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FOREWORD

The growth to maturity of the semiconductor industry is
paralleled by the growth of this General Electric Transistor Manual.
First published in 1957, the present Manual’s more than 600 pages
is roughly 10 times the size of the first edition. The contents, how-
ever, retain the same basic orientation which is that of a highly prac-
tical circuit book, one that can be used to advantage by electronic
design engineers as well as students, teachers, and experimenters.

This seventh edition contains new and updated material which
accounts for more than 80% of the contents. For instance: morc
high frequency material has been added; the chapter on switching
has been completely rewritten; the number of circuits in the manual
has been almost tripled; also, the chapter for experimenters has
been greatly enlarged.

This is a book written not by theorists, but by experienced
men who are devising the practical solutions to some of the most
challenging, difficult problems encountered in electronic engineering.

As solid state devices contribute more and more to the won-
derful age of automated industry and electronic living, we at
General Electric sincerely hope that this Manual will provide
insight and understanding on how semiconductors might do the
job better and more economically.

Senyjconductor Products Department
Syratuse, New York



ASIC SEMICONDUCTOR THEORY

CHAPTER

A FEW WORDS OF INTRODUCTION

Pushing the frontiers of space outward along the “space spectrum” toward both
infinities has caused to be born in this century whole new technologies. Those related
to outer space, and those related to “inner space.” But not one stands alone, inde-
pendent of another. All are related. It is this relationship, accumulating as it has down
through the ages that has brought with it the transistor.

Just as the vast reaches of outer space — that infinite “land” of the sun and moon,
the star constellations and the “milky way,” Mars, Venus, and all of the other mysteries
that exist there — has caused man throughout his history to wonder and ask questions,
50 too has he wondered and asked about the vast reaches of “inner space” — the world
of the atom. But it has only been recently, during the 19th and 20th centuries in fact,
that some of his questions about inner space have been answered. Much to his credit,
niany questions man has answered by mere observation and mathematical calculation.
Further to his credit he has devised “secing eyve” aids to help push the space boun-
daries still farther out.

atr & 3
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Problems of “sceing” exist at both ends of space, and it is just as difficult to look
“in” as it is to look “out.” Just as the outer space astronomer depends on his powerful
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magnifying aids to help him see, hear, and to measure, to gather information and data
in order to comprehend; so too does the inner space “astronomer” depend on his mag-
nifying aids. Microscopes, mass spectrometers, x-ray and radiography techniques,
electric meters, oscilloscopes, and numerous other intricate equipment help him to
measure the stuff, the matter, that makes up inner space. From his search has devel-
oped many new technical terms, In fact, whole new technical languages have come
into existence: clectron, hole, neutron, neutrino, positron, photon, muon, kaon, the Bohr
atom, quantum mechanics, Fenmni-Dirac statistics. Strange terms to many, but terms
of the world that exist at one end of the infinite space spectrum, the atomic world.

Atomic physics as we know it today started far back in 400 B.C.” when the doctrine
of atoms was in vogue in the Greek world of science. And no matter how unsophisti-
cated the atomic theories at the time, it was a beginning. The idea of “spirit” particles
too small for the unaided human eye to see was then postulated. It would take many
centuries before the knowledge of the physicist, the statistician, the metallurgist, the
chemist, the engineer — both mechanical and electronic — could and would combine to
bring into being a minute, micro-sized crystal that would cause to evolve a completely
new and unusually complicated industry, the semiconductor industry.

The history of the semiconductor is, in fact, a pyramid of learning, and if any one
example were to be cited, of the practical fruits of scientific and technical cooperation
over the ages, and cspecially over the past 100 or so years, near the head of the list
would surely be the transistor.

In 1833, Michael Faraday,” the famed English scientist, made what is perhaps the
first significant contribution to semiconductor research. During an experiment with
silver sulphide Faraday observed that its resistance varied inversely with temperature.
This was in sharp contrast with other conductors where an increase in temperature
caused an increase in resistance and, conversely, a decrease in temperature caused a
decrease in resistance. Faraday’s observation of negative temperature coefficient of
resistance, occurring as it did over 100 years before the birth of the practical transistor,
may well have been the “gleam in the eye” of the future.

For since its invention in 1948 the transistor has played a steadily increasing part
not only in the electronics industry, but in the lives of the people as well. First used in
hearing aids and portable radios, it is now used in every existing branch of electronics.
Transistors are used by the thousands in automatic telephone exchanges, computors,
industrial and military control systems, and telemetering transmitters for satellites.
A modern satellite may contain as many as 2500 transistors and 3500 diodes as part
of a complex control and signal system. In contrast, but equally as impressive, is the
two transistor “pacemaker,” a tiny electronic pulser. When imbedded in the human
chest and connected to the heart the pacemaker helps the ailing heart patient live
a nearly normal life. What a wonderful device is the tiny transistor. In only a few
short years it has proved its worth — from crystal set to regulator of the human heart.

But it is said that progress moves slowly. And this is perhaps true of the first
hundred years of semiconductor research, where time intervals between pure research
and practical application were curiously long. But certainly this cannot be said of the
years that followed the invention of the transistor. For since 1948 the curve of semi-
conductor progress has been moving swiftly and steadily upward. The years to come
promise an even more spectacular rise. Not only will present frequency and power
limitations be surpassed but, in time, new knowledge of existing semiconductor mate-
rials . . . new knowledge of new materials . . . improved methods of device fabrication
. . . the micro-miniaturization of semiconductor devices . . . complete micro-circuits . . .
all, will spread forth from the research and engineering laboratories to further influence
and improve our lives.

Already, such devices as the tunnel diode and the high-speed diode can perform
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with ease well into the UHF range; transistors, that only a short time ago were
limited to producing but a few milliwatts of power, can today produce thousands
upon thousands of milliwatts of power; special transistors and diodes such as the
unfijunction transistor, the high-speed diode, and the tunnel diode can simplify and make
more economical normally complex and expensive timing and switching circuits, Intri-
cate and sophisticated circuitry that normally would require excessive space, elaborate
copling equipment, and expensive power supply components can today be designed
anld built to operate inherently cooler within a substantially smaller space, and with
legs imposing power components. All this is possible by designing with semiconductors.
Inf almost all areas of electronics the semiconductors have brought immense increases
in|efficiency, reliability, and economy.

Although a complete understanding of the physical concepts and operational theory
of the transistor and diode are not necessary to design and construct transistor circuits,
it|goes without saying that the more device knowledge the designer possesses, whether
he¢ be a professional electronics engineer, a radio amateur, or a serious experimenter,
the more successful will he be in his use of semiconductor devices in circuit design.
Stich understanding will help him to solve special circuit problems, will help him to
better understand and use the newer semiconductor devices as they become available,
and surely will help clarify much of the technical literature that more and more
abounds with semiconductor terminology.

The forepart of this chapter, then, is concerned with semiconductor terminology
nd theory as both pertain to diodes and junction transistors. The variety of semi-
pnductor devices available preclude a complete and exhaustive treatment of theory
nd characteristics for all types. The silicon controlled rectifier (SCR) is well covered
other General Electric Manuals;“*® treatment of the unijunction transistor (UJT)
ill be found in Chapter 13 of this manual, and tunnel diode circuits are shown in
hapter 14.” Other pertinent literature will be found at the end of most chapters
nder references. Information pertaining to other devices and their application will be
sund by a search of text books and their accompanying bibliographies. The “year-end
index” (December issue) of popular semiconductor and electronic periodicals is another
excellent source. Public libraries, book publishers, magazine publishers, and component
and device manufacturers are all “information banks” and should be freely used in any
search for information and knowledge.

EMICONDUCTORS

Semiconductor technology is usually referred to as solid-state. This suggests, of
gourse, that the matter used in the fabrication of the various devices is a solid, as
gpposed to liquid or gaseous matter — or even the near perfect vacuum as found in the
thermionic tube — and that conduction of electricity occurs within solid material. “But
how,” it might be asked, “can electrical charges move through solid material as they
1Jnust, if electrical conduction is to take place?” With some thought the answer becomes

e ANE 5 o
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gbvious: the so-called solid is not solid, but only partially so. In the microcosmos, the
world of the atom, there is mostly space.™ It is from close study of this intricate and
gomplicated “little world,” made up mostly of space, that scientists have uncovered the
basic ingredients that make up solid state devices — the semiconductors.
Transistors and diodes, as we know them today, are made from semiconductors,
go-called because they lie between the metals and the insulators in their ability to
onduct electricity. A simple illustration of their general location is shown in Figure 1.1.
lihaded areas are transition regions. Materials located in these areas may or may not
e semiconductors, depending on their chemical nature.

There are many semiconductors, but none quite as popular at the present time as
ermanium and silicon, both of which are hard, brittle crystals by nature. In their
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natural state they are impure in contrast, for example, to the nearly pure crystalline
structure of high quality diamond. In terms of electrical resistance the relationship of
each to well known conductors and insulators is shown in Table 1.1.

RESISTANCE IN OHMS PER

MATERIAL CENTIMETER CUBE CATEGORY
(R/CM3)

Silver 10 Conductor
Aluminum 10°
Pure Germanium 50-60 Semiconductor
Pure Silicon 50,000-60,000
Mica 10=-10* Insulator
Polyethlene 1010

Table 1.1

Because of impurities, the R/CM?® for each in its natural state is much less than
an ohm, depending on the degree of impurity present. Material for use in most prac-
tical transistors requires R/CM?® values in the neighborhood of 2 ohms/CM?®. The
ohmic value of pure germanium and silicon, as can be seen from Table 1, is much
higher. Electrical conduction, then, is quite dependent on the impurity content of the
material, and precise control of impurities is the most important requirement in the
production of transistors. Another important requirement for almost all semiconductor
devices is that single crystal material be used in their fabrication.

ATOMS

To better appreciate the construction of single crystals made from germanium
and silicon, some attention must be first given to the makeup of their individual atoms.
Figure 1.2(A) and (C) show both as represented by Bohr models of atomic structure,
so named after the Danish physicist Neils Bohr (1885-1962).

