedure can be followed whenever differ-
entiation is indicated. 

To recapitulate the process, whenever you find /r, substitute 
4-1-à/,.. Whenever /co appears, substitute /ro à/ro. Then, for 
lr, substitute the original equation and cancel out similar terms found 
on opposite sides of the equals sign. The resulting ratio of à/, to A/co 
(or dl c to d/ 0) is the stability factor S. 
The stability factor of specific circuits. The foregoing generalized 

method of determining the thermal stability of a particular network 
can be applied to specific circuits if we develop the equation for /r in 
terms of /ro for the particular amplifier. The object is to obtain as low 
a stability factor S as possible consistent with the other requirements 

IC 

INPUT 

V 
Fig. 1211 

of the the circuit. For example, consider the circuit shown in Fig. 1211. 
The expression for Ir in this circuit is 

/r = ful + (1 + mien 

In, however, is equal to V divided by Ru, assuming that the voltage 
drop between base and emitter is close enough to zero to be disre-
garded. Substituting this into the above equation, we have 

Ic = f71,7, + (1 ± etc° 

If, now, we differentiate L. with respect to /ro, we have 

die  
S = = + (12.(;) 

dIco 

The first term after the equals sign, VIR II, becomes zero because all 
its components are fixed and do not change with change in /ro. Thus, 

the stability factor of Fig. 1211 is 1+ $, and since 13 is generally 
large, the stability of this circuit is quite poor. 
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An interesting feature of Fig. 1211 is that the stability ( actually, 
the instability) is governed only by the value of /3 and not at all by 
the values of R8 or /IL. While this is generally true, je is somewhat de-
pendent on the choice of the operating point selected for the transistor, 
and so it will change with different values of R8 and R1. This is 
particularly true when the transistor is near cutoff or when the current 

flow is high. 
Let us now obtain the stability factor for the circuit of Fig. 1212. 

This is similar to the preceding circuit with the addition of a resistor 
in the emitter leg. To set up the necessary Ir and /co expressions, we 

proceed as follows. 
The battery voltage V is equal to the sum of the voltage drops across 

RE and RE (again assuming that the base-emitter voltage drop is zero). 

Thus, 
V = 'ERE IERE 

or, transposing, 
'ERE = V — 'ERE (12.7) 

The object now is to express IR in terms of /, and Io and to do the 
same for 1E. This is achieved as follows. h., we know, is equal to 

Ic = 'CO 
— 

OF IE = 'CO (12.8) 
a 

This gives us one expression we need. Now, going back to funda-

mental transistor action, 

Further, 

We can substitute this expression in the equation just above it. This 

gives us 
IR = 'co+ IB 

or IE = I E(1 — a) — 

Now, we substitute expression ( 12- 8) into ( 12.9): 

IC — 'CO 
IE = (1 — a) — 'co 

IE = IC ± IE 
IC = 'co 

IC = — 

(12.9) 

(1210) 
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This is the second equation we need. Now, let us substitute Eqs. 
(12.8) and ( 12.10) into Eq. ( 12.7). 

Ico\ _ v lIc — ICO) R E 
\ a a I e \ a 

Rearranging terms, 

RF IF(--Rie , = v+ co (RH ± RR) 
a a a a 

Converting [3 back to its equivalent, al ( 1— a), and dividing both 
sides of the equation by RH, we obtain 

IC(1 —a a + c/r?Rcu) 

/c — 

RR a 
V ± ic0 (1 + aR E RE) 

aV /RE ± 1E0(1 -I- RE/RB)  
1 — a ± RE/Ra 

and S —   die —  1 + RE/RE 
dIco 1 — a RREE//RR i? (12.11) 

Here is the stability factor for the circuit of Fig. 12.12. If RE is set 
equal to zero, we obtain Eq. ( 12.6) again, thus verifying the correct-
ness of the derivation. To see what happens as we increase the value of 

RE, let us assume a value for a of 0.98 and a value for Ra of 50,000 
ohms. RE, in the first computation, will be 1,000 ohms. Then, 

s = 1 + 1,000/50,000  = 1.02 _ 255 
1 — 0.98 + 1,000/50,000 0.04 

This, already, is considerably less than 1 ± /3 for the circuit of Fig. 
12.11, assuming that the same transistor is employed. In the latter 
instance, 1 ± fi = 1 ± 48 = 49. 

If we increase RE to 5,000 ohms in the above example, we obtain 

1 + 5,000/50,000 1.1  S= =   = 9.1 
1 — 0.98 + 5,000/50,000 0.12 

This demonstrates how rapidly S decreases as RE increases. The 

reason, of course, is that RE provides negative feedback. When Io 
increases, it produces an amplified current through RE. This raises the 
voltage drop across RE and reduces the voltage across RR according to 
Eq. ( 12.7). Less voltage across Ril means less bias current, and this 
reduces the collector current. Thus, RE functions here in much the 
same way as a cathode resistor in a vacuum-tube circuit. 
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It may be instructive to examine the stability of one final circuit 
because of its wide use. This circuit is shown in Fig. 12.13, and it is 
seen to differ from the circuit of Fig. 12.12 in having a voltage divider, 
R1 and R2, supply the d-c voltage ( actually, current) to the base. To 
develop the necessary L equation for this arrangement in terms of 
I( o, let us first note what conditions hold here. 

Fig. 12.13 

If we assume, as we did before, that there is negligible drop between 
base and emitter elements of the transistor, then we can write 

Also 

plus the two standbys 

and 

IERE = I2R2 

12112 + IIR I = V 

12 ± Ire = Ii 
Il + IC ---- 13 

= la + IC 

IC — aIE 'co 

We have six equations here, and by manipulating them, we can 
eliminate 1„ 1,, 1,, 1B, and IE to give us finally the expression 

RB   Ri(1 — a)) (RE _F REI?' v 
a aR2 \a aR2 a I 

Differentiating lc with respect to /eo, we obtain 

S = dIc RE/a + RERI/aR2 Ri/a  
dIco — RE/a + RERilaR2-1- (Ri/a)(1 — a) 

All of the a's in the denominators of the various terms can be can-
celed out. Furthermore, by dividing numerator and denominator by 
R1, we have 

—  1 ± RE(1/Ri + 1/R2)  
S  

1 — a ± RE(1/Ri ± 1/R2) 
(12.12) 
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If we compare this expression with Eq. ( 12.11), we see that we 
have essentially replaced 1/Ru in ( 12.11 ) by ( 1/R, + 1/R2). In short, 
in so far as the circuit of Fig. 12.13 is concerned, R, and R2 act as if 
they were in parallel with each other. 
By substituting appropriate values for R, and R, in Eq. ( 12.12), it 

will be found that S decreases as R, and R, become less. Offsetting 
this, of course, is the fact that the lower R, and R, are made, the 
greater the current drain on V. Also, R, and R, are shunted across the 
input to the stage, and by lowering their overall value, we reduce the 
input impedance. This could adversely affect the interstage gain. 
One further word concerning Eqs. ( 12-6), ( 12-11 ), and ( 12.12). 

Each possesses a ( or )3, which is directly related to ), and hence we 
can expect a change in stability as a varies. This is an important con-
sideration in present transistor practice because of the fairly wide 
variation in a among transistors of the same type. It will be found, 
however, that the better stabilized a circuit is against increases in Lo, 
the less affected it will be for changes in « or )3. This is very fortunate, 
because variations in a or 13 present as much difficulty to transistor-
amplifier design as instability due to increases in /co. 
The effect of input characteristic changes. Now that we have seen 

the effect of 1,0 variations on the collector current, let us turn our 
attention to the input circuit. Here we find that a considerable 
sensitivity to temperature exists, as demonstrated by the curves in 
Fig. 12.14. Note that if the base-emitter voltage is kept constant, the 
base current rises quite sharply with temperature. In a common-emitter 
amplifier, every increase in l, , produces an increase in /, which is /3 
times as great. Hence, it would not take a very large increase in 
with temperature to completely alter the operating conditions of any 
transistor circuit. 
Now, what the curves in Fig. 12.14 indicate is that as the tempera-

ture rises, the base resistance decreases sharply. By maintaining a fixed 
VER, we produce a sharply rising lu. This behavior is not important 
when a fairly large resistor is employed in the base circuit, because 
then this external resistor dominates the circuit and maintains a fairly 
constant d-c base current. ( Because the base-emitter junction is 
forward-biased, its resistance is quite low. ) 

Consider, however, the situation when an input transformer is 
employed, Fig. 12.15. Now, the d-c resistance in the external base 
circuit is low, and changes in the base-emitter resistance with tem-
perature will markedly alter the base current. This, in turn, will 
affect 
To stabilize /,‘ under these conditions, either thermistors or compen-
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sating diodes have been inserted in the base-emitter circuit. Figures 
1246 and 12-17 demonstrate typical circuits. In Fig. 1246, the 
thermistor stabilizes in the following manner. As the temperature 
rises, the base current also tends to rise. However, the resistance of 
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Fig. 12.14 1,-VER curves at different temperatures. 

- 0.5 
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thermistor T, decreases with an increase in temperature, causing more 
current to flow through it and 111. The increased current will produce 
a larger voltage drop across 11,, leaving less battery voltage for L. 

Thus, the available voltage for forward bias, that across T1, is reduced 
and this reduces the base current. 
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In Fig. 12.17, a diode is employed in the same manner, with prac-
tically the same results. If the resistance of Di can be matched to the 
base-emitter resistance of Xi and if the two vary similarly, 1B can be 
d-c stabilized over a wide range of temperatures. 

Transistor Equivalent Circuits 

In selecting a proper operating point for a transistor, as we just did, 
we were concerned with the unit solely from a d-e point of view. The 
bias was so chosen that it would cause the transistor ( 1) to provide 

OUTPUT 
o 

INPUT 

Fig. 12.16 A thermistor-stabilized transistor amplifier. 

Fig. 12.17 A diode- stabilized transistor amplifier. 

operation as distortion-free as possible, ( 2) to develop a certain 
amount of power, or ( 3) both. We did not know, however, how the 
circuit would behave over a range of frequencies. Would the gain be 
the same at 2,000 cycles as it is at 200 cycles? How high could we raise 
the frequency before the gain became negligible? What effect does 
the transistor itself have on the frequency response of the circuit? 
These and other questions show that for a complete picture of tran-
sistor circuit operation at various signal frequencies a more detailed 
examination is required. Specifically, the information we seek is con-
tained in the equivalent circuit of a transistor. In this section we shall 
examine such equivalent circuits to see what form they take and how 
they can be manipulated to provide us with the information we seek. 
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Vacuum-tube equivalent circuits. Prior to the introduction of the 
transistor, the technique of equivalent circuits was applied most inten-
sively to vacuum-tube circuits, specifically in depicting the vacuum 
tube as a circuit element. In its most common form, the equivalent 
circuit for a triode is as shown in Fig. 1218. The voltage applied to 
the grid ( and cathode) is e, and is arbitrarily taken at the instant the 
grid is positive with respect to the cathode. With this voltage at the 
grid, an amplified version of the input, ce9, appears in the plate circuit. 
Furthermore, ¡Le, possesses the polarity shown, indicating that when 
the grid is driven in the positive direction, the plate tends to go in the 
negative direction. ( This, incidentally, is all that the two sets of 
polarity signs mean.) 

op 

Fig. 12.18 The equivalent circuit of a triode; rp is the internal plate resistance of the tube, and 

eu is the a-c applied signal. 

In Fig. 1218, r„ represents the internal plate-cathode resistance of 
the tube, ip is the plate current, and e, is the output voltage, the 
voltage that would be applied across a load resistor. If we were to 
write the governing equation for this circuit, it would be 

ep ri, = ge, 

If a load resistor is connected between plate and cathode, e, will be 
replaced by OIL, but this is of only incidental importance. The equa-
tion is the significant item, since it enables us to deal with a tube in 
a rather simple manner. 
Now, in drawing the equivalent circuit of the tube, as we do in Fig. 

12.18, one tacit assumption is made. That is, we assume that while a 
variable voltage on the control grid produces a voltage in the plate 
circuit, the converse is not true. That is, if we start with a variable 
voltage in the plate circuit, no voltage will appear in the grid circuit. 
In short, there is no internal feedback path in the tube. This agrees 
with our experience with tubes at low and medium frequencies, but it 
is not completely true at high frequencies. At high frequencies, some 
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energy does feed back, and we can say that now the tube possesses 
inverse ( or reverse) amplification. It will be found that the value of 
this inverse amplification is less than 1, and it is generally not desirable. 
Still, when it exists, it is just as real as the normal forward amplifica-
tion factor and recognition is taken of this by assigning it the special 
symbol of izr (r stands for reverse). 