Germanium is shown to possess a positively charged nucleus of +32 while the
silicon atom’s nucleus possesses a positive charge of 414. In each case the total positive
charge of the nucleus is equalized by the total effective negative charge of the elec-
trons. This equalization of charges results in the atom possessing an effective charge
that is neither positive nor negative, but neutral. The electrons, traveling within their
respective orbits, possess energy since they are a definite mass in motion.* Each
electron in its relationship with its parent nucleus thus exhibits an energy value and

*Rest mass of electron = 9.108 X 10-28 gram.
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functions at a definite and distinct energy lecel. This energy level is dictated by the
electron’s momentum and its physical proximity to the nucleus. The closer the electron
to the nucleus, the greater the holding influence of the nucleus on the electron and the
greater the energy required for the electron to break loose and become free. Likewise,
the further away the electron from the nucleus the less its influence on the electron.

Outer orbit electrons can therefore be said to be stronger than inner orbit electrons
because of their ability to break loose from the parent atom. For this reason they are
called valence electrons, from the Latin valere, to be strong. The weuaker inner orbital
electrons and the nucleus combine to make a central core or kernel. The outer orbit in
which valence electrons exist is called the valence band or valence shell. 1t is the elec-
trons from this band that are dealt with in the practical discussion of transistor physics.

With this in mind the complex atoms of germanium and silicon as shown in (A) and
(C) of Figure 1.2 can be simplified to those models shown in (B) and (C) and used in
further discussion. It should be mentioned that although it is rare for inner orbital
electrons — those existing at encrgy levels below that of the valence band — to break
loose and enter into transistor action, they can be made to do so if subjected to heavy
x-rays, alpha particles, or nuclecar bombardment and radiation.

When an clectron is freed from the valence band and moves into “outer atomic
space,” it becomes a condnction clectron, and exists in the conduction band. Electrons
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possess the ability to move back and forth between valence and conduction bands,

VALENCY o

The most important characteristic of most atoms is their ability to unite with other
atoms. Such an atom is said to possess valency, or be a talent atom. This ability is
dependent on those electrons that exist in the parent atom’s valence band, leaving
the band to move into the valence band of a neighboring atom. Orbits are thus enlarged
to encompass two parent atoms rather than only one; the action is reciprocated in that
electrons from the neighboring atom also take part in this mutual combining process,

VALENCE CENTRAL CORE
ELECTRON OR KERNEL

P
/ / \
INDEPENDENT | | \
ATOMS \ / /
SHARED
ORBIT
/A_)\\\/V/@\\
COVALENT OR / N/ \
ELECTRON-PAIR BOND | >‘\ /
OF ATOMS \ VAR
o ~
Figure 1.3

In short, through orbit sharing by interchange of orbital position, the electrons
become mutually related to one another and to the parent cores, binding the two
atoms together in a strong spaced locking action. A covalent bond (cooperative bond;
working together) or electron-pair bond is said to exist. This simple concept when
applied to germanium and silicon crystals will naturally result in a more involved
action, one the reader may at first find difficult to visualize. This important and basic
atomic action can be visualized as shown in Figure 1.3.

SINGLE CRYSTALS

In the structure of pure germanium and pure silicon single crystals the molecules
are in an ordered array. This orderly arrangement is descriptively referred to as a
diamond lattice, since the atoms are in a lattice-like structure as found in high quality
diamond crystals.® A definite and regular pattern exists among the atoms due to space
equality. For equal space to exist between all atoms in such a structure, however, the
following has been shown to be true: the greatest number of atoms that can neighbor
any single atom at equal distance and still be equidistant from one another is four.”
Figure 1.4 is a two dimensional presentation of a germanium lattice structure showing
covalent bonding of atoms. (Better understanding and more clear spatial visualization
— that is, putting oneself in a frame of mind to “mentally see” three dimensional
figures, fixed or moving with time — of Figure 1.4 may be had by construction of a
three dimensional diamond lattice model using the technique shown in Figure 1.5.
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Spatial visualization differs in individuals, and where some will have little trouble
forming a clear mental picture of complex theoretical concepts, others will have diffi-
culties. Whether electrons and holes and atoms in all their involved movements are
mentally pictured in terms of more graphic objects such as marbles, moth balls, base-
balls, automobiles, or whatever else that might come to mind, is of little consequence
and may even be helpful.) Figure 1.4 could just as well represent a silicon Jattice since
the silicon atom also contains four clectrons in its outer valence band. With all valence
electrons in covalent bondage, no excess clectrons are free to drift throughout the
crystal as electrical charge carriers. In theory, this represents a perfect -and stable
diamond lattice of single crystal structure and, ideally, would be a perfect insulator.

CRYSTAL FLAWS

But such perfect single crystals are not possible in practice. Even in highly purified
crystals imperfections exist making the crystal a poor conductor rather than a non-
conductor. At the start of the manufacturing process modern and reliable transistors
require as near perfect single crystal material as possible. That is, crystal that exhibits
an orderly arrangement of equally spaced atoms, free from structural irregularities.
Crystal imperfections fall into three general classes, each acting in its own way to
influence transistor action.

ENERGY

Both light and heat cause imperfections in a semiconductor crystal. Disturbance by
light striking the crystal is dependent on the frequency and magnitude of light energy
absorbed. This energy is delivered in discrete and definite amounts known as quanta
composed of particles known as photons.

Heat, or thermal, disturbance is also absorbed by the crystal, in the form of vibrat-
ing waves. Interference is such that when the waves are absorbed, electronic action is
impaired through atomic vibration of the lattice structure; the effect is crystal heating
and destruction of the “perfectness” of the crystal. Thermal waves interfere with
charge movement, causing the charges to be scattered and diffused throughout the
crystal. In effect, the electrons are buffeted and jostled in various and indiscriminate
and indefinite directions as defined by the laws of quantum-mechanics.*” Because of
this severe thermal encounter, the electrons gain thermal kinetic energy which is of
extreme importance in the practical operation of diodes and transistors.

ELECTRONIC

Too many or too few electrons also cause crystal imperfections. In short, in perfect
single crystal all electrons are assumed to be locked in covalent bond. Those that are
not are free and therefore constitute a form of imperfection. (Figures 1.6 and 1.7).

ATOMIC

Any atowic disorder in the lattice structure causes the crystal to be less than
perfect. Crystals of this nature are said to be polycrystal. They are characterized by
breaks in covalent bonds, extra atoms not locked in place by covalent bonds (inter-
stitial atoms), and missing atoms that leave gaps in an otherwise orderly crystal
structure (atomic vacancies). Such imperfections interfere with proper transistor
action by not readily allowing charge carriers to move freely.

Interference to carrier movement also occurs when the perfect lattice structure
appears as being interrupted. This can be viewed as crystal discontinuity, or as two
separate crystals not properly “fit” so as to form a perfect single crystal; the two
crystals appear at the point of joining as being improperly oriented to each other. This
form of imperfection is referred to as a grain or grain boundary. Flaws of this nature
cause impurities to be generated with consequent impairment of the perfect crystal.

. ———— . —— |
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Electrons set free from covalent bondage move at some given velocity and for some
giyen time before arriving at a destination; the travel time involved is referred to as
lifr ime. While free and in motion the electron will experience numerous collisions
within the crystal, with the result that electrons will not experience equal lifetimes.
Where an electron’s lifetime is limited and cut short, the cause is theorized to be
an imperfection mechanism known as a recombination center (sometimes called a
‘deathnium center”). A recombination center acts to capture and hold an electron
uptil an opposing carrier arrives to affect recombination and thus empty the center,
tg capture and then immediately release an electron, or to release an electron that has
existed within the center thus producing a hole. The impurity causing the center
determines at what energy level capture takes place. The electron involved may not
Jicessari]y be a free charge, but one from a covalent bond. In any case, the center
acts as an intermediate “holding” point of charge carriers.

Another imperfection more common to silicon than to germanium is the trap.

variation of the recombination center, the trap as the name implies captures a carrier
gnd holds it; emptying occurs only upon release of the first carrier, which may be
eld in the trap up to several minutes. Trapping is unlikely in germanium at normal
emperatures, but does appear around —80°C. In silicon, trapping is common at room
emperatures (25°C)."”

The effects of the various imperfections in semiconductor crystals are many, and
ot always easily explained. Although much is already known about semiconductor
mperfections, it is generally recognized that other imperfection mechanisis, as yet
ot known, may exist. Of importance, however, is that those working with diodes and
ransistors recognize that imperfections are both good and bad. They both hinder
and help, depending of course on the imperfections involved. Semiconductors would
not be possible without imperfections, yet by their very nature they act in many
devious and obscure ways.

CONDUCTIVITY IN CRYSTALS

As already mentioned, to be of practical use transistors require crystal material of
greater conductivity (lower R/CM?®) than found in highly purified germanium and
silicon. Conductivity can be increased by subjecting the crystal to heat, to radiation,
or by adding impurities to the crystal when it is formed.

THERMAL

Heating the crystal will cause the atoms which form the crystal to vibrate. Occa-
sionally one of the valence electrons will acquire enough energy (ionization energy) to
break away from its parent atom and move through the crystal. Since the atom has
lost an electron, it will thus assume a positive charge equal in magnitude to the charge
of the clectron. In turn, once an atom has lost an electron it can then acquire another
electron from one of its neighboring atoms. This neighboring atom may, also in turn,
acquire an electron from one of its neighbors. It is evident that each free electron
which results from the breaking of a covalent bond will produce an electron deficiency
which can move through the crystal as readily as the free electron itself. It is con-
venient to consider these clectron deficiencies as positively charged particles called
holes. Each time a covalent bond is broken and a negative electron set free, a positive
hole is simultaneously generated. This process is known as the thermal generation of
hole-electron pairs. The average time either charged carrier, the hole or the electron,
exists as a free or mobile carrier is known as lifetime. Should a free electron join with
or collide with a hole, the electron will fill the existing electron deficiency which the
hole represents and both the hole and the electron will cease to exist as free charge
carriers. This joining or colliding process is known as recombination.

e ————— —————————— —— — —— -}



1 BASIC SEMICONDUCTOR THEORY

RADIATION

Transistor crystal material is very sensitive to radiation. Neutron bombardment,
gamma rays, beta rays, both slow and high energy particles in various forms can
effect semiconductor material. Their influence is to increase crystal lattice imperfec-
tions. Atoms, normally in space locked position within the crystal, are knocked out of
position and into interstitial positions where they come to rest. What was a perfect
lattice structure at that particular location in the crystal becomes imperfect by the
generation of atomic vacancies as well as extra atoms. The result is a drastic reduction
of minority carrier lifetime, and a change in conductivity. Moreover, how conductivity
changes depends on the nature of the semiconductor material; that is, whether n-type,
p-type, silicon, germanium, and so on.

IMPURITIES

Conductivity can also be increased by adding impurities to the semiconductor
crystal when it is formed. This is often referred to as doping. And doping level refers
to the amount of impurities added. These impurities, added in the form of atoms,
replace a few of the existing semiconductor atoms that make up the crystal lattice
structure. An impurity atom, depending on its nature (see Table 2), may either donate
a free electron to the crystal structure or it may accept a free electron from another
atom in the structure.

N-Type Material

As shown in Figure 1.6 should the replacement impurity atom contain 5 electrons
in its valence band, four will be used to form covalent bonds with neighboring semi-
conductor atoms. The fifth electron is excess, or extra. It is therefore free to leave its
parent atom. When it leaves it does not leave behind a space, or hole, since the four
remaining electrons join covalently with electrons of the neighbor atoms and thus
satisfy all localized valency requirements. The donor atom is therefore locked in posi-
tion in the crystal. It cannot move. With the loss of the electron the donor’s charge
balance is upset causing it to ionize. The donor impurity atom, therefore, can be
viewed as a fixed-in-position positive ion.

\
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Figure 1.6
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Since, in practice, imperfections exist in the crystal, to some extent holes also will
exist. But since the electrons greatly outnumber the holes, the crystal is negative in
nature and called n-type semiconductor. Inasmuch as electrons and holes are present
in the crystal, both will contribute to the conduction process. Electrons, predominating,
aré the majority carriers; holes the minority carriers.

P-Type Material

Should, on the other hand, as shown in Figure 1.7, the replacement impurity atom
contain only 3 electrons in its valence band, all three will be used up in covalent bonds
with neighboring semiconductor atoms. Since a lack, or deficiency, of one electron
prevails an empty space will exist causing one bond to be unsatisfied. This empty
space in the impurity atom’s valence band is called a hole and is positive in nature.
As such, it is able to accept an electron from the crystal in order to satisfy the incom-
plete bond. As in the case of the donor atom, this action contributes to locking the
acceptor in its lattice position. It cannot move. The gaining of an electron upsets the
acceptor’s charge balance causing it to ionize; thus, the acceptor impurity atom, like
the donor, can also be viewed as a fixed-in-position ion, but one of negative charge.
$ince, in this case, a hole has been generated elsewhere in the crystal, positive holes
predominate and the material is called p-type.
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In p-type material, just as in n-type, both holes and electrons exist and contribute
to the conduction process. Holes, predominating, are the majority carriers; electrons
the minority carriers. With two oppositely charged carriers in existence in both n and p
materials, two conduction (current) paths of opposite direction must exist. Both are
of great importance to transistor action.

To summarize, solid-state conduction takes place in semiconductor crystals by the
movement of charge carriers known as holes and free-electrons. These holes and elec-
trons may originate either from donor or acceptor impurities in the crystal, or from
the thermal generation of hole-electron pairs. During the manufacture of the crystal,
it is possible to control conductivity and make the crystal either n-type or p-type by
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adding controlled amounts of donor or acceptor impurities ( Table 1.2). On the other
hand, thermally generated hole-electron pairs cannot be controlled except by vary-
ing the crystal temperature.

ELEMENT  GROUP IN | NUMBER APPLICATIONS IN

PERIODIC VALENCE
(SYMBOL) TABLE ELECTRONS SEMICONDUCTOR DEVICES

Acceptors 3 Trivalent (3), or acceptor, elements
are used to form p-type semicon-
ductors. A trivalent atom replaces
a quadravalent atom in the lattice
structure; lacking one electron in
its valence band the trivalent atom
is thus able to accept one electron
from a neighboring quadravalent
atom to produce a hole.

boron (B)

aluminum (Al) III
gallium (Ga)

indium (In)

Semiconductors Quadravalent (4) elements are basic
semiconductor materials. When
combined with controlled amounts
of trivalent or pentavalent mate-
rial, p-type or n-type transistor

crystal, respectively, is formed.

germanium (Ge)

silicon (Si) v

Donors 5 Pentavalent (5), or donor, elements
are used to form n-type semicon-
ductors. A pentavalent atom re-
places a quadravalent atom in the
lattice structure; containing an
excess electron in its valence band
it is thus able to donate one free
electron to the crystal lattice
structure.

phosphorus (P)
arsenic (As)
antimony (Sb)

MATERIALS USED IN THE CONSTRUCTION OF TRANSISTORS
AND OTHER SEMICONDUCTOR DEVICES

Table 1.2

TEMPERATURE

Carriers move through a semiconductor by two different mechanisms: diffusion or
drift. In either case temperature plays a singularly important part. Atomic activity is
said to cease at absolute zero, but this is only an assumption. At absolute zero tem-
perature (—273.165°C) a finite amount of kinetic energy is known to exist. This ever-
so-small activity is known as zero-point energy and in modern physics can be located
only by extremely involved methods. It is well known that charged carriers in semi-
conductor material are strongly influenced by temperature and that as temperature
increases so too does the atomic activity. Atomic movement and motion is ever present,
and the extent to which such activity and agitation occurs is only a matter of degree.
In any lattice structure where all atoms are strongly bound together by covalent
bonds, the atoms are continually shaking and vibrating in their lattice positions due
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alent bonds. Any motion of the atom, no matter how extreme, is a vibratory and
elagtic motion. The atom’s position does not change unless a flaw exisits in the crystal.
Electrons moving in their orbits also vibrate and become excited with temperature.
th continued temperature increase, their vibration becomes more violent to the

this hole.
Too, as mentioned under Crystal Flaws, thermal effects are characterized by the

joi

le, therefore, at any given temperature there is always atomic activity occurring
semiconductor material; the lowcer the temperature the less the activity, the higher
tlje temperature the greater and more violent the activity.

NDUCTION: DIFFUSION AND DRIFT
IFFUSION

Since many charge carriers are actively moving throughout the crystal, at any
iven location a concentration of carriers may occur. Whenever there is a difference
ip carrier concentration in adjacent regions of the crystal, carriers will move in a
random fashion from one region to another. Moreover, more carriers will move from
regions of higher concentration to regions of lower concentration than will move in the
pposite direction. In the simplest illustration, this permeation, or spreading out of
arriers, throughout the crystal is shown in Figure 1.8 and is known as diffusion. The
rocess is not easily explained in terms of a single electron’s movement. It can be
hought of as a sporadic, or random, or unorganized electron movement when the
rystal is free from the influence of an electric field.

The action of diffusion is an omnipresent process in a semiconductor, dependent
n the impurity content, and on temperature.

The principles of diffusion, that is, the atomic penetration of one material by
nother, are used in semiconductor manufacture to advantage, being widely used to
orm pn junctions in semiconductors. Briefly, the process consists of exposing ger-
1anium or silicon to impurity materials known as diffusants, generally in a furnace.
oth time and temperature are of extreme importance, as well as the type of impurity
diffusant (indium, antimony, etc.) used. Since each diffusant exhibits an individual
diffusion constant (D), the time and temperature required for a diffusant to reach a
given depth of penetration into the semiconductor will vary. Indium, for example, is
a slow diffusant while antimony is much faster.

DRIFT

Even when subjected to an electric field the process of diffusion persists. The
action is somewhat more defined and orderly, however, in that the field’s influence
causes charge movement to occur parallel to the direction of the field. This is often
referred to as drift mobility and implies both thermal and electric field influences
acting on the charge carriers.

Drift is a process that accelerates charge movement within the crystal. Should a
battery, for example, be connected across the crystal, a definite and deliberate move-
ment of carriers will begin. Direction of movement will depend on the polarity of the
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ELECTRON DIFFUSION IN SEMICONDUCTOR
Figure 1.8

electric field generated by the battery. Where before the fields existence carrier move-
ment was random and sporadic — and a more or less overall state of electrostatic
equilibrium existed — with voltage applied, equilibrium is upset; charge carriers are
influenced, and electrical conduction takes place. This is illustrated in Figure 1.9(B)
where a single conduction path in n-type semiconductor material is shown. (Figures
1.9 and 1.10 are illustrative only. Since they are two-dimensional models, presented
to help explain a highly involved, and in many cases difficult to explain theory, they
should not be taken too literally.)

All atoms, semiconductor and donor impurity, are locked in their lattice positions
by covalent bonds as shown in Figure 1.9(A). Atoms cannot and do not leave these
fixed positions. Prior to closing the switch electrons are in a continuous state of thermal
diffusion throughout the crystal. Closing the switch produces an electric field through-
out the crystal which influences the diffusing electrons to drift around the circuit.

Referring to Figure 1.9(B), as electron 1 enters the semiconductor through the
left negative ohmic contact, electron 4 simultaneously leaves at the positive end.
A balance is thus maintained between the crystal and the external circuit by this
equal exchange of electrons into and out of the crystal. Electron 1 joins the hole left
by the departure of electron 2 into conduction. Since the donor atoms contain extra
electrons, these are also freed into the conduction process, or conduction band, to roam
the crystal.

During this instant several things, all important to transistor action, happen: a hole-
electron pair is generated, free charge carriers (electron and hole) exist for a lifetime
to produce a portion of the overall conduction process, and, free charge carriers
(electron and hole) unite together in recombination. Here, in essence, is the process
of conduction in a semiconductor — generation, lifetime, and recombination. (It is
important to keep in mind, that in this process, only the valence electrons possess the
ability to leave the valence bands of their parent atoms and roam throughout the
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l_ BASIC SEMICONDUCTOR THEORY 1
crystal; holes, being what they are — electron deficiencies — remain at the level of the
valgnce band. Holes, therefore, cannot and do not exist outside of semiconductor
material.) In Figure 1.9(B) hole activity can be better followed by starting with
elegtron 4 leaving atom C.

lectron movement, then, is an actual movement from negative to positive around
the| total circuit while hole movement is from positive to negative, but only inside

Figure 1.10 depicts conduction in p-material. As shown in Figure 1.10(A) all
iconductor and acceptor impurity atoms are locked in their lattice positions by
coyalent bonds. Since the impurity atoms are acceptors, holes predominate. Electrons,
although in the minority within the crystal, are still basic to the conduction process.
In|Figure 1.10(B), starting at the positive terminal, hole movement can be followed
through the crystal towards the negative terminal. Note that the impurity atoms accept
elgctrons from some other bond in the crystal, thus causing the acceptors to ionize and
become negative. These electrons moving to the acceptors leave other holes behind.
The process is not unlike that depicted for n-type material except that in p-material a
gheater number of holes exist in the semiconductor to contribute to current conduction.
Hple migration, then, is from positive to negative in the crystal; while electron conduc-
tibn is from negative to positive. Just as in n-type material, conduction within the
crystal is by generation, lifetime, and recombination of charge carriers.