It is obvious that when it, is not zero, the equivalent diagram of 
Fig. 12.18 no longer holds, since it makes no provision for p.r. To 
represent the new conditions, the equivalent circuit of Fig. 12.19 can 
be drawn. The right-hand side of the circuit remains the same, since 
nothing has changed there. At the left, however, we now have r„, 

Fig. 12.19 The equivalent circuit of a triode vacuum tube when signal feedback exists between 
plate and grid elements. 

representing the grid-to-cathode resistance, and p.rep, representing the 
voltage which is transferred from the plate to the grid. (r, is present 
in the circuit of Fig. 12.18 also and, if shown, would be in parallel 
with e,. However, since it does not enter into the governing equation 
for this equivalent circuit, it was omitted.) 
To completely describe this new equivalent circuit mathematically, 

two equations are needed. One equation, that for the output circuit, 
remains unaltered, since the circuit is the same. That is, 

¡ce, e, 

The second equation represents the input circuit and its form is 

e, = iur„ gre, 

Thus, we now have two equations where before we had one, and the 
second equation stems solely from the fact that energy ( i.e., a signal) 
is fed from the plate back to the grid. The tube is no longer a uni-
lateral device. Current can flow in both directions, although not with 
equal facility. 
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Before we continue, a word should be said of the fact that d-c volt-
ages are never shown in equivalent circuits. In an actual circuit, d-c 
voltages are needed to bias the tube to the desired operating point. 
There is a d-c voltage in the grid-to-cathode circuit and a d-c voltage 
in the plate-to-cathode circuit. However, once the tube is placed at the 
proper operating point, we are interested only in its behavior to a-c 
signals, and, thus, only a-c voltages are shown in the equivalent 
circuit. Direct-current voltages are always understood as being in the 
background, ready to be utilized once the equivalent circuit has 
yielded the desired information and the actual circuit is to be designed. 

Transistor equivalent circuits. Now that we have examined the 
equivalent circuit of a tube, let us turn our attention to the transistor. 

Fig. 12.20 Equivalent circuit of a transistor. This is one of several forms which will be discussed 

We have already learned that a transistor, like a tube, provides gain 
and further that in a transistor there is internal feedback from the col-
lector to the emitter. ( This is demonstrated graphically on page 113 for 
a junction transistor, where it is shown how the input impedance varies 
as the load impedance changes.) Since such feedback exists, the 
equivalent circuit best suited for transistors should resemble the 
circuit of Fig. 12-19 more closely than the circuit of Fig. 12-18. This 
turns out to be correct, because the equivalent circuit of Fig. 12-20 
is eminently suitable for transistors. 

In Fig. 12.20 e, represents the a-c input signal applied between 
emitter and base. e, is the output voltage, and it would appear across 
a load resistor connected between collector and base. r,,i, is the volt-
age ( because e = ir) transferred from the output circuit to the input 
circuit. r2i i, is the signal voltage appearing in the output circuit 

because of a voltage applied to the input circuit. 
To set up the equations for the circuit of Fig. 12-20, each branch is 

considered separately. Thus, for the left-hand branch, we have 

e. = ruie rizic (12.13) 
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And for the right-hand side, the equation is 

e, = rnic (12-14) 

Here, then, are the equations that govern the behavior of the transistor 
equivalent circuit, and if this combination correctly represents an 
actual transistor, manipulation of the two equations will tell us what 
we need to know about the workings of a transistor when a signal is 
applied. We are considering the operation of a transistor at low and 
medium frequencies only in this discussion. For high-frequency opera-
tion, emitter and collector shunting capacitances have to be added, 
plus several other components, and the analysis becomes more in-
volved. A discussion of the equivalent circuit of a transistor at high 
frequencies is given at the end of this chapter. 
The next step is to determine what the various items in these two 

equations represent. i„ the current in the left-hand circuit, stands for 
the emitter current. By the same token, i, is the collector current. If we 
temporarily set i, equal to zero in Eq. (12.13), indicating that the 
output circuit is open, then 

or 

e, = riii, -I-
e, 

rn = ie (12.15) 

If i, is the input current and e, the input voltage, then ee divided by 
ie represents the input resistance rip 

If, now, we permit i, to flow, but prevent ie from flowing by opening 
the input circuit, Eq. (12.13) becomes 

ee = O + r 

or r12 = (12-16) 

This equation tells us that a current i, flowing in the output circuit 
produces a voltage in the input circuit. r,, is the feedback or reverse 
impedance common to both input and output circuits, and it is the 
voltage drop developed by ic flowing through r1, that produces the 
feedback voltage in the input circuit. 
Now, turning to Eq. (12-14), let us consider it when the output 

circuit is open and i, is equal to zero. Substituting this value of ic in 
( 12.14 ), we obtain 

or 

e, = i21i8 -I- 0 
e, 

r21 = je (12-17) 
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Equation (12.17) reveals that even though the output circuit is open, 
a voltage e, equal to T21je is present there. Since i, is the input current, 
it means that r2, is common to both input and output circuits, and 
when i, flows, the voltage drop across r.21 caused by ie appears in the 
output circuit. 7.21 could thus be called the forward-transfer impedance. 
Note that if r21 did not exist, an incoming signal could never reach 
the output circuit. Thus, r2, is the element through which the input 

circuit affects the output circuit. 
For the final step, the input circuit is opened, reducing ie to zero. 

When this substitution is made;  Eq. (r1222;c14), 

O + 
ec or (12.18) 

That is, 1.2, is the output impedance or, here, the impedance of the 
collector circuit. Note that the e,. value in (12.18) would not be the 
same as the e, value in (12.17), since the equations are obtained 
under different conditions. The same is true of e, in Eqs. (12.15) 

and (12.16). 
As an interesting sidelight, observe that r1.2 and r„„ are not equal to 

each other. In a passive network, such as that formed by resistances, 
inductances, and capacitances only, the impedance in one direction 
would be the same as the impedance in the opposite direction. In a 
circuit containing a nonlinear device such as a tube or a transistor, 
this is not true, a fact we know from our own experience. 
Second transistor equivalent circuit. The equivalent circuit of Fig. 

12.20 represents the transistor electrically, but it is not the only 
equivalent circuit. ( In similar fashion, Fig. 12.19 is not the only 
equivalent circuit of a vacuum tube in which feedback from the out-
put to the input circuit is taken into account. For the present discus-
sion, it is the most convenient and, for that reason, it is used.) There 
are a number of others, one of the most widely used being shown in 
Fig. 12.21. This circuit is popular because its electrical form ties in 
closely with the three sections of transistor. For example, re is the 
resistance of the emitter section, rb is the resistance of the base section, 
and re is the resistance of the collector section; r,,,i, is a generator 
placed in the collector arm to represent the effect of the input circuit 
on the output circuit; and r„, is the mutual resistance between the 
input and output circuits by which the input current ie produces a 
signal in the output. Here this output signal is called r,„i„. It is essen-
tially equivalent to r21i of Fig. 12.20, differing from r,, only by the 
value of the base resistance Tb. ( r2„ however, is so much greater than 
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rb that the latter may be disregarded in any equation involving r21 
and rb.) By the same token, we make provision for the feedback of 
signal from output to input by the presence of the common resistor 
rb. The backward voltage transferred by rb is equivalent to the gener-
ator r12 i, in Fig. 12.20. By separating the voltage that the input 
delivers to the output from the voltage fed in the opposite direction, 
we tacitly recognize that they are unequal in size and, furthermore, 
that they may vary in different fashions. This, of course, again jibes 
with our experience of tube and transistor circuits. Thus the form of 
the equivalent circuit in Fig. 12.21 conforms to the general require-
ments of a transistor as revealed by what we know about it. 
Now, if this equivalent circuit and the preceding one represent the 

same transistor, there should exist an electrical correspondence 

EASE 

Fig. 12-21 Another equivalent circuit of a transistor. 

between them. To ascertain what this similarity is, let us first set up 
the equations for the circuit of Fig. 12.21 and then equate them 
properly to the two equations governing the preceding equivalent 
circuit. 
The second equivalent circuit has been redrawn in Fig. 12.22, this 

time divided into two loops by the two arrows. The arrows show the 
assumed directions of flow for current ie and current ir. Before we write 
out the equation for the left-hand and right-hand sides of the circuit, 
it should be noted that the following rules are being applied. 

1. When current flows through a resistor, the end entered first is 
given a positive sign, while the exit end becomes negative. This 
is the sign notation associated with the conventional flow of cur-
rent ( i.e., from positive to negative) in distinction to the electron 
flow. The conventional notation is being employed in the dis-
cussion because it is widely used in the literature and will enable 
the reader to follow other presentations more easily. 

2. When there is a generator or a source of voltage in the circuit, 
the sign to be given this item will depend on its polarity. For 
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example, if the loop arrow encounters the positive side of the 
generator first, this voltage is added to the loop equation with a 
plus sign. However, if the arrow meets the negative sign first, 
the quantity is added to the equation preceded by a negative 

sign. 
3. We will use Kirchhoff's law which states that the sum of the 

voltages in a closed loop adds up to zero. Previously, we had 
applied Kirchhoff's other law, which says that the sum of all the 
currents flowing toward a point is zero. 

4. When two currents flow through the same element, such as rb, 
the effect of each current is considered separately. If the currents 
flow in the same direction through the component, their voltage 
drops add; if they flow in opposite directions, the voltage drops 

subtract. 

With these rules, we are ready to start the analysis. Consider loop 
I first. Current ie flows through resistors re and rb, producing voltage 
drops across each. i, also flows through rb, and since its direction is 
the same as i„ their voltage drops add. Finally, ie meets the negative 
terminal of e, first; hence, this voltage is given a negative sign in the 

equation. Thus 
(i. ie)rb — e. = 0 (12.19) 

In the second loop, conditions are somewhat the same except for the 
presence of rmie. This is a voltage generator; furthermore, the arrow 
encounters the plus sign first. Consequently, rmie is added to the equa-

tion bearing a positive sign. Thus 

rmie ri e (ie ie)rb — ee = 0 (12.20) 

Now, let us reshuffle the items in Eqs. (12.19) and ( 12.20) so that 
e, and e, are each on the other side of the equals sign and all the cur-
rents are properly segregated. Doing this, we obtain for Eq. (12.19) 

ee = (re ± rb)ie rbie 

and for Eq. (12.20) 

e, = rb)i, ± (re + rb)ie 

Here are the two governing equations for the equivalent circuit of 
Fig. 12.22. If these are compared with Eqs. ( 12.13 ) and (12.14), 
they are seen to possess the same form with the only difference being 
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the resistance factors of ie and je. And since the circuit of Fig. 12.22 
represents the same transistor as the circuit of Fig. 12.21, their govern-
ing equations should be equivalent to each other. This will occur when 

r11 rb 
r12 = rb 
r21 = rm rb 
r22 = rc rb 

These are the relationships between 7.11, r12, r21, 

(12.21) 
(12.22) 
(12.23) 
(12.24) 

and r22 in one 
equivalent transistor circuit and re, rb, r„ and r„, in the other equivalent 

Fig. 12.22 

circuit. Sometimes, the same information is given in the following 
form: 

re = r11 — r12 
rb = r12 
r, = r22 r12 

rm = r21 — r12 

(12-25) 
(12.26) 
(12.27) 
(12.28) 

These relationships follow directly from the preceding set by a slight 
manipulation. 

Typical values for re, rb, r„ and rm in commercial transistors fall 
within the following ranges: 

= 20 to 30 ohms 
rb = 400 to 700 ohms 
= 1.0 to 2.0 megohms 

r„, --- 0.95 to 1.9 megohms 

We are now ready to examine the behavior of the equivalent circuit 
of Fig. 12.22 with the addition of a load resistor across the output and 
a signal source across the input. We shall do this briefly with the com-
mon-base equivalent circuit, Fig. 12.22, and then swing over to an 
equivalent circuit for a common-, or grounded-, emitter arrangement. 
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Figure 12.23 is the circuit we shall use. A load resistor RL has been 
placed across the output terminals, and a signal generator e, and its 
internal resistance R, have been connected across the input terminals. 
In accordance with conventional practice, the common base has been 
grounded, but whether this point actually is so connected in the 
circuit or not will have no effect on the derivation. 

Fig. 12.23 

Proceeding as we did when Eqs. ( 12.19) and ( 12.20) were set up, 

we can write for loop I, 

—e, R,ii rb(ii i2) = 0 (12.29) 

Rearranging terms, 
e, = (R, re ± rb)ii 4- rbi2 

For loop II, we have 

i2RL rmie rî2 4- rb(ii 4- i2) 

The term ie represents the current in the emitter circuit. In the 
present instance, i, is the emitter-circuit current and consequently 
ii = ie. Making this substitution in the last equation and rearranging 

terms, we have 
O = (re, rb)ii (RL ± re ± rb)i2 (12.30) 

We now have two variables, i, and i2, and two simultaneous linear 

equations. Hence, we can solve them for i, and i. Doing this gives us 

e,(RL ± re ± rb)  
.--- (12.31) 

(RL ± re -I- rb)(R, ± re ± rb) — rb(rb ± Tm) 
—e,(rb ± Tm)  

i2 = (12.32) 
(RL + re ± rb)(R, 4- re + Tb) — rb(rb + Tm) 

These equations can be employed directly to provide the current 
gain for a grounded-base amplifier. This is denoted by the symbol a 
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and is equal to the ratio of i, to i,. Thus, dividing ( 12 • 32) by ( 12 • 31), 
we have 

i2  Tb + rm  
Gain = 

ij rc + Tb 

The gain, then, is dependent upon the load resistance, becoming 
smaller as R,, becomes larger. The maximum current gain is achieved 
when R,, is set equal to zero ( i.e., a short circuit across the output). 
Under these conditions 

i2 Tb a — (12.33) 
ii r, rb 

Since Tb is numerically much smaller than either r„, or re, Eq. 
( 12.33 ) reduces to 

r,„ 
a = r—, (12•34) 

Numerical values of a vary from 0.95 to 0.99 for commercial junction 
transistors. This information, of course, is supplied by the manu-

Fig. 12.24 Equivalent circuit of a transistor connected with its emitter common to both input and 

output circuits. 

facturer, although if the values for r„, and r,. are given, « could be com-
puted. Additional manipulations could be performed with i, and to 
obtain other information concerning the grounded-base amplifier, but 
rather than spend time on a circuit that is not widely used, let us turn 
to the equivalent circuit of a common-emitter amplifier and examine it 
in detail. 

Common-emitter Amplifiers 

To obtain the equivalent circuit of the common-emitter arrange-
ment, we employ the circuit of Fig. 12 • 23, changing only the relative 
positions of the base and emitter arms, Fig. 12. 24. In all other respects, 
the two circuits are alike. 
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We would proceed as before to set up the equations for the two 

loops of Fig. 12- 24. Thus, for loop I we have 

—e, R„it i2) = O (12.35) 

RLi2 rmie rei2 re(ii i2) = 0 (12.36) 

Before we consolidate each equation, the question of r„,i„ specifically 
must be resolved. In Fig. 12 • 23, i, was seen to be equal to ii 

because only î1 passed through r,. Furthermore, i, passed through re 
going toward the junction of re and rb. The latter point is important 
because direction must be maintained; otherwise the signs between 
ie and i, will require reversal. 
Now, examine Fig. 12.24. Not only does i, pass through r„ but i, as 

well. Consequently, ie is now equal to i, i2. With respect to polarity, 
it is seen that for i, to remain unchanged, it should be traveling 
through re toward rb, as in Fig. 12.22. i and i2, however, are traveling 
in the opposite direction. Hence, ie = — ( t1 t2), and this is the sub-
stitution to be made for ie in Eq. ( 12.36). Thus 

— rm(ii i2) re(ii (12.37) i2) = 

Now segregate similar terms in Eqs. ( 12.35 ) and ( 12.37). 

e, = (R9 rb 4- re)ii rei2 (12.38) 
and O = (re — rm)ii (RL ± re + re — r.)i2 (12.39) 

Solving these equations simultaneously for j1 and i2, we obtain 

e,(RL re ± re — rm)  
(RL r, r, — r„,)(R, rb + re) re(r,„ — re) (1240) 

eo(r,„ — re)  
i2 — (12.41) 

(RL r, ± re — r.)(Rb rb ± re) + re(r,„ — re) 

Current gain. Let us determine next the current gain for the com-
mon-emitter arrangement, just as we did previously for the common-

base circuit. 

For loop II 

i2  Tm - r  e 
Current gain = =(1242) 

RL r, + re — r,„ 

While this expression differs from that of Eq. ( 12.34), we see that 
here, too, current gain will vary with load resistance and in the same 
manner as before. For maximum current gain, Fit, is set equal to zero, 

giving 

Current gain = 
Tm — r, 
± re — 

(12.43) 
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Divide numerator and denominator by rc. 

Current gain —   (12.44) 
1 -I- — r,n/r, 

Numerically, re/r, is very small compared with r„,lre and could be 
disregarded. Hence 

Current gain — 1 — (12.45) 7.m/re 

But ro,/r, is equal to cr, as evidenced by Eq. ( 12.34). Consequently, 

Current gain =  a a 1 — a — (12.46) 

This, of course, agrees with the definition given for the current gain 
of a common-emitter circuit, and here we see how it is actually 
derived. Values of '3 for most commercial transistors fall generally 
between 30 and 50, but units with higher values are available. 

Input impedance. Another result that we can derive rather easily 
from Eqs. ( 12.40) and ( 12.41) is the input impedance of the circuit 
of Fig. 12.24. As a first step, it should be recognized that R, in Fig. 
12.24 is not part of the input impedance. Consequently, if we divide 
eo by i, (giving us the total impedance seen by the generator) and 
subtract R, from this, we shall obtain the value we seek. In equation 
form, this is 

Rin = — Ro (12.47) 

Substituting the expression for i, from ( 12.40) in ( 12.47), we have 

Rin = e,  Ro 
eo(RL ± re ± re — rm) 

(RL ± r,. — rm)(Ro, rb re) ± re(r. — re) 

(RL re + re — r„,)(R, rn r,(r„, — r,)  
R, (1248) 

(RL ± re ± re — 

r,(r„, — re)  
Rin = rb + + (1249) 

/?/, ± r,. ± re — r„, 

If we neglect re with respect to ro, in the numerator of the last term, 
we obtain 

R,„ = r,, r,r„,  re ± (12-50) 
RL ± r,. + r, — r„, 

Again, we see quite clearly that /it, plays a part in determining the 
input resistance of the transistor. Graphically, this is demonstrated on 
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page 113. Note, too, that the highest input impedance is achieved 
when 11,, is zero. Thereafter, RI„ decreases as R,, rises, although after 
RI, reaches 1 megohm or so, R,. remains fairly constant for all practical 

purposes. 
It is interesting to note that when RI, in Eq. ( 12.49) or (12.50) is 

small compared to re. ( which is generally the case), the input 

impedance equation reduces to 

Rin = rb re + Ore 

using Eq. (12-45). Combining terms, we have 

= rb I)re 
or rb í3r 

because /3 is so much greater than 1. This relationship reveals that the 
input resistance for the common-emitter configuration is approxi-
mately ig times as large as the input resistance of the common-base 
arrangement. The latter is rb ± re. 
Output impedance. We can derive an expression for the output 

impedance of the equivalent circuit by utilizing essentially the same 
techniques as above, modified only for the right-hand side of the cir-
cuit instead of the left. To see how this is done, consider the circuit 
of Fig. 12.25. This is identical to the circuit of Fig. 12.24 except that 

Fig. 12.25 The equivalent circuit arrangement for determining the output impedance of a 

transistor. 

e, has been moved from the input to the output circuit. In this move, 
R, was left untouched so that its effect on the circuit would remain 
the same. RI, has also been left unchanged, but now, because it is in 
series with e9, it assumes the role of the generator impedance. The 
output impedance of this circuit is the impedance seen by e, and RI, 
looking back into the network. Thus, all we need do is find i, and then 

apply it in the equation 

R.., = — RL (12.50 
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Note that we have altered the labeling of the preceding i, and i2 
currents to i,, and iA. This is because the equations to be set up differ 
from the preceding equations and consequently the two currents will 
have other values. 

Following the same setup procedure as we did for Fig. 12.24, the 
circuit equations obtained for loops I and II are 

iB(R, Tb r3) inre = 
iB(re — T.) ia(RL ± re ± re — Tm) — e, 

Solving these simultaneously for iA, we obtain 

e,(R, re Tb)  
ia = 

(R, Tb re)(RL re + re — Tm) — re(re — r„,) 

Substituting this equation in (12.51), 

R  e,  oot =  
e,(R, re Tb)  

(R, rb re)(RL + re ± re — T.) — re(re — T.) 
re(re — Tm) 

Rout = ± re ± re — r„, (12.56) 
1?, + re 1 Tb 

Term — re2  
= re + — rm (12.57) 

R, re Tb 

The presence of R, in the formula indicates that changes in R, will 
affect the output impedance. Thus, a transistor exhibits effective bi-
lateral behavior, with input and output impedances reacting on each 
other. Incidentally, if we examine the various terms in (12.57), we 
see that r, and r, will always be greater than r„, and that rd.,, will al-
ways be greater than re2, so that the entire expression can never be-
come negative, no matter what value R, is. 

Equation (12.57) also reveals an interesting fact if we assume that 
R, is very large compared to r, and Tb, a situation that is generally 
true. Under this condition 

(12.52) 
(12.53) 

(12.54) 

Term — re2 

RL (12-55) 

R, re ± rb 

can be ignored, since a large value of R, reduces the expression to a 
low value. Equation (12.57) then becomes 

R„., = re ± re — r„, (12.57a) 

However, from Eq. (12-34), we have 
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Substituting this into (12.57a) gives 

R.., = re -I- re — ar, 
= re + re(1 — a) 

The expression r,(1 — a) can be readily shown to equal 

re 
1+13 

Substituting this into (12.57b), we have 

R0.1 = re ± 
13 -I- 1 
re 

or re — (12.57c) 
a 

Since it can be shown that the output impedance of a common-
base amplifier is re, Eq. (12.57c) reveals that the output impedance 
of a common-emitter stage is approximately f3 times lower. 
The foregoing analysis has demonstrated how the equivalent cir-

cuit is established and has detailed some of the information which can 
be derived from it. This does not exhaust the possibilities by any 
means, and for those readers interested in pursuing the subject fur-
ther, there are a number of engineering texts available, in addition to 
various technical magazines in which many articles will be found. 

re 

(12.57b) 

Hybrid Parameters and Their Equations 

In the preceding development of the transistor equivalent circuit, 
the internal structure was represented by resistances re, rb, re, and r„,. 
(Actually, to be more general, impedance symbols Z e, Zb, Z„ and Z„, 
should have been used. However, for low and medium frequencies, 
the internal structure can be characterized by resistances. Under this 
assumption, the bandpass of a transistor amplifier is limited only by 
the external coupling circuit. This is made evident by the fact that 
none of the formulas derived above had any frequency-dependent 
terms in them.) To the circuit designer, the value of these resistances 
for each different transistor he deals with is important and, ideally, 
they should be values that can be measured readily with equipment 
that is not too complex. This, however, is not possible with some of 
the measurements that have to be made. To see why, let us deter-
mine what must be done to measure each parameter. For this dis-
cussion, we shall use the equivalent circuit of Fig. 12.20 and its 
components, r,,, r,o, r21, and r22. This will cause no difficulty because 
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once these values are obtained, they can be made to yield r„ rb, re, 
and rm by Eqs. ( 12.21) to ( 12-24). 

In Fig. 12-20 the value of r11 is obtained by setting ie equal to zero 
in Eq. ( 12-13) and then measuring the current through the input cir-
cuit and the voltage across it. The chief difficulty here lies in making 
a suitable measurement with ic = 0. This is because all parameter 
measurements on a transistor should be made with the normal operat-
ing d-c bias voltages applied. To achieve ic = 0, the collector circuit 
should be opened for a-c signals, yet closed and complete for d-c 
voltages. This condition can be met by feeding the d-c collector volt-
age to its element through a parallel resonant circuit which would 

Y21 VI 

YI2e2 

3'2ivi Y22V2 

Fig. 12.26 An equivalent transistor arrangement in which conductances y's and current gener-

ators yv's are employed in place of resistance and voltage generators. 

possess negligible d-c resistance but a very high a-c impedance. Be-
cause the collector resistance itself is high, making the output im-
pedance high, it can be seen that the Q of the resonant circuit would 
have to become impractically high in order to approximate the open 
circuit needed for the measurement. 
The same difficulty arises again for the measurement of rn, because 

here, too, ic must be reduced to zero. Obviously, the equivalent cir-
cuit, formed by using the resistance parameters, lends itself well to 
design analysis but not to the measurement of those values on which 
the design computations would depend. 
As a solution to this problem, other forms of equivalent circuit ar-

rangements have been fashioned. For example, there is a configuration 
that employs conductances and current generators in place of re-
sistances and voltage generators. Such an arrangement is shown in 
Fig. 12-26, together with the equations which govern it. If this con-
figuration appears strange to the reader, he has only to recall the 
equivalent circuit which is commonly used for pentodes, Fig. 12-27. 
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Here, gme, is a current generator representing the plate current of the 
tube and flowing into the parallel combination of r„ and RL. When the 
plate resistance is high, the circuit of Fig. 12.27 representing a tube is 
easier to deal with than the series equivalent circuit of Fig. 12.20. 
However, when the internal resistance is low, as it is in the emitter 
circuit of a transistor, a series arrangement is preferable. 

Herein lies the difficulty of using wholly either the resistance or the 
conductance equivalent circuits to represent the transistor, particu-
larly when measurements are to be made to determine the internal 

e'Rc 

Fig. 12.27 Equivalent circuit for a pentode vacuum tube. 

ic 

CURRENT GENERATOR 

Fig. 12.28 The hybrid equivalent circuit for a transistor. 

parameter values. The low-resistance input circuit requires one type 
of approach, the high-resistance output circuit another. What is 

needed is a combination circuit. 
It was in response to this need that the hybrid parameters, labeled 

h, were developed and are now widely employed by transistor manu-
facturers to indicate the values of the internal elements of transistors. 
An equivalent circuit for such hybrid parameters is shown in Fig. 
12.28, and its equations are set up in the same manner as they are 
for Fig. 12.19. That is, for the input loop we have a series circuit, 
and the equation consists of the voltage drops ( and voltage gen-
erators), each properly combined with due regard to its polarity. In 
the present instance, 

Pb = 11114 hl2Vc (12.58) 
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In the output loop, we are concerned with currents, and here we 
assume that the current through 11 22 is in the same direction as the cur-
rent produced by the current generator 112,ib. Hence, the governing 
equation for this circuit is 

ic = h21ib h22Vc (12.59) 

Note that the two equations differ in form from each other because 
the circuits they are derived from differ. In one instance we are con-
cerned with loop voltages; in the other, loop currents. In both cases, 
however, the same two independent variables, ib and ve, are employed. 
The next step is to evaluate the various h parameters such as 11,1, 

h,,, h,,, and h„,. This will give us an indication of what they repre-
sent. 
To obtain h,,, v, in Eq. ( 12.58) is set equal to zero. That is, the 

output would be shorted. For this condition, 

or 

Vb = hilib 

Vb 
hit = 

ib 
(12.60) 

In this equation 14, reveals itself to be the input resistance of the cir-
cuit. Consequently, its unit of measurement would be ohms. 

hi, is determined similarly by setting ib equal to zero. Equation 
(12.58) then becomes 

Vb = hlec 

Vb 
or hp = — (12.61) r, 

Since Vb and ye have similar units, the units cancel out, leaving h,, 
simply as a number. Now, had ye been in the numerator and Vb in 
the denominator, h,, would represent the forward voltage gain of the 
transistor. However, because of the reversal in position, this ratio is 
sometimes called the feedback voltage ratio. 
The next hybrid parameter h,, occurs in Eq. (12.59). To find what 

it represents, let us set ve to zero. Equation (12.59) now becomes 

or 

ic = huib 

h2i = 
ïb 

(12.62) 

h,, is seen to be the ratio of collector current to base current, or the 
current amplification of the circuit. Since we are dealing here with a 
common-emitter arrangement, h„ is equal to S. 
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The final hybrid parameter is h,,, and it is obtained by setting ib 
in Eq. ( 12.59) equal to zero. This gives us 

or 

ic = je 
h22Ve 

h22 = 
ve 

(12.63) 

This is the equation for the output conductance; hence, 11,2 possesses 

the unit of mhos. 
An alternate designation for the four h parameters which is being 

used increasingly by manufacturers is 

h11 = hi 
h12 = h, 

h21 
h22 = h. 