For the single conduction paths illustrated in Figures 1.9(A) and 1.10(B) it is
interesting to note that if the electrons and holes are counted, keeping in mind that
electrons 1 and 4 equal one charge,* the following results.

I Electron Holes
_ *1-2-3—-B)-® 1-2-3
I n-type semiconductor oy Cree R @
. 1°-2-3 1-2-3-@-@
p-type semiconductor Minor conduction Major conduction

Circled numbers indicate extra electrons
and holes.

PN JUNCTIONS (DIODES)

Connecting the p-type and n-type materials of Figure 1.9 and 1.10 in series with a
single battery, as shown in Figure 1.11, is no different — from the viewpoint of the
external circuit — than connecting two resistors in series, with one exception. The
nature of conduction within each semiconductor material will be different, as already
explained. In the case of Figure 1.11, as voltage is increased a linear relationship will
prevail in accordance with Ohm’s law.

Should the center chmic contact be removed and an actual contact made between
p and n materials, action both inside the crystal and as viewed by the external circuit
will then differ radically from Figure 1.11. This change of character is brought about
by the forming of p and n materials into a pn junction. (Note the word “forming” is
used, not “connected.” Reliable and efficient pn junctions cannot be made by placing
pieces of p and n materials together. Tightly pressing, or even welding the materials
allows only small area surface contact to be made. Too, the exposed surfaces can be
contaminated by airborne impurities. For optimum control of conduction, pn junction
structure must be single crystal in nature. This means that single crystal material must
be continuous from n material through the junction and into the p material. This is

e ——— = ————— = ——————



1 BASIC SEMICONDUCTOR THEORY

ELECTRON DRIFT  _ . ELECTRON DRIFT
—\\|i}
OHMIC
l CONTACT ]
—r
MAJOR HOLE | | 1 MINOR HOLE
_DRIFT_ _ LORIFT_
Vi N = _ W (,.

MINOR ‘ MAJOR ]

ELECTRON 1 ELECTRON
DRIFT ; /

ELECTRON DRIFT
P-TYPE AND N-TYPE MATERIAL CONNECTED IN SERIES
Figure 1.11

accomplished by chemical mecans. Suffice to say that pn junction fabrication is highly
conmiplex and specialized, and beyond the scope of this Manual. Figure 1.12, therefore,
is illustrative only.)

Prior to the p and n materials being joined, atomic activity within each is random.
Figure 1.12(A) is representative of this state. Since holes predominate in the p mate-
rial and electrons in the n, cach material — although electrically neutral unto itself —
will exist at a different charge level from the other because of differences in nature
and impurity content. When the two dissimilar materials form, as shown in Figure
1.12(B), an cnergy exchange occurs as the materials try to equalize. This exchange
is shown by clectrons 1 and 2 moving across to fill the holes in the p-type material.
At this instant of brief conduction the donor and acceptor atoms change their charge
states and ionize. This is shown in Figure 1.12(C). (It should be kept in mind that
this is a two-dimensional, highly simplified illustration, and all action is in reality
three-dimensional with many more charged carriers involved.)

The electrical neutrality of both p and n materials (existing at different charge
levels), upset by this brief but dynamic exchange of electrons, tend to align with
each other (alignment of Fermi levels). During the forming, hole-electron recombina-
tions readily occur, and as the action progresses a limited area empty of free charge
carriers is produced. This “no free-charge land” is called by many names: barrier,
depletion region, dipole layer, junction barrier, potential barrier and sometimes space
charge region. But mostly it is referred to as a pn junction or junction diode.

It would seem that during this brief forming process that all existing free charge
carriers should combine. If this did occur, assuming equal impurity content, a single
piece of neutralized crystal would result; it would be neither p nor n in nature. After
a few recombinations take place in the vicinity of the junction area, and a “no free-
charge land” produced, conduction decreases as an electric field builds up, generated
by — and located between — the newly created positive ions in the n-type material
and negative ions in the p-type material. Figure 1.12(D) attempts to illustrate the pn
junction after forming.

Total recombinations cannot occur, however, because of thermal gencration of
hole-electron pairs, hole-electron recombinations, and the effects of recombination
centers and trap imperfections, All combine in a highly complex process to bring
about a barrier balance. The eventual culmination of this forming process can be
viewed as a balance of major and minor conduction currents as shown in Figure 1.13(A).
Perfect burrier balance is never completely possible because of external influences.
Much like the balancing of a set of delicate scales when a state of equilibrium exists,
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soit is with a pn junction. Although a depletion area exists, and in theory no charge
movement across the barrier is taking place, in reality the barrier balance is such that
ocgasional charge carriers do diffuse to opposite regions to cause opposing currents
tojexist. At any instant currents may be equal or unequal in magnitude since tempera-
ture is always present.

JUNCTION CAPACITY

With each side of the barrier at an opposite charge with respect to the other, each
sifle can be viewed as the plate of a capacitor. In short, the pn junction possesses
capacity. As illustrated in Figure 1.13 junction capacity changes with applied voltage.
Figure 1.14 graphically shows junction capacity variation with reverse voltage for two
different device junctions.

Depending on the application, junction capacity can be an advantage, or a detri-
njent. To illustrate the former, the FM Tuner in Chapter 15 uses a reverse biased IN678
tg accomplish Automatic Frequency Control (AFC) of the oscillating converter. The
diode, in this case, is being used as a dc voltage controlled variable capacitor. As a
detriment, in high frequency amplifier applications where small capacity effects are
more apparent, the same junction capacity would not be desirable since it limits the
transistor’s upper useful frequency of operation. Further, in intermediate and high
frequency amplifier applications excessive collector-base capacity can cause positive
feedback and undesirable oscillation. On the other hand, should the capacity be such
that it is within the limits of the associated tuning circuit’s required LC ratio, it might
he used to advantage as part of the capacitive component. Chapter 2 discusses in
reater detail device capacities in general, and their effects on high frequency
erformance.

The barrier’s electric field is often referred to — and can be visnalized — as a space
harge equivalent battery. Since the field spans a specific distance it is said to have
idth, and since the field possesses an intensity it is said to have height. These effects
an be expressed in volts. A pn junction made from germanium, for example, can be
hought of as having an equivalent battery field voltage of about 0.3 volt; a junction
rade from silicon, about 0.6 volt. Both the width and height can be changed by
pplying an external voltage to the crystal. Herein lies the real importance for the
xistence of the pn junction in its relation to external circuitry. Depending on the
polarity of the applied voltage, the crystal will either pass or block current. In short,
t will rectify.

URRENT FLOW
In the field of electronics one of the first great bewilderments of many students is
that of current flow. Not necessarily the physics of it, but its direction. One school of
thought has current flowing in the direction of electron drift, negative to positive.
Another has agreed that current flows positive to negative. This is known as conven-
tional current flow. The fact that two different and opposing flow directions are recog-
nized in electronics has always been confusing for students in general to cope with.
The arrival of the transistor compounded the confusion since it brought with it current
flow by hole movement, from positive to negative. Add to the foregoing such diverse
terms as: forward current, reverse current, saturation current, leakage current, etc.,
and it is understandable why semiconductors on first encounter can be confusing.
The question itself of “which way does the current flow?” is academic. In practical
circuit design it can even be a trivial consideration, except where accurate communica-
tions is involved; of real importance is that one try to be consistent. Consistency is
not always easy, however, when dealing with the semiconductor “world of opposites.”

DIODE “CONCEPT”
With the “opposite” natures of npn and pnp transistors, the opposite voltage polari-
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ties each require, and the opposite natures of hole and electron movement taking place
within a transistor at the same instant, it is not surprising to find even seasoned circuit
designers, especially in their first encounters with solid state devices, bewildered with
transistor action. One way to overcome this first confusion and induce some sense into
practical circuit work is to apply the “diode concept” approach as an aid. This pre-
cludes, however, thinking in terms of charge carrier movement, for the moment at
lebst, and requires visualizing by conventional current flow, positive (+) to negative
(). The “diode concept” presents a pn junction as shown in Figure 1.15.

ANODE IS
ALWAYS POSITIVE
ANODE P-MATERIAL ANODE
P
N
CATHODE
CATHODE CATHODE IS
ALWAYS NEGATIVE
N-MATERIAL
PN JUNCTION "DIODE CONCEPT" DIODE SYMBOL

BLOCK DIAGRAM
“DIODE CONCEPT” OF PN JUNCTION
Figure 1.15

It is only necessary to keep in mind

1. Anode is always positive p material.

2. Cathode is always negative n material.

3. Conduction (passing of current) occurs when positive potential is applied
to positive p anode and negative potential to negative n cathode (forward
bias).

4. Blocking occurs when negative potential is applied to positive p anode and
positive potential to negative n material (reverse bias).

Figure 1.16 illustrates these simple points.

1= FLOWS 1= BLOCKED

+ =
ANODE‘I% J_.;. &7 J:-
CATHODE ' — T‘ “+ T

(A) FORWARD (B) REVERSE
BIAS OF PN JUNCTION

Figure 1.16

BIAS: FORWARD AND REVERSE

At this point it would be helpful to replace the junction diode, which, it should
be remembered is a unilateral (one-way) device, with a resistor, which is a passive
bilateral (two-way) component. The electrical difference between the two can be
shown by graphically plotting voltage vs. current.
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Connecting a 1000 ohm resistor in the simplest form of electric circuit, a series
circuit, using a current meter (or a zero center galvanometer), and a 1 volt power
supply, a current will flow causing the meter to deflect to I = E/R = 1/1000 = 1 ma;
should the battery polarity be reversed and a second reading taken, the current flow
would again cause the meter to deflect to 1 ma, but in the opposite direction. Record-
ing a series of voltage vs. current readings from zero voltage, first with the battery
connected in one direction, say the forward direction; then in the opposite direction,
say the reverse direction, will show a linear relationship between voltage and current.
This is illustrated in Figure 1.17. As shown, whether the resistor is forward or reverse
biased, a linear plot results. The variable battery, in theory at least, sees an unchanging
positive resistance of 1000 ohms. This is not true, as shown in Figures 1.13(B,C) and
1.17, when a pn junction diode is subjected to forward and reverse voltages.