The i of h, stands for input resistance, the r of h, for reverse voltage 
ratio, the f of hf for forward current ratio, and the o of h0 for 
output conductance. An additional letter is then added to denote the 
circuit configuration; for example, hie denotes the common-emitter 
arrangement, hib the common-base arrangement, and hi,. the common-
collector arrangement. 

In arriving at each of the hybrid parameters, we set either ve = 
or ib = O. Now, suppose we had an actual transistor whose hybrid 
parameter values we wished to measure. How could we reduce the 
a-c base current ( that is, i1) or the a-c collector voltage ve to zero 
without disturbing the d-c bias voltages applied to that transistor? 
(It was on such measurements that the resistance and conductance 
parameters fell down.) 

In the case of ib = 0, the base circuit should be an open circuit for 
signal currents, yet closed and complete for the d-c bias voltage. This 
can be achieved by feeding the d-c voltage to the base via a very 
high resistor, say 1 to 10 megohms. Since the transistor input imped-
ance is quite low, constructing such a circuit is easily accomplished 
by using conventional components. 

For ve = 0, we must maintain the correct bias voltage at the col-
lector while bypassing all alternating currents at the collector to 
ground. This, too, is readily done with a moderate-sized capacitor be-
cause the collector impedance is so high that an a-c short circuit ( for 
all practical purposes) is attained with a nominal value of shunting 
capacitance. Thus, use of the hybrid factors provides us with an ar-
rangement whose parameters ( such as h11, 1112, 112, and 1122) are 
readily measured. This is the outstanding advantage of this configura-
tion. 
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Common- emitter Hybrid Equations 

Since the hybrid parameters are employed so extensively, it may be 
instructive to derive suitable equations governing current gain, volt-
age gain, power gain, and input and output impedance for a com-
mon-emitter amplifier by using hybrid parameters. The basic circuit 
of Fig. 12-28 will be employed, with the addition of a load resistor 
RL, an input signal e,, and its internal resistance R„ The correspond-
ing circuit is shown in Fig. 12.29. 

Fig. 12.29 Hybrid equivalent circuit for a transistor. 

The basic relations governing the behavior of this circuit can be 
written in four equations. The first two equations will relate to the 
transistor only, the second two will relate to the external circuit. The 
first two equations are ( 12.58) and ( 12.59) previously given: 

yi = (12.58a) hl2V2 

i2 = h2111 h22V2 (12.59a) 

Note that the only change we have made is to use v, for vb, j1 for 
ib, v2 for y„ and i, for je. The change was made to enable these equa-
tions to represent all three possible configurations of a transistor am-
plifier. 
The second two equations needed are 

y, = e, — j1R0 (12-64) 
V2 =- — i2RL (12.65) 

Equation ( 12.64) simply states that voltage v, is equal to the input 
signal voltage e, minus the voltage drop across R„ the internal re-
sistance of the signal source. Equation ( 12.65) indicates that v., is 
equal to the voltage developed across RL. The negative sign is needed 
before i2RL because the current flows up through RL, while it flows 
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down through hn and 11 21i1. Obviously then, if 02 possesses the polar-
ity indicated because of the voltage drop across h22, the voltage drop 
across RL must be opposite in sign ( because of the opposite flow of 
current). This balancing of the voltages must be made; otherwise, the 

resulting equations will be incorrect. 
Current gain. To derive the equation for the current gain of this 

arrangement, we eliminate i2 between Eqs. (12.59a) and (12.65). 

This gives us 

or 

or 

O I ) = h2lil + V2 (h22 -r 

V2 = h2 1/Ri. 

. h21RL 
V2 = ji 

(222r1d, 1 

Substituting for 02 from Eq. (12.65), we obtain 

— i2RL 

or As — 

. h2,1?1, 
21 

h22RL 1 
i2 _  h21  
il h22RL ± 1 

(12.66) 

(12.67) 

(12.68) 

(12.69) 

(12.70) 

Input resistance. To derive the input resistance, we can substitute 
Eq. (12-68) into Eq. (12.58a). This will remove y2 and leave only 
el and j1 in the equation. The ratio of y1 to i, then is Rin. Performing 

the substitution, we have 

( RLh21  ) 
VI = ii hii — hi2 ri, L , ., ( 12.71) 

122/622 1- I 

. 2hih22RL ± hu —  hURL/221 
VI — 21 (12.72) 

RLh22 + 1 
. RIA + hll 

Vi = 21 ± 1 (12.73) h22RL  

The input resistance, then, is 

in 
y, _ RIA± h,, (12.74) 

n il h22RL + 1 

where à is equal to hiih22 — hi2h21 
Voltage gain. We can derive the voltage gain for the circuit by 

using Eqs. (12-68) and (12.73). 

RLh21 (12.75) Voltage gain = Ar = = 
1,1 RLA 
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Power gain. Equally easy to derive is the equation for the power 
gain. This is simply the product of the current and voltage gains. 

Power gain L —  h21  
hweL+1)\RA h111 

h2121?1, 
(1 ± h22RL)(RLA h11) 

Output resistance. To obtain the governing equation for output re-
sistance, we have to transfer the signal generator to the output termi-
nals. At the same time, we place only R, across the input terminals, 
Fig. 12.30. The equations for this arrangement are 

O = (R, + hl2V2 

i2 = h2lil h22V2 

(12.76) 

(12.77) 
(12.78) 

Note that while Eq. ( 12.78) does not make any overt mention of 
RL, this quantity is contained in t),, as indicated in Eq. ( 12.65). It is 

Il 
An 

Fig. 1230 

i2 

tacitly assumed in Eq. ( 12.78) that t.)2 is developed by generator e, 
which is now in the output circuit. 
The required information needed is the ratio of v2/i2, since this 

equals the output impedance seen when looking back into the net-
work from the output terminals. 
The first step is to rearrange Eq. ( 12.77) to the form 

hi2v2  
it = 

R, + 11 11 

This is then substituted into Eq. ( 12-78): 

hi2h21V2 L 
i2 = -r n22V2 

R, h11 
hi2h21 

i2 = V2 ( (12.81) 
R, + hit "" 

(12.79) 

(12-80) 
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The ratio, then, of y, and 4 is 

P2  R0 +h11 
i2 (Ro hil)h22 — hi2h21 
v2 R h11  — = 
i2  Rgh22 à 

(12.82) 

(12.83) 

where à = 14,1122 — hi2h2i. 
It is interesting to see that the input impedance, from Eq. ( 12.74), 

is dependent upon R,„ while the output impedance, from Eq. ( 12.83), 
is dependent on R9. This, of course, is in keeping with the results pre-
viously derived by using resistance parameters. 

In deriving Eqs. ( 12.70), ( 12.74), ( 12.75), ( 12.76), and ( 12.83), 
the general circuit of Figs. 12.29 and 12-30 was used. This can repre-
sent a common-base, common-emitter, or common-collector arrange-
ment by simply using the proper parameters for each circuit arrange-
ment. This can be better shown formula-wise by using the notation 

hii = hi h21 = hi 
h12 = h, h22 = ho 

Thus, the input resistance from Eq. ( 12.74) can be expressed as 

RLà ±  
Ri" hooRL + 1 

This is the input resistance for the common-emitter circuit. By using 
ha, and hob in place of h,, and hoe, the same equation will represent 
the input resistance for a common-base amplifier. And finally, by sub-
stituting hie and hoe, we obtain the input resistance for a common-
collector arrangement. ( à changes in value, too.) 
The remaining equations can be written ( for the common-emitter 

configuration) as 

(12.84) 

A (12.85) 
hoeRL ± 1 

R  
A o = (12.86) 

RDA ± /Lk 

Power gain = h fo2RL  (12.87) 
(1 + hoeRL)(RLA hie) 

Output resistance = R° ±  hie (12.88) 
R9hoe ± A 

Relationship between Hybrid and Resistance Parameters 

Now that we have the hybrid h factors, the next question might be, 
"How can these be converted into the resistance parameters, re, rb, re, 
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and r„,?" The answer follows directly if we remember that Eqs. 
(12.58) and ( 12.59) can represent a transistor in the common-, or 
grounded-, emitter configuration. Hence, all we need do is set up the 
resistance parameters in a similar common-emitter equivalent circuit, 
obtain the governing equations, and then manipulate ( 12-58) and 
(12.59) to the same form. Once this is done, the equivalence between 
the h and r factors becomes quite evident. The following discussion 
indicates how this is carried out. 
The equivalent circuit of a transistor, in a common-emitter configura-

tion, using resistance parameters, is shown in Fig. 12.31. A signal 
generator is not being used at the input, nor a load resistor at the 
output, in order to place this circuit on an equal footing with the 
circuit of Fig. 12.28. Actually, the generator impedance R, and the 

Fig. 12.31 

load resistance RL have no significance so far as the conversion of h 
to r factors is concerned. Hence, they can be omitted. 

The governing equations for Fig. 12.31 are derived by methods 
identical with those previously explained for Figs. 12.23 and 12.24. 
Thus, for loop I we have, 

or Vb 

—Vb rbib ibr, = 
= (rb r,)ib r,i, 

For loop II the equation is 

rmi, r,i, r,ib = 
But ie = — (ib ic) 

Substituting this in the above equation, we obtain 

or 
= — rmib — rmi, rci, 4- r,i, 

(12.89) 

= (r, — rm)ib (r, r, — r.)i, (12.90) 

Now, if we compare Eqs. ( 12.58) and ( 12-59) with ( 12.89) and 
(12.90), we see that their forms are not comparable. The next step 
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is to rearrange Eqs. ( 12-58) and ( 12-59) so that all the variables, 
such as vb, v, ib, and i„ are assembled in the same order as that 
possessed by Eqs. ( 12.89) and ( 12.90). Here is how this is done. 

Equation ( 12-58) is 
Vb = 1112r e (12-58) 

Since we are dealing here with a common-emitter arrangement, h11 
will be converted to hie, h12 will be converted to h„, h21 will be 
changed to 140, and h2, will be written as ho,. Doing this, we have ( for 

the equation just written) 
vb = hieib hrevc (12.91) 

This contains v„, which can be replaced from ( 12-59). 

= hf,ib horv, (12.59) 

Rearranging, we have 

v, = 
h., 1100 
je hfeib (12-59b) 

Now, we substitute this for v, in Eq. ( 12-58). Doing this gives us 

. hr, . hrehie . 
, vb = n.rib floe e hoe ib 

Or, collecting similar terms, 

vb = (hz, _hrheohei,) ib hhoreeic (12-93) 

This is one of the equations needed. The other one is ( 12.59b) 

transposed: 
hi,. , ve je = — tb — 
noe h„, 

(12.92) 

(12.59c) 

These are the hybrid equations rearranged to the same form as 
(12.89) and ( 12.90), and a direct comparison is now possible. Thus, 
(12.89) and ( 12.93) are similar in vb, lb, and ir, and since they deal 
with the same transistor in the same configuration ( here, common 
emitter), the coefficients of similar terms should be equal. Hence 

and 

L h„hfe 
n" 1100 rb + re 

hoe 
ice = re 

(12.94) 

(12-95) 
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The same comparison can be made between Eqs. (12.90) and 
(12.59c). This gives us 

and 

hfe 
hoe 
1 
= 

r, — r„, (12.96) 

r, r, — r,„ (12.97) 

Further simplification follows from the fact that re = h„/hoe by 
Eq. (12.95). Using this information in (12.94), we can readily deter-
mine the hybrid equivalent of rb• 

h ohle hoe 
h, 1.14 rb 

hiehoe — hre(1 hfe 
or rb = ) (12.98) 

hoe 

Also, substitution of re = lire/hoe in (12.96) will give r„,. Thus 

' = hre 
oo h - 

¡zee + hie 
or r,„ (12.99) 

hoe 

Now, with all this information, we can derive the value for re 
alone by suitable substitution in (12.97). 

1 h, ' hoe -1— hie 
hoe hoe  re hoe 

hfe ± 1  
rc = (12.100) 

hoe 

Similar comparisons can be made among all of the parameters so 
long as the precautions outlined above are kept in mind. 

Coupling and Bypass Capacitors 

The discussion thus far has dealt with the various aspects of tran-
sistor-amplifier design at low frequencies. Before leaving this subject 
for a consideration of high-frequency transistor-amplifier design, spe-
cial mention should be made of the problem of selecting the coupling 
capacitor and the emitter bypass capacitor. Both of these capacitors 
determine the low-frequency cutoff of the transistor amplifier. The 
transistor itself has a response which is flat down to and including 
direct current ( zero frequency). However, the coupling and bypass 
capacitors, acting with the collector and bias resistors and the tran-
sistor input resistance, set a lower limit to the attainable frequency 
response of the overall amplifier. 