+I FORWARD BIAS

REVERSE
BREAKDOWN LoV
I

_VR
T T TiMA |
10008
RESISTOR
P T
Yy, -1
I ‘n + R
Iq \J

REVERSE BIAS

DC CHARACTERISTICS OF RESISTOR, GERMANIUM
DIODE, AND SILICON DIODE UNDER INFLUENCE OF FORWARD
AND REVERSE BIAS VOLTAGE

Figure 1.17

Figures 1.13(B,C) and 1.17 represent the classical semiconductor diode curve. As
with other phenomena of the physical sciences, the pn junction is also governed by
natural laws of growth and decay. Charge diffusion across the barrier, charge lifetimes,
charge concentration, and temperature, all influence the shape of the curve. As with
many of the other phenomena in nature, the pn junction curve, under conditions of
variable bias, is characterized by “natural” logarithms, and the following well known
pn junction equation applies.

Ir = Is (/57— 1)
where
I+ = forward current
Is = reverse, or saturation current
¢ = natural log 2.71828
q = electron charge 1.6 X 107" coulomb
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V = applicd bias voltage

K = Boltzmann’s constant (1.38 X 107 watt sec/°K)

T = absolute temperature in degrees Kelvin (at room temperature K = 300)
At room temperature the exponent KT/q = 0.026 volt, thus

Ie =I5 (= 1)

Forward bias corresponds to positive values of V while reverse hias conditions corre-
spond to negative values of V. In the case of reverse bias (negative V) the exponential
term will diminish. Since the barrier is widened and charge movement at a minimum,
durrent flow will be small and relatively fixed by thermal energy absorbed by the
drystal; for this reason Is is often referred to as reverse saturation current since it is a
fixed variable, controlled only by design of the junction and thermal influences. I will
therefore diminish towards zero, and I« remain relatively constant. With I = zero, I«
small, and negative bias V large, the junction resistance will he very high.

With forward bias (positive V) the exponential term rapidly increases. This
dauses Ir to take on the classical “natural” look. With I large and V small, the junc-
tion resistance will be correspondingly very small. In practice I« is considered a
lpakage current tending to subtract from Ir. In germanium, reverse leakage is about
1000 times greater than in silicon.

TRANSISTOR

If it were possible to simulate the circuit in Figure 1.18, useful work could be per-
formed. Connecting resistor R1 in series with the 10 volt battery by placing the switch
in position A would cause an ampere of current to flow, resulting in a power dissipa-
tlon in R1 of 10 watts. If, when throwing the switch to position B, the same 1 ampere
¢ould be made to flow through R2, a hundred-fold gain in power dissipation would
tesult. Forgetting the drop in Rl and concentrating on R2, if R2 were in a position
to offer a large portion of the dissipated power to an external load where useful work
could be performed, Figure 1.18 could be considered an active circuit because of its
ability to amplify power. This, in effect, is accomplished by the transistor.

I— - Riz0Q R2=10009
AN . AV
I=RE—I=%=IAMR P2=1I%R2
+ s = 12X 10001000 WATTS
E=iOV = PI=LRI P2 1000
- = 12X 10210 WATTS A POWER GAIN= === ==2 2100
B
Ped
«——I

TRANSFER + RESISTOR = TRANSISTOR
Figure 1.18

By placing a second pn junction adjacent to the first, with the connecting semi-
¢onductor material common to both junctions, as shown in Figure 1.19, and by
‘orward biasing one junction and reverse biasing the other junction, the conditions
of power gain are possible. Depending on which side of the existing pn junction the
second junction is formed, will determine the transistor’s type, PNP or NPN. And as
shown in Figure 1.20 the type will determine the polarity of the bias voltages. Figure
1.22 shows the generally accepted circuit symbols used for NPN and PNP transistors.
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Transistors operate by the mechanisms of injection, diffusion, and collection. It
will be noted in Figure 1.20 that the three elements are labelled emitter, base, and
collector, regardless of type. Should the emitter-base portion of the transistor be for-
ward biased, a drift-movement of charges will begin. Majority carriers, holes or elec-
trons, depending on the transistor type, will enter the base region to recombine with
opposite carriers. In effect these majority carriers can be thought of as being emitted
from the emitter and injected into the base region. Those charges escaping recombina-
tion near the junction area will penetrate further into the base region. Once in the
base, carriers spread out by the process of diffusion. Applying a reverse bias of sufficient
magnitude from collector to base, as shown, will cause the carriers diffused throughout
the base region to continue into the collector region. Majority carrier movement will
therefore have taken place, originating within a low resistance region (emitter-base
junction) and by diffusion and collection through a high resistance region (base-
collector junction). The transistor therefore meets the conditions of Figure 1.18.
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Since the transistor is a three element, three lead device it is possible to use it in
any of three different, and useful, configurations. The identification of each of these
ipdividual circuits is derived from the clement “common” to both input and output.

igure 1.21 illustrates this, showing the three configurations: common base, common
mitter, and common collector; an often used variation is “grounded” emitter,
‘lgrounded” base, etc., since the common element is usually returned to the signal
ground point in a circuit.

ALPHA

Since fewer carriers reach the collector than leave the emitter region, the collector
¢urrent Ic will be less than the emitter current Is. The ratio I¢/Ii; defines the total
forward current gain of the transistor as viewed from an external circuit, and is called
¢lpha (a). This parameter is seldom greater than 1, and in practice falls between 0.95
to better than 0.99.

Within the device several mechanisms contribute to the transistor’s a. First, and of
great importance in controlling alpha, is the emitter efficiency 1, i.c., how efficiently the
emitter injects carriers into the base region. The greater the forward emitter current
moving from emitter to base, in contrast to opposing “leakage” current, the higher v
will be. This is brought about by a greater concentration of majority carriers existing
n the emitter than are present in the base region.

A second mechanism contributing to the transistor’s overall a is called the base
transport factor B*. As carriers diffuse through the base after being injected from the
iemitter, some will recombine in the base to form base current In. These carriers can be
considered lost since they will never reach the collector region. If few recombinations
are to occur in the base region, either the diffusion length of the injected carriers must
be such that they penetrate across the base to the collector region, or the width of the
base must be made narrower. Base width as it relates to carrier penetration is therefore
critical if the greatest number of carriers injected into the base are to reach the col-
lector region. Transport factor * is also a controllable mechanism of importance in
transistor action.

The mechanism of carrier collection by the collector region is known as collector
multiplication factor a*. In general, it gives an indication of the level of current injec-
tion from base to collector region and is a function of the relationship existing between
majority carriers present in the collector to those being injected. Normally, a* is
equal to unity.

By proper selection of each mechanism, through control of the nature and size
of p and n materials that make up the transistor, the a is controllable.

Alpha (a) is sometimes called dc alpha, or ar, to indicate forward current transfer
ratio, the dc¢ current gain of the device itself. Since this is a static dc measurement, it
tells little of the gain or impedance characteristics of the transistor when subjected to
signal conditions in an actual circuit. It does, however, offer some indication as to the
merit of the transistor as an active device; that is, whether it is capable of power gain.
Under de conditions, dc alpha (ar) is usually designated avs for the common-base
configuration. The capital letters F and B point out that static dc conditions prevail,
and that the forward current gain of a common-base circuit is being defined. By the
matrix method of circuit analysis small-signal gain is abbreviated hem, and sometimes
as hn. This is discussed in Chapter 2.

BETA

As shown in Figure 1.21 for the common-base circuit, if the emitter current
I. = 1 and Ic = a the base current Is = 1 — a. Connecting the transistor into a
common-emitter configuration and feeding signal into the base, forward gain would
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then be

Ie_ a 99 _ .99

In 1—a 1— .99 .01
thus the CE configuration is more useful in that it produces more gain than the common-
base circuit. The a/1 — « ratio is referred to as beta, or B. The static dc forward current
gain of a transistor in the common-emitter configuration is designated as “dc beta,” g,
ha1p, or hre. The latter two terms come from the matrix method of circuit analysis.

It should be noted that if « is high, the base current term 1 — a is quite small.
Therefore, the higher the transistor’s alpha, the higher the impedance looking into the
base of a common-emitter configuration. Hence, by virtue of its combination of high
input impedance and high gain, the common-emitter configuration more readily meets
general amplifier requirements. (Chapter 6 discusses frequency limitations of CB and
CE configurations under Gain Bandwidth Product.)

BASE-EMITTER BIAS ADJUSTMENT
A useful rule-of-thumb common to both NPN and PNP transistors is presented in
Figure 1.22 for adjustment of base-emitter bias. Difficulty is often encountered in the
first practical transistor circuit work in recognizing that
1. Moving the base towards the collector voltage supply turns the transistor on.
2. Moving the base away from the collector voltage supply turns the tran-

As an example, if a = .99, =99

sistor off.
TURNS * +
TRANSISTOR R ON
ON 1.
T + 717 In-coLLECTOR
A rg- SIGNAL
$e—+4 |P-BAsE v ouT
o (v3
< [}
| LYo )/
- 1 N-EMITTER
TURNS B e
TRANSISTOR OFF
OFF + - : + -
NPN DIODE "CONCEPT" NPN SYMBOL
(A)
TURNS %R ON
TRANSISTOR oL I
ON =T
- | 1P-COLLECTOR SIGNAL
T - -%- v. OouT
b IN-BASE ce
[t wh!
l = 1P~ EMITTER l /
Lodisd)
TURNS
TRANSISTOR OFF
OFF —& + + ! ‘ + +
PNP DIODE "CONCEPT" PNP SYMBOL

(8)

BASE-EMITTER BIAS ADJUSTMENT TURNS TRANSISTOR “ON” OR “OFF”
Figure 1.22

As shown in Figure 1.22(A) by the “diode concept” method, when the base con-
nected slider A is moved toward the positive voltage supply, the anode of the base-
emitter diode goes positive with respect to the cathode. Since this forward biases the
diode, it conducts (Ig) and the transistor turns on allowing collector current (Ic) to
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ow. Moving slider A away from the positive supply voltage decreases forward bias
cross the base-emitter diode causing the diode, hence the transistor, to turn off.