Fig. 12-32 Two-stage RC-coupled amplifier. 
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Figure 12.32 illustrates a two-stage RC-coupled amplifier, together 
with typical component values. The bypassed emitter resistor stabilizes 
the operating point, as previously discussed. Re is the collector re-
sistor of the stage, while RBi and RE, form a voltage divider which, 
in conjunction with RE, establishes the operating point. The coupling 
capacitor CE should have such a value that the signal current leaving 
the collector of the first stage is adequately coupled into the base of 
the second stage. The emitter bypass capacitor CE should possess 
such a value that emitter degeneration caused by RE is negligible at 
the lowest frequency of interest; that is, RE should be adequately by-
passed at all frequencies of interest. 

TYPICAL VALUES 

.2K 
RE .1 K 
R81 ' 
RB2. 40K 
Ifcc . 12V 

IE r3MA 

It is beyond the scope of this book to derive the formulas for the 
required values of CE and CE; however, a discusssion of these formulas 
is in order. The equation for CE (in farads) is given by 

and for CE by 

UK — 
1 

271f3db (Re 
RB,Rfii 

RR, Rin) 

CE —   
clic+R IL ) 

21-f 3db (R131.: -1-+ 

where fun, = the desired 3-db low-frequency cutoff 

= the parallel combination of REi and Rg, 

R = the input resistance of the transistor, h. 
fo = the low-frequency, small-signal current gain of the 

transistor, hp. 

(12101) 

(12402) 

R9 ,R9, 

RE, ± 
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There are some very important design considerations to be noted 
here, so let us consider Eqs. ( 12.101) and ( 12.102) separately. 

The coupling capacitor. The value of the coupling capacitor is 
seen to depend upon the collector resistor of the preceding stage and 
the bias resistors and input resistance of the following stage. The 
dominant factor, however, is the collector resistor of the preceding 
stage. The input resistance is dependent upon the operating point of 
the transistor; FL, will decrease as the emitter bias current increases. 
Consider the typical component values indicated in Fig. 12.32 and 
assume a typical input resistance at 3 ma emitter current of R = 500 
ohms. In order to obtain a low-frequency 3-db cutoff of 10 cps, 
Eq. ( 12.101) predicts that a coupling capacitor of 

1    1  
CI; = X 10 (2 000 ' = 6.45 1.4f 

2 8 000 X 500\ 211r(2,000 471) 
7 ,  

8,000 + 500) 

is required. Note that this value depends primarily on the value of 
11, (2,000 ohms) of the first stage. This differs considerably from 
vacuum-tube circuit practice, where the required capacitance de-
pends primarily upon the input resistance of the following stage. Note 
also that a rather large value of capacitance is required for the tran-
sistor amplifier. Whereas coupling capacitors on the order of 0.01 to 
0.1 f.tf are generally quite adequate at this frequency for vacuum-tube 
amplifiers, transistor amplifiers require values from 14 to 10 itf. 

The emitter bypass capacitor. In a similar manner, let us calculate 
the required value of emitter bypass capacitor C. Again using 10 
cps as the lower cutoff frequency, we see from Eq. ( 12.102) that a 
transistor having a small-signal current gain f3o of 50 requires an 
emitter bypass capacitor of 

50+1  51  

CE 2 X 10 ("00 - 387 
uf 

X 8,000 ± 500) 207(1,600 + 500) 
7 

2,000 ± 8,000 

This is quite large compared with capacitor values required in 
vacuum-tube circuits where the bypass capacitor is totally dependent 
upon the size of the cathode resistor. A capacitor of only 25 to 75 
itf would be required with a vacuum-tube circuit to obtain the same 
low cutoff frequency. 
The value of CE is primarily dependent on the current gain of the 

transistor po and secondarily dependent upon the collector resistance 
of the preceding stage. It is also influenced by the input resistance of 
the transistor, which, in turn, is operating-point dependent. Finally, 
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note that the value of CR is entirely independent of the size of the 
emitter resistance RE, quite the opposite from vacuum-tube theory. 
The reader will find it well worth his time to study Eqs. ( 12.101) 

and ( 12.102) in detail, especially from a practical viewpoint. For 
example, consider the case where stages 1 and 2 are transformer-
coupled and stage 2 is a power-output stage with an emitter bias 
current of 24 ma. Then the transistor input resistance R,„ will typically 
be 100 ohms and the value of RI, reflected through the transformer 
may well be 10 ohms or less. Now, let us calculate the value of CR 

required for a low-frequency cutoff of 10 cps. 

50+1  51  
CE = 0 X 100 + 100) 207r(99 ± 100) = 4'080 pf 

27r X 10 (8'°°  8,000 ± 100 

This value is so large it is impractical. 

High-frequency Response 

Knowledge of Eqs. ( 12.101) and ( 12.102) gives one the ability 
to calculate the low-frequency cutoff of an RC-coupled transistor am-
plifier. The other frequency response of interest is the high-frequency 
cutoff. The high-frequency response of a transistor amplifier is deter-
mined primarily by the transistor itself and to some extent by the 
external circuitry. Early transistors were limited in frequency response 
to the kilocycle range; however, present-day transistors are used in 
FM and TV tuners in the 100- to 400-Mc range and useful operation 
into the kilomegacycle range has been achieved. 

In the case of the vacuum tube, the upper-frequency response lim-
itations are set by the interelectrode capacitances. This is not so with 
the transistor because, while the vacuum tube is basically a voltage-
operated device, the transistor is essentially a current-operated device. 
To change the current through a transistor from one value to another 
requires the movement of charge to or from the base region of the 
transistor. This movement of charge takes a finite amount of time. 
For example, consider the illustration of Fig. 12.33. V 1.:E, V(Te RE,, 
RE,, and fir are adjusted to provide the desired operating point. V, 
and R, constitute a sine-wave signal source. 

If the applied sine-wave signal goes positive, the emitter current 
and the collector current will increase. This means a movement of 
charge into and through the base region of the transistor. This move-
ment takes time. Another way of regarding this action is to note that 
the base of the transistor acts like a capacitor. In order to increase the 
current through the transistor, one must increase the total charge in 
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the base region ( capacitor). When the applied sine wave goes nega-
tive, the reverse process occurs. This implies the movement of charge 
out of the base region of the transistor. 
At low frequencies, the output sine wave will be an amplified version 

of the input and will be exactly in phase with the input. However, 
if the signal frequency is steadily raised, the output amplitude will 
not only decrease but will also shift in phase with respect to the input 
signal. In fact, if the input signal is held constant and a plot is made 

OUTPUT 
AMPLITUDE DB 

ri:. 12.33 Common- base amplifier. 

OUTPUT 

FREQUENCY ( LOG) 

Fig. 12.34 Output amplitude vs. frequency. 

SLOPE OF 6DB/OCTAVE 

of the output signal vs. frequency, the curve shown in Fig. 12.34 
will be obtained. 
Let us consider why the gain of the transistor falls off with increas-

ing frequency. First, observe what happens at lower frequencies. As 
the signal amplitude is increased, i.e., as the sine wave goes positive, 
charge moves into the base region and the collector current increases. 
When the signal decreases, i.e., the sine wave goes negative, charge 
moves out of the base region and the collector current decreases 
correspondingly. This seems quite simple; however, one must realize 
that charge flows into and out of the transistor base region by the 
process of diffusion. Current flow by diffusion, unlike the normal 
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current flow in a wire due to an applied emf, is a random, undirected 
process. Therefore, the time required to move charges into and out 
of the base region by diffusion can become important. As the fre-
quency is increased, the time between the positive and negative 
portions of the sine wave becomes shorter and shorter. Eventually, the 
frequency reached is such that the positive portion of the sine wave 
persists for a time which is shorter than that required to move the 
appropriate amount of charge into the base region. Thus, when the 
sine-wave signal begins to go negative, the charge in the base is still 
trying to increase. At this point, the transistor is not responding 

aro 

0.707ao 

COMMON-BASE 
CURRENT GAIN 

(a) 

COMMON- BASE 
PHASE SHIFT 

450--

0° 

6D8/OCTAVE PORTION 
OF CURVE 

FREQUENCY ( LOG) 

1 
FREQUENCY ( LOG) .r. 

Fig. 12.35 Common-base current gain and phase shift vs. frequency. 

properly to the input signal, resulting in a decrease in transistor gain 
and a definite phase shift between the input and output signals. 
A plot of the gain and phase characteristics of the transistor in the 

common-base connection is shown in Fig. 12.35. This curve is ob-
tained with an a-c open-circuited input ( current signal source) and 
an a-c short-circuited output. 
The 3-db upper cutoff frequency in the common-base arrangement 

is referred to as the a cutoff frequency fa. The gain above this fre-
quently falls off at 6 db per octave; i.e., the gain drops 6 db every 
time the frequency is doubled. fa is the frequency at which the small-
signal current gain is equal to 0.707 of its value at low frequencies 
ao; it is also the frequency at which the phase shift introduced by the 

transistor is 45°. 
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A similar set of curves for the common-emitter configuration is 
shown in Fig. 12.36. Here again, the curves are for an a-c open-
circuited input and an a-c short-circuited output. 
The 3-db upper cutoff frequency in the common-emitter amplifier 

is called the f1 cutoff frequency fo. The gain at frequencies above fe 
falls off at 6 db per octave. Another important parameter shown in 
Fig. 12.36 is fr. This is the frequency at which the common-emitter 
current gain is equal to 1. The value of fr is referred to as the gain-
bandwith product for the following reason: If the current gain is 
measured at any frequency along the 6-db per octave roll-off, then 

Ora° 
13.0.707a, 

COMMON-EMITTER 
CURRENT GAIN (o) 

00 
P 40 

COMMON- EMITTER 
PHASE SHIFT 

1800+45° 

180° 

GDB/OCTAVE 

FREQUENCY ( LOG) 

fa-FREQUENCY ( LOG) 

Fig. 12.36 Common-emitter current gain and phase shift vs. frequency. 

the product of the gain and the frequency of measurement will be a 
constant, namely, fr. In fact, an expression for the common-emitter 
current gain at any frequency above fo is 

where /3,, = low-frequency current gain, h21 
f = frequency of interest 
fr = gain-bandwidth product 

Note that the current gain will be 0.707 /3„ when f = fr/flo; thus, this 
frequency is the value of b. 
For the common-emitter configuration, the primary criterion in de-

termining the frequency response of the transistor is fr, the gain-
bandwidth product. However, note that the upper cutoff frequency 
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fo is a function of the low-frequency current gain, as shown in 
Fig. 12.37. 
Thus, if three transistors are obtained, each with the same value of 

fr ( gain-bandwidth product) but with different values of pa, and if 
each unit is inserted into a transistor amplifier, the upper cutoff fre-
quency of the amplifier will be lowest for the high-fl unit and highest 
for the low-fl unit. Furthermore, it is interesting to note that in the 
common-base configuration, the current gain cio is less than 1 but the 

/303 

fa 3 
FREQUENCY ( LOG) 

fa 'al 

6DB/OCTAVE ROLLOFF 

Fig. 12.37 Common-emitter gain vs. frequency for three low-frequency transistors with the 

some fr. 

high-frequency cutoff fa can be high; in the common-emitter con-
figuration, the current gain /3 is high but the high-frequency cutoff fo 
can be low. For example, consider the 2N207, for which the following 
typical values hold: 

Common base a = 0.99 fa = 2 Mc 
Common emitter 13 = 100 fo = 19 ke 

One additional point is of interest. In transistor-amplifier design, 
the high-frequency figure of merit is fa in the common-base connec-
tion and fr in the common-emitter connection. For any given tran-
sistor, values of fa and fr are not equal. For homogenous-base tran-
sistors such as alloy-junction types, fr 0.85 fa, and for diffused-base 
transistors such as MADT and mesa types, fr 0.5 fa. One must be 
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sure to use fr when designing a common-emitter amplifier, fa should be 
used only when designing a common-base amplifier. 
The foregoing facts are very useful in estimating the high-frequency 

cutoff of a transistor amplifier under the specified conditions, namely, 
that the input appears open-circuited to the signal and the output 
is a-c short-circuited to the signal. However, in a practical case, the 
respective input and load resistances need not be infinite and zero, as 
previously stated. The above estimates will hold so long as the source 
resistance feeding the base is very large and the load resistance in the 
collector circuit is small. Let us be more specific in what we mean 
by "large" and "small." In stating that the source should be large, 

-vc. 

Fig. 12-38 Circuit showing feedback caused by 

we mean that it must be large compared to the input resistance of the 
transistor. Usually, a value of source resistance of 3,000 ohms or greater 
will suffice. By the same token, the load resistance can be considered 
small if it is small in comparison to the output resistance of the tran-
sistor. Usually a value of 1,000 ohms or less will suffice. For example, 
the circuit of Fig. 12'32 almost meets these conditions. The source 
resistance of the stage is the collector resistor of the preceding stage, 
approximately 2,000 ohms. The load resistor of the stage is the input 
resistance of the following stage, approximately 500 ohms. Thus, for 
the transistor-amplifier stage shown in Fig. 12 32, the upper cutoff 
frequency is approximately f = fT//3. 
At this point the reader might well ask what happens to the upper 

cutoff frequency when the source resistance is not large, the load 
resistance is not small, or both. This question will be answered in 
detail presently, but first let us consider other transistor parameters 
which will affect the upper cutoff frequency of a transistor amplifier. 

Collector-junction capacitance. In the circuit of Fig. 12 38, a 
capacitance c e is shown between collector and base. The presence of 
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this capacitance comprises a feedback path between the output ( col-
lector) and the input ( base) of the transistor. Since the common-
emitter amplifier exhibits a 180° phase shift from input to output, the 
resulting feedback signal is 180° out of phase with the input signal. 
The effect of Ci., then, is to introduce negative feedback which sub-
tracts from the input signal and reduces the output signal. Further-
more, since the capacitive reactance of Cc. decreases with increasing 
frequency, the effects of the feedback become more pronounced at 
the higher frequencies. 
There is another important fact concerning the effect of the 

collector-junction capacitance Ce. The output current which leaves the 
collector travels to point A and there divides: part goes to the load 
and part goes through C, back to the base. The current at point A 

0.0IMA 

0.05MA 

0.04 MA 

Hg. 1 2.39 Effects of C on output signal. 

will divide according to the impedance of the respective current 
paths. If the load resistance Re is small compared to the reactance 
of Ce at the frequency of interest, most of the current will flow into 
the load, the desirable effect. In this case, the effect of Cc. is small and 
the frequency response is set by fT, as previously explained. How-
ever, if the load resistance is large, much of the output current will 
be fed back through C,. and a loss in gain will occur. That is why fr 
is a valid measure of the high-frequency response only when the 
output is a-c short-circuited or when the load resistance is small. 
The effect of C, is quite important because the magnitude of its feed-
back current is actually multiplied by p, the current gain of the tran-
sistor. For example, consider the case of a transistor with a f3 of 20 
and an output signal of 1 ma, Fig. 12.39. If 1 per cent of this output 
signal, 0.01 ma, is fed back to the base ( which has a signal current 
of /,.//), or 0.05 ma), the net base current after the feedback is sub-
tracted is 0.04 ma. The collector current will then decrease from 1 ma 
to 0.0,1,6, or 0.8 ma. In this case, a 1 per cent feedback factor reduces 
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the output of the amplifier by 20 per cent. Thus, the effects of C, can 
become quite devastating. 

High-frequency equivalent circuit. In the preceding section, we 
discussed the two major parameters fT and Ce involved in determining 
the high-frequency response of a transistor. In this section, a more 
exact method is presented, and it will enable us to calculate the gain 
and the bandwidth of a transistor amplifier for any values of source 
and load resistance. In order to do so, a high-frequency equivalent 
circuit of the transistor is developed. The components of this equiv-
alent circuit are readily lumped with external circuit components. The 
resulting composite circuit is then useful in obtaining expressions for 
gain and frequency response. 
As a first step in obtaining a useful equivalent circuit for the tran-

sistor, let us first isolate all of the internal resistances and capacitances 
associated with the device. Since the transistor is nothing more than 
two semiconductor diodes connected back to back, an equivalent cir-
cuit must certainly contain the resistances and capacitances associated 
with each diode. However, transistor action is not obtained by simply 
interconnecting two semiconductor diodes; the very close spacing of 
the base region is most essential. 
One method of acknowledging this mutual coupling between the 

diodes circuit-wise is to include a current generator in the output, 
where the amount of current generated depends on the input voltage 
or current. Another important fact which must be considered is that 
the base region itself stores charge when the transistor is in operation. 
This was previously mentioned in our discussion of effects which limit 
the frequency response of the transistor. Figure 12-40 shows the physi-
cal picture of a typical alloy-junction transistor. Within this picture 
are included all the resistances and capacitances affecting the gain 
and frequency response of the transistor. Although they are shown as 
lumped components in the model, it must be realized that these re-
sistances and capacitances are actually distributed throughout the 
emitter, base, and collector regions. 
Assuming that the transistor shown in Fig. 12.40 is normally biased 

for common-emitter operation, let us discuss each of the lumped 
parameters indicated in both their physical and operational aspects. 
Starting with the input to the base, the first component which the 
signal encounters is a resistor rbb •. This resistance is referred to as the 
base-spreading resistance; it is the physical resistance of the bulk 

semiconductor material which exists between the external base con-
nection and the active base region. The active base region is defined 
as the region directly between the emitter and collector electrodes. 
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All of the carriers which flow between the emitter and the collector 
must flow through this region. Since we wish to control the flow of 
these carriers, the signal voltage or current must be applied between 
the active region and the common terminal ( emitter in this case). In 
order to obtain a high value of 13, the resistivity of the base region is 
usually kept high compared to the resistivity of the material in the 
emitter and collector regions ( commonly 10 to 1,000 times higher). 
Also, the base region is very thin; a typical value for base width is 1/4 
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Fig. 12.40 Physical representation of a typical ¡ unction transistor. 

mil to 2 mils. Thus, even though the length of this resistance path is 
small, its high resistivity in conjunction with its small cross-sectional 
area results in a value of rbb• which may well exceed 100 ohms. In a 
homogeneous-base transistor, typical values of rbb , range from 100 to 
500 ohms. In a diffused-base transistor, where part of the base is pur-
posely made of low-resistivity material, typical values of rbb• range 
from 10 to 200 ohms depending upon the intended application. A low 
value of rbb• is especially essential in transistors which are to be used 
in oscillator applications. This can be seen from Eq. ( 12.103), which 

is the expression for the maximum frequency at which a transistor can 
oscillate. 

aofr  f ma. =  
8rrbb• C, 

(12.103) 
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where ao = common-base low-frequency current gain 
fr = gain-bandwidth product 

neb• = base-spreading resistance 
Ce = collector-junction capacitance 

If rbb• could be reduced to zero, the transistor could theoretically 
oscillate at any high frequency. Although this would be true for the 
isolated transistor, the highest frequency of oscillating would still be 
limited by the stray capacitances and resistances of the external 
circuit. In fact, some transistors that are available today require 
specially constructed circuits and housings in order to attain their 
high-frequency capabilities. In amplifier applications, rbb , is important 
only when the source resistance is small; generally, if the source 

VB 

(VOLTS) 

(MA) 

Fig. 12.41 Input VI characteristic. ( Common emitter.) 

resistance is above one or two thousand ohms, rbb• may be neglected. 
After the signal passes rbb,, it arrives at the active base region where 

it sees a host of resistances and capacitances. Both the emitter and col-
lector junctions have small-signal a-c resistance and capacitance asso-
ciated with them. Since the emitter-base junction is forward-biased 
and the collector-base junction is reverse-biased, it is reasonable to 
expect that the values of these junction resistances and capacitances 
will be different, and such is the case. Let us consider each junction 
separately. 

At the forward-biased emitter-base junction, the small-signal a-c 
resistance is low. This resistance rb•e exists in the equivalent circuit, 
as it does in the physical transistor, between the active base region 
and the grounded emitter. Its value can be determined by finding the 
slope of the input V/ characteristic of the grounded-emitter transistor 
at the correct operating point. An example of this is shown in 
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Fig. 12.41. Note that the slope of the characteristic curve changes 
for different values of base current. The slope is given by VBE //ii, 
and this is rue. Generally, the size of this resistance ranges between 

100 and 3,000 ohms. 
The junction capacitance associated with the emitter-base diode 

depends upon the area of the junction and the voltage applied to the 
junction. The junction capacitance can be compared to a familiar 
parallel-plate capacitor, whose capacitance is given by 

e A e 
d 

(12.104) 

where A = area of the plates 
d -- = spacing between the plates 
E = dielectric constant of the material between the plates 

Capacitance is proportional to the plate area and inversely propor-
tional to the plate spacing. In the single-transistor model, the two 

-a( 

ci 

FORWARD BIAS o REVERSE BIAS 

Fig. 12.42 Diode junction capacitance Cj vs. bias. 

plates are the emitter region and the active base region. Between them 
is the depletion layer whose width is governed by two things: the 
resistivity of the base in the vicinity of the junction and the applied 
voltage. A curve of junction capacitance vs. voltage for both a 
forward- and reverse-biased diode is shown in Fig. 12.42, and it can 
be seen that the junction capacitance decreases for increasing reverse 

bias. This is because the width of the depletion layer increases with 
increasing reverse bias. Since the emitter-base junction is forward-
biased, its capacitance is larger than that of any reverse-biased diode 
such as the collector-base junction. 
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Now consider the collector-base junction. As in the emitter-base 
junction, there is a small-signal resistance and capacitance. However, 
since the collector-base junction is reverse-biased, the resistance ru, 
is quite large, typically varying from 10,000 ohms to 10 megohms. In 
many applications, this is so large it can be ignored. 
Because the width of the depletion layer for a reverse-biased junc-

tion is large, the collector-base junction capacitance is small. Even 
though the area of the collector junction is usually larger than that of 
the emitter junction, the effects of the depletion layers are such that 
the collector-junction capacitance is generally one-sixteenth to one-
half that of the emitter-junction capacitance. Typical values of col-
lector-junction capacitance for an alloy-junction transistor are 5 to 
25 p.d. For diffused-base transistors, such as the MADT, PADT, and 
mesa, the collector-junction capacitance is typically 1/, to 5 pe f. This 
is because the collector area is quite small and the resistivity of the 
material on the collector side of the base is high. However, in a dif-
fused-base transistor, the resistivity of the base material on the emitter 
side is quite low. This leads to a small depletion-layer width and a 
large value of emitter-junction capacitance. In such transistors, the 
size of the emitter-junction capacitance in the forward bias region 
may well run 25 to 100 As previously mentioned, both the emitter-
junction capacitance and the collector-junction capacitance limit the 
high-frequency response of the transistor. 

There is still another capacitance associated with the transistor: 
the diffusion capacitance CD. CD is not a physical capacitance in the 
same sense as a parallel-plate capacitor, but it is an equivalent 
capacitance representing the charge stored in the active base region. 
Recall that charge within the active base region must be changed in 
order to change the collector current of a transistor. As one might 
expect, the amount of charge stored within the active base region, 
and thus the equivalent value of diffusion capacitance, is dependent 
upon the base width of the transistor. As the base width is made 
smaller, less charge can be stored within the active base region. There-
fore, for smaller base widths, the diffusion capacitance will be smaller 
and the frequency response of the transistor will be higher. 

Finally, there are two resistances R„ and R„. These are spreading 
resistances, that is, the physical resistance of the bulk material com-
prising the collector and emitter electrodes. It was previously men-
tioned that the resistivity of the material within the emitter and col-
lector electrodes was quite low compared to the resistivity in the base 
region. Therefore, one would expect the value of R„ and R,, to be 
quite small. In fact, in most practical situations, these resistances are 
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neglected; however, the reader should be aware that they are present 
even though their value is usually under 10 ohms. 
Now let us combine all of the physical resistors and capacitors into 

a lumped-parameter equivalent circuit. Such a circuit is shown in Fig. 
12.43. This circuit is called the hybrid pi because its shape is similar 
to that of the Greek letter Ir. It includes all of the physical resistors 
and capacitors shown in Fig. 12.40. In addition, the *equivalent circuit 
includes a current generator at the output between the emitter and 

collector. The signal from the current generator is equal to the nega-
tive of a constant gm times a voltage Vb'e• 

BASE no' 

b 

Vbe 
CD rbé 

COLLECTOR 

11 ;:e 

EMITTER 

Fig. 12-43 Lumped small- signal- parameter equivalent circuit for normally biased common-

emitter transistor. 

The minus sign represents the 180° phase reversal between the 
input signal and the output signal. That is, if the input signal goes 
positive, the output voltage goes negative, and vice versa. The voltage 
V b, e is the internal base-to-emitter voltage. This is the voltage between 
the active base region and the emitter, and it differs from the external 
base-to-emitter voltage Vb.. by the drop across rbb•. The point h' in the 
equivalent circuit represents the internal base of the transistor: the 
active base region. It is the voltage across this point, between h' 
and the grounded emitter, that determines the amount of signal 
current which will flow out of the collector. 
The constant g„, is the transconductance of the transistor. It is quite 

similar to, and circuit-wise is analogous to, the transconductance of 
the vacuum tube. g„, relates the small-signal output current of the 
device to the small-signal input voltage and is given as 

I E 

gm 2-7 ma per volt (12105) 
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where IE = emitter current, ma 
27 = temperature-dependent constant 

At temperatures other than 25°C, the constant, 27, changes slightly. 
Since the transconductance of the transistor is dependent upon the 
emitter bias current 1E, it is dependent on the operating point. 

Before attempting to derive expressions for amplifier gain and 
bandwidth by using the equivalent circuit shown in Fig. 12 43, let 
us review the components of this equivalent circuit and discuss their 
numerical values. rbb• is the base-spreading resistance. Its value varies 
with the type of transistor but, in general, is low and on the order 
of 100 ohms. Ce is the emitter junction capacitance, and CD is the 
diffusion capacitance of the transistor. When the transistor is connected 
as an amplifier, the input signal to the base sees the two capacitors 
in parallel and cannot distinguish between them. From a circuit de-
signer's viewpoint, it is their combined value which is of interest; this 
combination is referred to as Ce,e, the capacitance between the internal 
base region and the emitter, and is given by 

eve = g-  = 
211.fr 

(12-106) 

where fT = gain-bandwidth product of the transistor 
g„, = transconductance 

Since g,,, and fr are operating-point dependent, Cb•e is dependent on 
the bias point. Since this capacitor is inversely proportional to fi., the 
optimum operating point occurs where fr takes on its highest value. 
rb,e is the small-signal resistance of the internal base-emitter diode. 