RANSISTOR SWITCH
When turned fully on, the transistor is said to be operating in the saturation region.
hen turned fully off, it is said to be operating in the cut-off region. ( The region be-
ween is often referred to as the transition region.) The transistor can therefore be
sed as a switch by simply biasing the base-emitter diode junction off (cut-off) or on
Fsaturation). Chapter 6 offers a detailed discussion of Switching Characteristics.

TRANSISTOR AMPLIFIER

Adjusting base-emitter bias to some point approximately midway between cut-off
and saturation will place the transistor in the active, or linear, region of operation.
When operating within this region, the transistor is able to amplify. Figure 1.23 locates
the cut-off, active, and saturation regions of transistor operation on a typical set of
collector characteristic curves. For amplifier operation, base-emitter dc¢ bias will be
approximately 0.3 volt for germanium and 0.6 volt for silicon, shown as point B in
Figure 1.17.
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Figure 1.23

SYMBOLS AND ABBREVIATIONS

Chapter 2 discusses the transistor as a small-signal low and high frequency device.
It should be noted that parameter symbols differ from those in Chapter 1 where only
dc conditions are considered. Inasmuch as the transistor encounters a variety of elec-
trical conditions, a variety of symbols is necessary to describe these conditions. Direct
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current, no signal conditions — as discussed in this chapter — are defined by all capitals;
ac rms signal conditions by capital and lower case subscripts; instantaneous conditions
use all lower case letters. Examples of this mixture follows.

DIRECT CURRENT ALTERNATING CURRENT | ALTERNATING CURRENT
(no signal) (rms conditions) (instantaneous conditions)

Is, Veu, Ii, etc. I, Ve, L., etc. ib, Vb, le, €tC.

More complete information on Letter Symbols and Abbreviation for Semiconduc-
tors is given in Electronic Industries Association (EIA) document RS-245. This is
available from the Engineering Department of EIA, 11 West 42nd Street, New York
36, New York, at a nominal cost. Additional symbol information is presented in Chap-
ter 19 of this Manual.

LEAKAGE

As previously mentioned, the real importance of the pn junction is its ability to
pass or block current flow; that is, to function as a unilateral device. But this suggests
a perfect junction. In practice this is not the case.

Generation of hole-electron pairs by thermal influences causes a reverse leakage
to exist in any pn junction. Referred to as either Ico or Icno in transistors (measured
from collector-to-base with emitter open, hence subscript CBO), leakage is generated
in four ways.

One component originates in the base region of the transistor. At any temperature,
a number of interatomic energy bonds will spontaneously break into hole-electron
pairs. When a voltage is applied, holes and electrons drift in opposite directions and
can be seen as Ico current. When no voltage is present, the holes and electrons
eventually recombine. The number of bonds that will break can be predicted theo-
retically to double about every 10°C in germanium transistors and every 6°C in silicon.
Theory also indicates that the number of bonds broken will not depend on voltage over
a considerable voltage range. At low voltages, Ico appears to decrease because the drift
field is too small to extract all hole-electron pairs before they recombine. At very high
voltages, breakdown occurs.

A second component of Ico is generated at the surface of the transistor by surface
energy states. The energy levels established at the center of a semiconductor junction
cannot end abruptly at the surface. The laws of physics demand that the energy levels
adjust to compensate for the presence of the surface. By storing charges on the surface,
compensation is accomplished. These charges can generate an Ico component; in fact,
in the processes designed to give the most stable Ico, the surface energy levels con-
tribute much Ico current. This current behaves much like the base region component
with respect to voltage and temperature changes. It is described as the surface
thermal component in Figure 1.24.

A third component of Ico is generated at the surface of the transistor by leakage
across the junction. This component can be the result of impurities, moisture, or surface
imperfections. It behaves like a resistor in that it is relatively independent of tempera-
ture but varies markedly with voltage.

The fourth component of Ieo is generated in the collector depletion region. This
component is the result of hole-electron pair formation similar to that described as the
first Ico component. As the voltage across the collector junction is increased, the deple-
tion region will extend into the base and collector regions. The hole-electron pairs
generated in the base portion of the depletion region are accounted for by the first Ico
component discussed, but those generated in the collector portion of the depletion
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Figure 1.24

region are not included. The number of pairs generated in the collector portion of the
depletion region and, thus, the Ico from this region depend on the volume of the
depletion region in the collector. Inasmuch as this volume is a function of collector
and base resistivity, of junction arca, and of junction voltage, the fourth component
of Ico is voltage dependent. In an alloy transistor, this component of Ico is negligible
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since the collector depletion layer extends only slightly into the collector region due to
the high base resistivity and low collector resistivity. In a mesa or planar structure,
where the collector region is not too heavily doped, the depletion region extends into
the collector, and this fourth Ico component may be appreciable. Since this mechanism
of Ico generation is hole-electron pair formation, this component will be temperature
sensitive as well as voltage dependent.

Figure 1.24( A) shows the regions which contribute to the four components. Figure
1.24(B) illustrates how the components vary with voltage. It is seen that while there is
no way to measure the base region and surface energy state components separately,
a low voltage Ico consists almost entirely of these two components. Thus, the surface
leakage contribution to a high voltage Ico can be readily determined by subtracting
out the low voltage value of Ico, if the collector depletion layer contribution is small.

Figure 1.24(C) shows the variation of Ico with temperature. Note that while the
surface thermal component, collector depletion region component and base component
of Ico have increased markedly, the surface leakage component is unchanged. For this
reason, as temperature is changed the high voltage Ico will change by a smaller per-
centage than the low voltage Ico.

Figure 1.25 shows typical variation of Ico (Icro) with temperature for germanium,
voltage and temperature for silicon.
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BIAS STABILITY

In actual transistor circuit design one of the more important aspects of the design
is dc biasing (see Chapter 4). Since stable circuit operation is highly dependent on
temperature, thermal influences that may effect the transistor and therefore circuit
performance must be considered in design of the dc bias circuit.
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The three most important transistor parameters to be considered are dc forward
current gain heg, reverse leakage Ieno, and base-emitter voltage Vae. All vary with
temperatunre. All effect bias stability and must be accounted for if stable operation is
to result.

Figure 1.26 shows typical variation of dc¢ current gain hex, and ac current gain he.
vs. temperature. Since dc gain hes is here defined as I¢/In, and since Ie is approxi-
mately equal to hre (In + Ico), it can be secn that hee is dependent on Ico. (Ig repre-
sents the current measured if an ammeter is inserted in the base.) If the base is open
circuited (In = 0), collector current will continue to flow of magnitude Ic = hes oren Ico,
since Ico is diverted through the emitter. The hre oprx term is defined as aN/1 — aN
where aN (alpha N) is the ratio of collector to emitter currents with zero collector to
base voltage, at an emitter current approximately the value of herorex Ico. As defined
here, her is infinite when In = 0. Dc gain hey will rapidly increase with temperature
because of Ico.

In contrast, ac current gain h¢. is relatively independent of Ico and generally in-
creases about 2 to 1 from —55° to +85°C. Figure 1.26 illustrates the variation of both
hyx and he. with temperature.
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Figure 1.26

Normal semiconductor properties tend to disappear at high temperatures with the
result that transistor action ceases. This temperature usually exceeds 85°C and 150°C
in germanium and silicon transistors, respectively.

When a transistor is used at high junction temperatures, it is possible for regenera-
tive heating to occur which will result in thermal run-away and possible destruction of
the transistor. For maximum overall reliability, circuits should be designed to preclude
the possibility of thermal run-away under the worst operating conditions. Thermal
run-away is discussed in detail in Chapter 4.

A major problem encountered in the operation of transistors at low temperatures is
the reduction in both the ac and dc current gain. Figure 1.26 shows the variation of
her with temperature for the 2N525 and indicates that at —50°C the value of hrs
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drops to about 65% of its value at 25°C. Most germanium and silicon transistors show
approximately this variation of hex and h¢. with temperature. In the design of tran-
sistor circuits, the decrease of hre and he., and the increase of Vie (see Figure 4.2) at
the lower temperatures must be accounted for to guarantee reliable circuit operation.
This is discussed in Chapter 6.

Variation of reverse leakage Icno with temperature has already been discussed
under Leakage. Further and more specific information will be found in Chapters 4
and 6. Variation of base-emitter voltage Vi with temperature is covered in Chapter 4
and illustrated in Figure 4.2.

THERMAL SPECTRUM

Figure 1.27 illustrates a portion of the thermal spectrum. Comparison temperature
scales appear in degrees Centigrade and degrees Fahrenheit. The illustration is attempt-
ing to show, in pictorial terms, the present semiconductor storage, operating, and circuit
design limits, and compare these limits with other known points throughout the tem-
perature spectrum.

Melting point temperatures of a variety of metals used in semiconductor manufac-
ture are also included, as well as prime semiconductor materials, germanium and silicon.
Many other materials important to semiconductor manufacture do not appear because
of space limitations.

Shaded areas point up the three generally accepted semiconductor circuit applica-
tion categories: entertainment, industrial, and military. All overlap to some degree
depending on individual circuit design specifications; and in some instances circuit
applications from an “outer” category will fall within a less severe “inner” category.

In any circuit application involving semiconductors, consideration of temperature
is vital. As previously mentioned, reliable operation of a transistor over a wide tem-
perature range requires that bias voltage and current remain reasonably stable. At the
outset of any circuit design a temperature range should be chosen over which the
circuit must reliably function. If the circuit is to be used in an electronic musical instru-
ment for home entertainment, for example, temperature limits from 0°C to 55°C
should more than suffice. This range allows some safety factor to insure against severe
temperature ambients that might occur. It would be required, from the standpoint of
reliability, that as temperature changed, circuit parameters such as frequency, gain,
power, distortion, etc., would not shift from a specified design center by more than
some allowed amount (% tolerance). Knowing his design centers, and ambient tem-
perature limits, the designer is then faced with selecting semiconductor devices,
associated circuit components, and a circuit design to meet the requirements. Figure
1.27 shows, that should the application fall within an “inner” category either germanium
or silicon transistors could be used. If temperature limits are increased, reliability would
be more difficult to “design in” with germanium devices. In this case either more
stringent circuit techniques must be called on, or lower leakage silicon devices used.