Its value is low because the base-emitter diode is forward-biased. It 
is given by 

(12-107) 

where $„ = low-frequency common-emitter current gain 
g„, = transconductance 

There is a subtle point of interest here. Note that the product of re-e 
and Cb• e forms a time constant 

9,. 00 
rb'eCb'e 

gm 271-fr = 2717, = 2rfa 
(12-108) 

which is the inverse of the frequency response 27113 ( or fa). If all 
other components of the equivalent circuit were neglected, the fre-
quency response would be fo. It will be shown later that this case holds 
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when the source resistance feeding the stage is very large and the load 
resistance of the stage is very small; these are the identical conditions 
mentioned during our definition of fr and fe. re, is the small-signal 
resistance of the reverse-biased collector-base diode. This resistor is so 
large that it is usually neglected in the calculation of gain and band-
width of a transistor amplifier. C, is the collector-junction capacitance 
which is dependent upon the collector-base voltage. In general, it is 
wise to minimize this capacitance. This is done in high-frequency 
transistor amplifiers by using supply voltages above 3 volts. 
From the preceding discussion, it is seen that in order to properly 

design a high-frequency transistor amplifier, one must obtain the 
following values from the transistor data sheet ( the values, of course, 
must be obtained at the operating point of interest): rbb•, the base-
spreading resistance; )30, which is used to calculate the value of re e; 
fT, which is used to calculate the value of Cb•e; Ce, the collector-junc-
tion or barrier capacitance; and re e, the collector-base resistance. The 
value of g„„ the transconductance, is set by the emitter bias current. 
Before proceeding to the problem of obtaining expressions for the 

gain and bandwidth of a transistor-amplifier stage, let us compare the 
equivalent circuits of the transistor and the vacuum tube. The pri-
mary difference is noted on the input side of the two devices; whereas 
the input resistance of the tube is high and its input capacitance is 
low, the transistor has a low input resistance and a high input capaci-
tance. It is interesting to note that the resultant RC time constant 
may be the same for the two devices. 

Gain and Bandwidth Expressions 

Now that an understanding of the equivalent circuit of the transistor 
has been established, it is possible and meaningful to derive the gain 
and bandwidth expressions for a common-emitter amplifier stage. In 
deriving these important expressions, we shall completely neglect the 
effects of rue by essentially removing it from the equivalent circuit; 
this is valid when dealing with load resistances of less than 10,000 
ohms, a common condition. 

Low-frequency current and voltage gain. To derive the expressions 
for the current and voltage gain of a single-stage common emitter, 
we shall first consider the equivalent circuit of Fig. 12.43 at low 
frequencies. We shall neglect all capacitances by assuming an operat-
ing frequency at which neither the high- nor the low-frequency effects 
come into play. 

Let us start first with the current gain. The equivalent circuit under 
consideration is shown in Fig. 12.44. Current gain is defined as the 
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ratio of the output signal current Lit to the input signal current 
The input current, which may be the signal from another stage or any 
other signal source, is represented by the current generator I„ and 
its parallel source resistance R9. The output current is given by 

lout r= — gplaVfie 

where Vee may be derived as 

=  ree  I oRo(rbb, ree) 19Roree  Vb'e  
reo ne ree rbe reo Ro 

(12.109) 

(12.110) 

In spite of the formidable appearance of Eq. ( 12.110), it is simply 
the Ohm's law expression for the voltage developed across iv, by the 

(INTRINSIC 
(BASE) BASE) (COI LECTOR) 
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)EMITTER 
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RL 

Fig. 12-44 Common-emitter low- frequency equivalent circuit with current source. 

input current I. The circuit is complicated by the fact that R, is in 
parallel with the series combinations of rb, and rb•o. 
The current gain is 

lout  — g„,Rora',  Gi 
rbb, + re, ± I?, 

(12.111) 

The minus sign indicates that there is a 180° phase shift from input to 
output. If R, becomes very large, this expression reduces to 

G, = = (12.112) 

which has previously been shown to be the small-signal low-frequency 

current gain under conditions of large source resistance. 
To derive the expression for the low-frequency voltage gain, con-

sider the equivalent circuit shown in Fig. 12.45. Voltage gain is defined 
as the ratio of output signal voltage Vniit to input signal voltage V' n. 
The output voltage is developed across the load R1,, and the input 
signal, which may be the signal from a preceding stage or any other 
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source, is represented by the voltage generator V, and its series re-
sistance R g. The output voltage is given by 

Vout = /00R/, — —gmirb,,RL (12.113) 

where Vb•e may be derived as 
nieVg 

Vb'e (12.114) 
rbh, -I- Rg 

Thus, the voltage gain is found to be 

V out — gmrb'eRL 
Gy = = 0.2.115) 

rbb, rve R, 

Notice that the expressions for current and voltage gain differ only by 
the factor RJR,: thus, the following relationship may be seen to exist 

as 

Gg = Gi (RL\ (12.116) 
Ro 

Upper cutoff frequency. It was previously explained that two effects 
control the upper cutoff frequency of the transistor: the gain-band-
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Fig. 12-45 Common-emitter low-frequency equivalent circuit with voltage source. 

width product fr, whose effect is shown by the diffusion capacitance 
CD, and the collector-junction capacitance C. We wish to derive an 
expression for the upper cutoff frequency of the amplifier which will 
include the effect of both CD and C. In order to accomplish this, a 
rather clever circuit trick is employed whereby the collector capaci-
tance Ce is reflected back to the input side of the transistor equivalent 
circuit. This reflection of the feedback capacitance into the input is 
called the Miller-effect transformation, and it is similar to the 
transformation employed with the grid-to-plate capacitance in a 
vacuum tube. In order to visualize the transformation and its sim-
plicity, consider the circuit of Fig. 12.46a. 



TRANSISTOR-AMPLIFIER DESIGN 509 

If one breaks the equivalent circuit at points b' and e and looks to 
the right, he will see the circuit of Fig. 12 . 46b. The following equa-
tions may readily be written. The output voltage is 

Vout = IoutRL = — gmVb'eRL 

This may be rewritten as 
IT 

= — gmRL 

(12.117) 

(12.118) 

Now, let us hold Eq. ( 12.118) in abeyance while we obtain an 
expression for the input impedance of the circuit of Fig. 12-46b. The 

cc 

bl 

Fig. 12.46 (0) Equivalent circuit including capacitances. (b) Circuit to right of points lo' and e. 

input impedance would be Zi,,, and this value, divided into V5 ,, would 
provide the current flowing into the circuit. Thus, 

I = - be 

In 

(12.119a) 

This same current must also flow through G. To obtain an expres-
sion for this capacitor current, note that Ce has voltage Vb•e on one 
side and voltage 170„, on the other. It is the difference between these 
voltages that will produce a current through C. Hence, we can write 

= V b'e — V out 
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Since the currents of Eqs. ( 12.119a) and ( 12 . 119b ) are equal, we may 

equate them: 

Vb'e be — V out 

Z in — X 

X ,, I 
or Zin = = vout 

This may finally be written as 

„ X,  
1 — Vout/Vve = 1 -I- 9,.RL 

1 1  
Zm jue, 1 ± gmRL 

which implies an equivalent, or transferred, capacitance of 

C = C,(1 

(12.119c) 

(12.120) 

(12.121) 

(12.122) 

From this it is seen that the effect of the feedback of C, is to increase 
its size by 1 g„,I1L when reflected across the input at points h' and e. 

Fig. 12.47 Equivalent circuit with C, reflected to Input 

The result of this transformation is illustrated in Fig. 12.47, where the 
new equivalent circuit is shown. This circuit shows the effect of Ce 
transformed to the input; at the same time, the feedback path be-
tween input and output has been removed. The transformed equivalent 
circuit has many advantages, the most important of which is that the 
input circuit now takes the form of a simple parallel RC circuit. This 
gives rise to a simple expression for the upper cutoff frequency. Since 
the output current of the transistor is directly proportional to the 
internal base-to-emitter voltage Vb•,, the value of the output current 
will be down 3 db ( 0.707 of its low-frequency value) when the volt-
age Vb'e is also down 3 db. Let us consider the simple circuit shown 
in Fig. 12 . 48. It is easily shown that the output voltage of this circuit 
will be down 3 db at an upper frequency which is given by 

1 

fidb = 9 7 R e (12 123) 
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The input of the equivalent circuit of Fig. 12.47 is almost of this 
simple form. If one combines the effect of rbb• and R,, the source resist-
ance, an equivalent circuit which is a condensed form of Fig. 12.47 
is obtained. This is shown in Fig. 12.49. The input to this equivalent 
circuit is of the same form as the simple circuit shown in Fig. 12.48; 

Fig. 12-48 Single RC network. 
'in 

Fig. 12-49 Condensed equivalent circuit. 

thus, the upper cutoff frequency of this circuit is given by the 
expression 

1  
f3db (12.124) 

(rbe 4- R9)(rb,e)  
27 [Cee Cc(1 gmRL)1 

R, 4- rbb, + e 

which may be rewritten as 

rbe ± re, -I- R,  
f3db 

27r(rbb' R,)(ree)[Cv, Cc(1 g.RL)] 
(12.125) 

Notice that the upper cutoff frequency of the transistor-amplifier stage 
is dependent upon the transistor parameters and upon the source and 
load resistance. Consider the ideal case when R9 becomes very large 
and RL very small. Under these conditions, 

1 
f3d1, =  fir  

hirre,u -r uc) 
(12.12fij 
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and since Cb ,e is much larger than C„ this reduces ( recalling preceding 
equalities) to 

fadb 

1 1 
27rrtieeb'e g.  

g. 27rfr 
fr =—o = fo (12.127) 

This is the result one would expect, since we previously demonstrated 
that a large source resistance and a small load resistance were required 
for the upper cutoff frequency to be defined as it is in Eq. ( 12 • 127) 
[see discussion concerning Eqs. ( 12.106) to ( 12. 108 ) 1. 
We might pause and note that now we have examined, in varying 

detail, four different equivalent circuits of transistors. Actually, many 
more equivalent circuits have been suggested by numerous engineers, 
and each of these undoubtedly had some reason for favoring their 
particular arrangement. Equivalent circuits are designed to represent 
a transistor electrically, and since a transistor can perform a multi-
plicity of functions, it is logical to expect a number of different 
arrangements. The most desirable circuit is the one that is simplest in 
form and yet which represents the transistor for the widest possible 
range of application. Obviously, with a device as complex as a 
transistor, these two aims are in conflict and some compromise must 
be struck. At the present time, the equivalent circuit of Fig. 12.43 is 
favored by many circuit designers; whether it will continue to be 
popular will depend on the trend in future developments in transistor 
fabrication and application. 

Complete Design of a Transistor Amplifier 

In the preceding sections, we derived the formulas for the gain and 
the upper cutoff frequency of a transistor-amplifier stage. These 
equations, together with those developed for the coupling and emitter 
bypass capacitors and for the stability factor, provide the necessary 
expressions to design a complete transistor amplifier. In order to 
illustrate the utility of these expressions, let us perform an actual 
design of a typical amplifier. 
The information necessary to complete the design and the desired 

performance of the amplifier are listed as follows ( keep in mind that 
this is a typical application and that the requirements will vary from 
one application to another): 

1. Lower cutoff frequency, f low, less than 100 cps 
2. Upper cutoff frequency, f high, greater than 2 Mc 
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3. Stability factor S less than 10 
4. Voltage gain G, greater than 500 
5. Source resistance R, and load resistance RL equal to 1,000 
6. Collector supply voltage V„, 32 volts 

The first step is selection of a suitable transistor. Since the upper 
cutoff frequency must be above 2 Mc, the choice is limited to tran-
sistors having an fr greater than 100 Mc. Transistors such as the 
MADT, PADT, or mesa could be used; for our application we shall 
select an MADT, the 2N502. This is a high-frequency amplifier-type 
diffused-base transistor with an fr on the order of 200 Mc. Since the 
frequency-determining characteristics fr and C„ are dependent upon 
the device and the operating point, choice of the operating point is 
generally concurrent with the choice of transistor. The 2N502 data 
sheet indicates a typical fr of 260 Mc at a collector-emitter voltage 
V„ of —10 volts and an emitter current /E of 2 ma. The maximum Ce 
is specified as 1 ¡Lid at V„ = —10 volts. In choosing the operating 
point, the maximum power dissipation, 60 mw for the 2N502, must not 
be exceeded; in our case Pe = V „le = 20 mw. 
With the operating point determined, it is necessary to determine 

the additional parameters of interest; these are usually included on the 
data sheet, or they may be measured or calculated from other avail-
able data. The available data are listed as follows ( at /, = 2 ma, 
V„ = —10 volts ): 

fr = 200 Mc (degraded for worst-ease transistor) 
/30 = 40 (degraded for aging) 
C„ = 1 mid 

rbbec = 60 psee = 60 ohms 

From these parameters, we may calculate the following: 

00 40 
00 + 1 = 0'975 
/E 2a m 

g.  27 =  27 - 0.074 mho 

ao = 

Cb'e = 

rb‘ 

gm =  0.074  
27rfr 27 X 200 — 58'9 f 

fo 
= = 0 '0074 — 540 ohms 

The next step in the design is to devise a suitable circuit that will 
provide the desired operating point and the desired stability factor. 
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The general form of our circuit is shown in Fig. 12.50. The two base 
biasing resistors form a voltage divider which, in conjunction with the 
emitter resistor, establishes the required bias. The emitter resistor 
serves to aid stability but cannot be too large or gain will be lowered; 

Fig. 12.50 General amplifier circuit. 
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Fig. 12.51 Typical collector characteristic curves for a 2N502 transistor. 

-30 

the collector resistor, on the other hand, may be large to avoid inter-
stage loss and to fix the operating point. Before obtaining design values 
for these components, consider the collector characteristics for the 
2N502 shown in Fig. 12.51. The supply voltage is 32 volts and the 
operating point is 2 ma, 10 volts. This point corresponds to a base cur-
rent of 30 p.a. A load line may be constructed through the two points 



or 

TRANSISTOR-AMPLIFIER DESIGN 515 

to obtain the total series resistance Re+ RE as 

32  
— 10,700 ohms 

3 ma 

Thus, we shall choose RE = 2,200 ohms and Re = 8,700 ohms. 
Experience is probably the best design tool in the matter of selecting 

the values of RR, and kil ,. Lack of experience may be compensated 
for by making an operating circuit and experimentally adjusting the 
values of RB, and Ril, until the desired operating point is achieved. 
However, we can "zero in" on the appropriate values by a few approxi-
mations. Referring to Fig. 12 50, the current I, that travels down 
through RB, divides at point A into two currents. One segment of 
this current, I,, passes through lin„ while the other segment flows 
alto the base, becoming /B for the transistor. In equation form, this 
relationship is expressed as follows: 

It = 12+ Ile (12.128) 

From a design standpoint, it is more convenient to express Eq. 
( 12 128) in terms of the resistances and voltages in the circuit. /ro is 
neglected and /B, since it is a design parameter, remains. Doing this 
gives us 

V CC — (V BE + 'ERE) V BE ± 'ERE 
RB, RB, 

/B (12-128a) 

If we neglect VBE, which will be on the order of 0.05 to 0.6 volt, this 
becomes 

VCC 'ERE 'ERE  
IB 

RB, RB, 

Substituting the assumed value for 1E, RE, Ve,., and Ill, we have 

32 — (2 ma)(2.2 kilohms) (2 ma) (2.2 kilohms)  
+ 0.03 ma 

R8, R8, 

27.6  
RB, = 

4.4/RB, + 0.03 ma 

If we assume a value of 10,000 ohms for RE,' then 

= 59,000 ohms, approx 

Allowing for 1,,, and V,,,, RH, finally comes down to a value of 52,000 
ohms. 
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We are now in a position to calculate the stability factor, which is 

given by 

As = 
1 R (R BI+ Re') 

e RB,RB, 

1 — ao + RE (RBI ± RD') 
RB,RB, 

Substituting the appropriate values given, 

1 ± 2.2(62/520)  
S — 4.4 

1 — 0.975 ± 2.2(62/520) = 

(12-129) 

which indeed meets the requirement of S ≤ 10. 
The next step is to calculate the voltage gain available from our 

single stage. From this, we may calculate the number of stages 
required. 

= gmrveRL 0.074 X 540 X 1,000 
Ro 60 + 540 -I- 1,000 (12-130) 

= 25 

This indicates that two stages will be necessary. The bandwidth for a 
single stage is [using Eq. ( 12 125) ] 

rbb, rye Ro  
BW — 

2r(rbo, Ro)(ree)[eve C.(1 gnARL)1 

60 540 ± 1,000 
2e(60 1,000)(540)[58.9 ± 1(1 -I- 0.074 X 1,000)] 

= 3.32 Mc (12-106) 

(12-131) 

We shall design the second stage in the same fashion as the first stage. 
However, we must calculate not only the individual gains and band-
widths but also the overall gain and bandwidth of the two-stage 
amplifier. 

Before we make these calculations, bear in mind that the load on the 
first stage is the input resistance of the second stage and the source for 
the second stage is the output resistance of the first stage. In finding 
the load on the first stage, the biasing network may be neglected, since 
the resistors are large compared with rb,e; however, the biasing net-
work does become important when determining the source for the 
second stage. 
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Thus, the load that stage 1 works into is the input resistance of stage 
2. This is 

Rin of stage 2 = rev + 

= 60 + 540 
= 600 ohms 

The source resistance for stage 1 is the series resistance of the input 
signal, be it a generator or a preceding stage. In Fig. 12.52, this is 
indicated to be 1,000 ohms. 

The input or source resistance for stage 2 consists of the 8,700-ohm 
collector load resistor of stage 1 in parallel with the 52,000-ohm 

resistor and the 10,000-ohm resistor of the base biasing network of 

Fig. 12-52 Final circuit design. 

stage 2. Hence R„ possesses a value of 4,260 ohms, obtained by per-
forming the indicated calculation. Finally, the load resistance of stage 
2 is 1,000 ohms, as revealed by Fig. 12.52. 

We must use the expressions for current gain and then convert into 
voltage gain because two stages are involved, not one. The current 
gains are calculated as 

G. =   _ (0.074)(540)(1,000) 
" ri,,'ree R, — 60 ± 540 + 1,000 • 

=  gmreel?,,  _ (0.074)(540)(4,260) _ 
rbe ree I?,, — 60 ± 540 ± 4,260 

Recalling that voltage gain is equal to (RL/Rg)Gi, we obtain 

RL 1,000 
G,, = G,,G„ X   = 2.5 X 35 X = 875 

ibrh 1,000 

which satisfies our requirement of G ≥ 500. 



518 1RANSISTORS 

The individual bandwidths may be calculated as in Eq. ( 12.131). 

The results are 

60 ± 540 + 1,000  
Bwi = 27r(60 1,000)(540)[58.9 ± 1(1 ± 0.074)(600)] 

= 4.26 Mc 
BW — 60 540 ± 4,260  

2  27(60 4,260)(540)[58.9 ± 1(1 ± 0.074 X 1.000)1 

= 2.48 Mc 

From vacuum-tube theory, one recalls that the bandwidth of a two-
stage amplifier is smaller than the smallest bandwidth of either stage. 
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Fig. 12-53 Bandwidth degradation curve for a two- stage amplifier. 

The calculation of the overall bandwidth is easily accomplished with 
the aid of the bandwidth-degradation curve shown in Fig. 12.53. To 
use this curve, we must find the ratio of the larger individual band-
width to the smaller individual bandwidth as K = fats. This ratio is 
used to obtain the degradation factor D from Fig. 12-53. The overall 
bandwidth is then given by the product of the degradation factor 
and the smaller individual bandwidth as BW = Dfs. In our case 

fr, = fi = 4.26 Mc and fs =1, = 2.48 Mc. Thus the ratio is 

4.26 Mc 
K — 1.72 

2.48 Me 
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From Fig. 12.53 we obtain the value of the degradation factor as 
D = 0.81. Thus the overall bandwidth is 

BW = (0.81)(2.48 Mc) = 2.01 Mc 

which satisfies the requirements of BW ≥: 2 Mc. 
The only calculations that remain are those required to find the 

values of the coupling capacitors and the emitter bypass capacitors. 
These capacitors will be different for each stage because of the differ-
ent source impedances involved. The coupling capacitor is given by 

where 

CK 

27rfulb (Rc 
RB, -F Rin) 

1 

Rp RB  
RB, — 

.t8, lult2 

We may calculate RH, as 

(10 kilohms) (52 kilohms)  
RR' = 10 kilohms 4- 52 kilohms = 8.4 kilohms 

and it is the same for both stages. Similarly for both stages, 

roo' rb'e = 60 + 540 = 600. Thus'  -,„,, r,  = 560. For the 

first stage the term is the source resistance Rg, = 1 kilohm, and 
for the second stage it is the collector resistor Re = 8.7 kilohms. We 
may now calculate the coupling capacitors as 

1 
First-stage CK i = ,7(100 cps)(1,000 ± 560) — 1 d 

Second-stage elf, — 27(100 cps ) (8,700 ± 560) , = 0.17 et f 

The emitter bypass capacitor is given by 

00 + 1 CE — 

2r.f3db (Rin RcRe+R8h8) 

We may calculate  R BsRc  for the first stage as 
RB, Rc 

(8.4 kilohms)(1,000) Q„, 
"Ins 8.4 kilohms ± 1,000 ue"  
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and for the second stage as 

(8.4 kilohms)(8.7 kilohms)  
8.4 kilohms + 8.7 kilohms = 4'28 kilohms 

We can now determine the emitter bypass capacitor values 

40+1 
First-stage CE, = 27(l30 cps)(600 ± 895) = 43.8 j.if 

40 ± 1  
Second-stage CE, = = 13.4 if 

27(100 cps) (600 ± 4,280) 

In order to further ensure the low-frequency response, let us increase 

each of these capacitors to the following values: 

CE, = 5 if CE, = 100 gf CE, = 1 and CE, = 30 

The capacitors required for the second stage are smaller than those 
for the first stage; this is because the source resistance feeding the 
second stage is larger than that feeding the first. 
The completed design circuit is given in Fig. 1252. We have so 

designed this circuit that it offers a stability factor of 4.4, a voltage 
gain of 875, a bandwidth of 2.01 Mc, and a low-frequency cutoff of 
less than 100 cps. 
As a summary of the foregoing design, let us again list the steps 

involved and the measures that have to be taken if the design require-
ments cannot be met in all instances. The first step is to select the 
operating point. Perhaps the only critical limitation we might en-
counter here would be transistor power dissipation or voltage rating 
limits. The remedial action would be to go to a less desirable operating 
point or to change the supply voltage. The next step is to obtain the 
derived stability factor. If that were not possible, we would have to 
reduce the base biasing resistor or would have to increase the emitter 
resistor. In the former case, we would sacrifice gain. Gain may be in-
creased, within limits dictated by device linearity, by adding more 
stages. However, as indicated by the bandwidth-degradation chart, 
an increase in gain is accompanied by a decrease in bandwidth. Unique 
and complex feedback methods are available for increasing the band-
width with less sacrifice in gain, but such techniques are beyond the 
scope of this text. An example of one such feedback technique is shown 
in Fig. 1254. Re and R, are feedback resistors which increase the 
bandwidth at the expense of gain. This two-stage amplifier employing 
the 2N502 yields a voltage gain of 10 with a bandwidth of 50 Mc if 
R, = 50 and RL = 50. A voltage gain of 40 is possible with a band-
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width of 15 Mc if R, = 1,000 ohms and RI, = 1,000 ohms. Finally, 
the low-frequency cutoff is attained by using large coupling and 
emitter bypass capacitors. There are limits on how large these capaci-
tors may be both electrically and physically, however. 
As a final word, keep in mind that there may be design requirements 

that are unattainable. For instance, it would be a difficult problem 
indeed to design our amplifier for a voltage gain of 500 and a band-
width of 20.0 Mc. Such a requirement might be met, but only after 

Fig. 12.54 Band amplifier employing feedback. 

resorting to very complex feedback techniques such as those shown 
in Fig. 12.54. 

QUESTIONS 

12.1 What factors must be considered when selecting a d-c 
operating point for a transistor amplifier? 

12.2 Obtain the collector-voltage—collector-current characteristics 
for a transistor to be operated as a grounded emitter. Plot the maxi-
mum collector dissipation curve for that transistor on the characteristic 
chart. 

12.3 How is the position for a load line determined? 
12 . 4 Draw a suitable load line for the transistor represented by 

the characteristics selected for Question 122. Explain why the line 
drawn is suitable. 

12.5 What is the difference between d-c and a-c load lines? 
Which is more important to the transistor in its role as an amplifier? 
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12.6 Why is the behavior of the saturation current 'CO with 
temperature more critical in grounded-emitter amplifiers than in 
grounded-base circuits? 

12-7 Derive the relationship between # and a of a transistor. 
1 2 • 8 What do we mean by the stability factor S? 
12.9 Derive the stability factor S for the circuit of Fig. 12.11. 

12.10 Explain, without resorting to S, why the circuit of Fig. 
12.11 is more sensitive to temperature changes than the circuit of 
Fig. 12.12. 

12.11 Derive Eq. ( 12.12). 
12.12 When would the equivalent circuit of Fig. 12.18 be valid in 

representing a triode and when would the circuit of Fig. 12.19 be 
required? 

12.13 What equations govern the circuit of Fig. 12.19? Explain 
each term put down. 

12.14 Explain the significance of each item in Fig. 12.20. 
12-15 What advantage does the equivalent circuit of Fig. 12.21 

possess over the equivalent circuit of Fig. 12.20 in so far as they both 
represent the same transistor? 

12.16 Explain how the equations governing the circuit of Fig. 
12.24 are set up. 

12.17 Derive the equation for the input impedance of the circuit 
in Fig. 12.24. 

12.18 What assumption is made in deriving Eq. ( 12.46 )? Using 
a commercial transistor, show from its characteristic ( as given by the 
manufacturer) that this assumption is valid. 

12 19 Explain the procedure to follow when deriving the output 
impedance of a transistor by using its equivalent circuit. 

12.20 In what ways are hybrid parameters more useful than the 
other parameters discussed? 

12 21 Draw the equivalent circuit of a transistor using hybrid 
parameters. Explain the significance of each item in this circuit. 

12.22 Outline briefly how the relationship between the hybrid and 
resistance parameters of the same transistor circuit is obtained. 

12.23 Draw a high-frequency equivalent circuit of a transistor. 
12-24 Explain each component appearing in the circuit drawn for 

Question 12- 23. 
12.25 What can be done, in the fabrication of a transistor, to 

improve its high-frequency response? What compromises must be 
made? 
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Transistor amplifiers (see Amplifiers) 
Transistors, additional developments 
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457 
bidirectional facility of, 41 
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