TRANSISTOR ABUSES

A manufacturer publishes a transistor specification sheet (Chapter 19) not only
to describe his devices, but more importantly, to warn the user of its limitations.
Naturally, in publishing his device specification the manufacturer assumes the user to
be somewhat familiar with the type of device described as well as the area of its appli-
cation. Where this knowledge is known to be lacking, additional information in the
form of application notes, technical tips, article publication in technical periodicals,
promotion material, manuals, and other sundry bits of educational material is usually
prepared.
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It scarcely needs mentioning, however, that the manufacturer, no matter how care-
fully he prepares his specification sheet, cannot guarantee his device against handling
abuses. Such abuses fall under two main headings: mechanical and electrical.

Over the years transistors have acquired the reputation for being highly reliable
and rugged. Continuous reliability studies substantiate this built-in “toughness” — up
to a point. It is these “points” or limitations that the designer must become familiar
with if he is to design reliable semiconductor circuits.

Following are some of the more common handling abuses that transistors are
subjected to.

MECHANICAL

Dropping — Semiconductor material is hard and brittle and can be damaged
by high impact shock. For example, dropping a transistor 4%” onto a hardwood
bench subjects the device to around 500g; a drop of 30" onto concrete may
increase the impact shock from 7000 to 20,000g; snapping a transistor into a
clip causes a shock of 600g; and the simple act of clipping a transistor’s lead
may generate a shock wave of several thousand g. Any high impact shock,
therefore, can cause fracture of the semiconductor material, or lead breakage,
resulting in complete ruin of the transistor.

Lead Bending — Several sharp back and forth bends of a wire will usually cause
it to break, or at least fracture. This is especially true of transistor leads at the
point where they enter, or attach to, the header. Some leads when bent during
testing and handling may easily break later since the “bending life” of the lead
has already been spent. Plated leads when subjected to excessive bending and
twisting can generate cracks at the header; such cracks offer openings for mois-
ture to enter and contaminate the device thereby causing gradual degradation
of gain and voltage characteristics. To insure against the foregoing it is always
well to remember: allow at least 342" to %" clearance between the header and
the start of a lead bend.

Overheating — If, during soldering, the maximum specified junction tempera-
ture of a device is exceeded, the device can be destroyed. Heat transmitted
over connecting leads and printed circuit board leads to the header can also be
destructive. Junctions can be shorted. Lead connections may open. Unequal
expansion between header and package may break the hermetic seal. Safety
precautions include: removal of the transistor from the immediate socket to
which heat is being applied, keeping in mind that the heat can quickly travel
along connecting wires to neighboring sockets; use heat shunts (clips, pliers,
etc.) connected between the heat source and the device; and, a soldering iron
of adequate heat delivery for the job to be done, Most small-signal transistor
circuit work can be accomplished by use of a 20 to 50 watt iron. Larger irons
can be used, of course, with increased chance of device damage. At any rate,
it is always best to “heat shunt” to insure against damage. And, solder cleanly
and quickly,
Ultrasonic Cleaning — Depending on the frequency of the cleaning apparatus,
sympathetic vibration can induce unusually high stresses into transistor leads.
Lead breakage occurring at a particular frequency range can cause internal
opens. Where ultrasonic cleaning of transistorized equipment is being consid-
ered, the maximum average PSI (pounds per square inch) level in the tank
when cleaning action is taking place should be determined,

In most cases, an average level of 3 PSI will adequately clean most equip-
ment without damaging the semiconductors; energy levels exceeding this value
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tend to induce damage, especially to semiconductors fabricated by germanium
techniques (alloy, grown junction, mesa). PSI level can be somewhat increased
for equipment using transistors fabricated by the latest silicon planar tech-
niques. Close monitoring of PSI energy level is always good practice, in any case.

ELECTRICAL
Excessive Voltage — Absolutely do not exceed the absolute maximum voltages
(usually specified at 25°C) as given by the manufacturer. In signal amplifier cir-
cuits this means peak-to-peak voltage swings should not exceed the transistor’s
inter-element absolute maximum voltages. A good rule is to use a supply voltage
equal to half the maximum voltage rating. Maximum inter-element voltages
can also be exceeded by voltage transients (inductive or capacitive kicks, etc.)
when connecting a transistor into a “hot” circuit; when removing or replacing
a transistor in a circuit it is always safest to turn the power off first. Transistor
testing by use of an ohmmeter can also cause damage by application of exces-
sive voltage. Since the emitter-base reverse breakdown voltage for most tran-
sistors is from 1 to 5 volts, the transistor can easily be damaged when subjected
to the high voltage (many ohmmeters use 22% volt batteries) ranges of an
ohmmeter. When measuring breakdown voltage, always use a current limiting
resistor. Voltage spikes can cause a build-up of impurities concentrated at a
point in the collector and emitter junctions and can result in punch-through
(internal short from collector to emitter) across the base region.
Excessive Power — Exceeding the maximum junction temperature of a tran-
sistor can permanently change the gain, the breakdown voltage, and can cause
opens and shorts in the transistor. To guard against such damage, when testing
for gain at excessive power dissipation levels, use a protective heat sink or test
with a low duty cycle pulse.
Miscellaneous — When a transistor is used in the common emitter configuration,
opening the base lead while voltages are still applied can result in junction
heating, thermal-run-away, and eventual burn-up of the transistor. The right
conditions of applied voltage, current gain and reverse leakage can be destruc-
tive, particularly to germanium transistors where leakage currents may be a
1000 or more times greater than in silicon. With the base disconnected, collec-
tor-to-emitter leakage (Icro, base open) equals the collector-to-base leakage
(Icro, emitter open) magnified by the transistor’s forward current gain (B).
High values of Icko can flow when inductive collector loads, exhibiting low
resistance paths, are part of the associated circuitry, Where current limiting is
not a part of the external circuitry, supply power should be disconnected when-
ever the base is opened circuited.

SOME THINGS TO REMEMBER IN THE

APPLICATION OF TRANSISTORS

AGING
Allow sufficient latitude in circuit design to accommodate some change in tran-
sistor’s parameters with time. This is particularly important in high reliability
circuit design.

CURRENT
Generally, above a few milliamperes current gain decreases as operating cur-
rent increases (see Figure 6.7).

Limit collector current (Ic) so that maximum power dissipation will not be
exceeded.
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1 BASIC SEMICONDUCTOR THEORY

Limit collector current (Ic) in breadboards by using a resistor or a fuse.

FREQUENCY
fyax., the maximum frequency of oscillation, is the upper frequency limit of
operation of a transistor.

Frequency cutoff for CE or CC circuits depends on forward current gain.
(fllfe = fhrh/hfe)-

Collector capacitance (Cu, C..) contributes to poor transistor high frequency
response.

Collector capacitance varies inversely as 1/VC? for alloy devices and as 1/VC*
for diffused devices ( mesa, planar, etc.).

Transistor rise time (t.) and fall time (t) are dependent on the base control
charge required to cause the transistor to conduct, as well as upon the currents
driving the transistor into or out of saturation.

Fall time (t) is also limited by barrier capacitance ( Cc).
To minimize storage and fall time, do not overdrive the transistor or let it
saturate.

To eliminate oscillations in narrow band amplifiers, neutralize the transistors or
load down the tank circuits sufficiently.

LEAKAGE
Leakage currents increase exponentially with temperature (double every 8°C
to 10°C of temperature increase).

In switching circuits, remember that both the collector and the emitter leakage
currents flow in the base lead.

In common emitter circuits, Ice can vary from Icso to hee X Icso.

Beware of unstable leakage currents at fixed temperature and voltage, due
most likely to contamination.

Minimize circuit resistance between base and emitter consistent with stage gain.

MANUFACTURING RATINGS
Compare ratings of different manufacturers of same transistor type number
when considering second source or replacement.

Apply derating factors to the manufacturer’s ratings to insure reliable circuit
operation.

MECHANICAL
Use heat shunts when soldering.

Do not connect or disconnect transistors with power on.
Do not use an ohmmeter for checking transistors unless a “safe” voltage/current
range is used.

Keep sharp lead bends at least 342" to 18" away from the transistor body
(header).

POWER
Do not store transistors at a temperature higher than the maximum rated junc-
tion temperature as specified by the manufacturer,

Use a thermal derating factor for temperatures above 25°C.

Use the proper thermal derating factor for small signal transistors; this is about
1 — 10 mw/°C. For power transistors .25 — 1.5 W/°C,
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I B ASIC SEMICONDUCTOR THEORY |

Thermal resistance (Rr, 0x) given by the manufacturer does not include the
heat sink thermal resistance.

In a switching circuit, the peak power during the transition should not be
excessive.

Limit collector power dissipation to avoid thermal runaway (use of emitter
resistance helps).

Maximum power dissipation is not always dependent on the device; the circuit
(or system) may limit the maximum power at which a device may be operated.

TEMPERATURE
Limit maximum junction temperature to prevent excessive leakage currents.

Limit minimum junction temperature to minimize effects due to Vag variation
(negative temperature coefficient of 2 mv/°C for both germanium and silicon).

Choose low values of stability factors. For example, use some emitter resistance
to improve stability. Also, keep the base-emitter shunting resistance in common-
eniitter circuits as low as gain considerations will permit.

Choose large values of collector current (l¢) to minimize the effect of Al: due
to temperature changes.

Use low values of source resistance driving the base circuit to keep the stability
factor low.

Stabilize emitter current by using a large value of emitter resistance or by
using a constant current supply source.

For large temperature changes, the use of a differential amplifier will reduce
the effects of AV,

When using diodes and transistors in a temperature compensation circuit, use
a common heat sink for all devices.

Design for minimum hyx; over the operating temperature range.

Low stability factor does not improve a dc amplifier’s performance.
VOLTAGE

Do not exceed Vep maximum.

Do not exceed Vi maximum (reverse breakdown voltage ).

Do not exceed Ve maximum.

Minimize circuit resistance between base and emitter.

In push-pull applications, keep Vee < 1/2 Ves.

Minimize transient voltages in circuitry.

Reverse breakdown of silicon decreases with increasing temperatures.
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SMALL-SIGNAL CHARACTERISTICS

CHAPTER

Part 1 — Low Frequency Considerations

INTRODUCTION

The transistor, like the vacuum tube, is a non-linear device and since it is capable
of gain, it can be defined as a non-linear active device.

Figure 2.1 illustrates that although slightly non-linear throughout its range, the
transistor’s non-linearities become very pronounced at the very low and very high
current and voltage levels (below point A and above point B). Hence if, for example,
an ac signal is applied to the base of a transistor in the absence of any dc bias, con-
duction would take place only during one half cycle of the applied signal and the
amplified signal would be highly distorted. To avoid this problem, a dc bias operating
point OP is chosen (see Figure 2.1 and Chapter 4 on Biasing). This bias moves the
transistor’s operation to the more linear portion of its characteristics. There the linearity,
although not perfect, is acceptable, resulting in amplification with low signal distortion.

The application of a dc bias, in itself, is still not sufficient. A transistor could be
biased right squarely in the middle of its linear range and be operated at such large
signal swings (see Figure 2.1) that the signal encroaches upon the non-linear part of
the characteristics, resulting in increased distortion once more. This is quite common,
for example, in class A audio output (or driver) stages of radio or television receivers
where normal signal levels make the transistor operate linearly, but higher volume
music passages such as crescendos, fortissimos...tv commercials...may drive the
transistor into cut-off and/or saturation. This would, of course, result in severe clipping
distortion.

In a great number of transistor applications, normal operating signal levels are
small. Examples of such applications are the RF and most IF amplifier stages of radar,
radio, and television receivers. Even after detection, as in audio or servo preamplifiers,
signal levels can be moderate.

In low-level stages, signal swings run from less than 1 uv to about 10 mv under
normal operating conditions (for which these stages are generally designed). Therefore
it is important to analyze the transistor under conditions when the bias is such that the
largest ac signal to be amplified is small compared to the dc bias current and voltage.
The transistor is then said to be operating in the small-signal mode. Transistors used in
this way are normally biased at currents between 0.1 and 10 ma and voltages between
2 and 10 volts. Insufficient biases can cause distortion while excessive biases exhibit
unnecessarily increased power dissipation and higher noise figures (the latter is pri-
marily important in input stages). If the bias is sufficiently increased to make the
stage operate in the high voltage non-linear region, distortion will once again be
increased.

A simple analysis of transistors under large signal conditions requires a great deal
of approximations. More accurate analysis is mathematically complex as one deals with
non-linear equations. The restriction to small signal levels, will lead to more accurate
equivalent circuits composed of linear circuit elements and internal linear generators,
This allows the analyst the use of conventional linear-circuit analysis.
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I  SMALL SIGNAL CHARACTERISTICS 2

TRANSISTOR LOW FREQUENCY EQUIVALENT CIRCUITS

There are three major approaches to the choice of equivalent circuits. First the
device designer wants a circuit which he can simply relate to the device physics.
Then there is the device manufacturcr who wants to use an equivalent circuit whose
parameters can be easily and inexpcnsively measured and controlled in the manu-
facturing process. The third party to this plot is the circuits engineer who must handle
this equivalent circuit continually and who wants to use parameters fitting conveniently
into his circuit design. These parameters should be easy to measure and, if possible,
readily obtainable from the commonly used graphical characteristics. He is also
interested in controls and limits to those parameters relating dircctly to his circuit’s
performance. '

As a result of these varying interests several equivalent circuits have been devel-
oped over the years. Some of these have retained their importance in modern transistor
circuits analysis, others have become less used and will only be mentioned for academic
reasons. The important thing is that every one of the equivalent circuits must fully
describe and accurately synthesize the device it represents.

Before getting into the discussion on the various equivalent circuits, it should be
remembered that all equivalent circuits have three useful connections; i.e., common
base, common emitter and common collector (see Chapter 1).

GENERIC EQUIVALENT CIRCUIT®

The device designer looks at the transistor from a physical mechanism viewpoint.
The circuit engineer also finds an understanding of these basic mechanisms of great
help, at least in the early stages of his circuit design work. The generic equivalent
circuit is a circuit composed of parameters identified with the basic transistor mecha-
nism and have been expressed in terms of the physical attributes of the device at a
given bias point and ambient temperature.

‘e

EMITTER p————O COLLECTOR
% Y2
BASE O—— O BASE

GENERIC EQUIVALENT CIRCUIT
Figure 2.2

Emitter Diffusion Resistance, r.

To relate the current and voltage of the emitter junction one can define a small-
signal emitter resistance, r.. This relationship is nonlinear and is expressed as a partial
derivative with the collector voltage held constant. Thus,

7
Te = I:((l]‘l::l Ve constant = ée
This small signal emitter resistance turns out to be proportional to the dc value of the
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2 SMALL SIGNAL CHARACTERISTICS

emitter current and is given by

KT

qlem
where T is the absolute temperature in degrees Kelvin (T = °C + 273), hence T is
about 300 at room temperature; K is Boltzmann’s constant (1.38 X 107 watt-sec/°C),
and q is the charge of an electron (1.60 X 107 coulomb). m is a constant whose
value is 1 for germanium and varies between 1 and 2 for silicon transistors.”” Hence,
re == 26/Ix (I: expressed in milliamperes) for a germanium transistor; which makes
re = 26 ohms at 1.0 ma, for example. One can thus see that r. changes with the dc
bias operating point and the ambient temperature.

Te =

Base Resistance, r,

The flow of current from the base terminal to the active region of the transistor
is by majority carriers (electrons). These electrons flow by the drift process, so that
there is an ohmic drop associated with this current. The resulting resistance is defined
as the base resistance, ro. The geometry of this base current path (base resistance), is
very complex and can differ radically from one transistor structure to another.

Practically, this base resistance causes a power loss and a feedback path when
the base is common to input and output. It will be seen later in the high frequency
equivalent circuit analysis that since this resistance denies direct access to the intrinsic
base point b’ (in Figure 2.2), it also obstructs efforts to accomplish broad-band neu-
tralization. The base resistance also varies somewhat with temperature and bias.

Collector Resistance, r.
The small-signal collector resistance, r., can be defined as the ac slope of the
reverse biased collector junction at a particular voltage. This gives us

1
¢ — IP constant — ~——
T [ (lI ] tant gc

This collector resistance is generally very high, in excess of 1 megohm, and is primarily
sensitive to bias.

Emitter Feedback Conductance, ge..

This feedback conductance results from the fact, that an increase in collector volt-
age results in an increase in emitter current even though the emitter voltage is held
constant. The physical cause of this is the base-widening effect.®® Schematically
this is represented as a small-signal current generator across the emitter junction. The
value of this current generator is proportional to the small-signal collector voltage,
and since it relates current to voltage, it will have the dimension of transconductance,
where

Bee = ] Ve constant

dv.

Current Amplification Factor,

The cumulative effect of three basic mechanisms, emitter efficiency, transport
factor, and collector efficiency results in the current amplification factor, a (see
Chapter 1).

The relationship is

a—= i}i':l Vcconnnnt
This a varies with dc emitter current and collector voltage and generally has values
slightly smaller than unity. It is another parameter sensitive to bias and temperature
changes.

The first disadvantage of the generic equivalent circuit is that the use of the feed-
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I SMALL SIGNAL CHARACTERISTICS 2

back generator gecv. is a poor choice since v. is not obtainable at the external terminals
of the transistor. Another disadvantage of this equivalent circuit is that it has two
current generators which essentially present two extra circuit meshes to our analysis.

T-Equivalent Circuit (tee)

This circuit has found widespread use in the literature due to its greater simplicity.
It still maintains close touch with the physical transistor mechanisms and is easily
analyzed. One schematic representation of the T-equivalent circuit is shown in
Figure 2.3.

T-EQUIVALENT CIRCUIT (COMMON-BASE) WITH CURRENT GENERATOR
Figure 2.3

This particular representation has a current generator (a;.) in the collector circuit.
Although this current generator is in fact a third mesh, this circuit is relatively simple
and has the advantage of great resemblance to the physical mechanism. The elements
which comprise this circuit are identified with the branch of the circuit in which they
are located. Thus here again we find a base resistance s, an emitter resistance r, and a
collector resistance r.. It would be very confusing to identify these terms by other
than these characteristic symbols. It must be understood, however, that these T-equiva-
lent terms and the symbols used for the generic or any other equivalent circuit are
not at all the same resistances. This is a very important factor and must be thoroughly
understood to avoid ghastly confusion. To understand these differences, let us rigor-
ously analyze both the generic and the T-equivalent circuits by writing their mesh
equations and equating corresponding coefficients.

For the generic circuit shown in Figure 2.2, vc = (ao ie — ic) re and hence we have

fo (ro 4+ T + ecTeTe @o) +ic (— Is — Gec Te Te) = Wi

jo (o + aore) +ic (—m—1c) =V
For the T-equivalent circuit in Figure 2.3, we have

fo (re + 1) +ic (— 1) =W

jo (ro + are) Fic (—re—1T) =V
Equating corresponding coefficients we obtain the following relationship between the
T-equivalent parameters and their generic counterparts.

mn (tee) = r, + Zec Te Ie

ro (tee) =ro — ecTorc (1 — a0)

re (tee) = re (1 — gee Te)

a (tee) = o — ZecTo

1— Lec Te

By carefully defined valid approximations, the following simplifications can be

made: first, in a good transistor ao is close to unity. We can thus define a new param-
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eter, beta (g8), such that

==
( The present standard terminology defines g as hre and a as h).
o fi=
then gec 1. = 213_: g_ — hzu
and gecTe = %f = bé:—'f:

A typical value of the parameter 8 is approximately 50, corresponding to an alpha
(ao) of 0.98. The emitter resistance r. is rarely greater than 100 (r, == 26/Ig, hence
above 0.25 ma r. will be less than 100 ohms). The collector resistance r. is usually
very large, in the order of one or more megohms. Hence, we can further approximate

Bee l'e<<l
Finally with these approximations, the simplified, yet sufficiently accurate tee-equiva-
lent parameters can be expressed as follows in terms of their generic counterparts:

m (tee) = _*_225:

ro (tee) = ;"

r. (tee) =r.
a (tee) = ao
It is important to note that the base resistance r, in the tee-equivalent circuit is the
sum of the extrinsic base resistance and Early’s feedback term.®“ Extrinsic base
resistance is generally of the order of several hundred ohms. The feedback term for
high alpha transistors may be several thousand ohms and dominates this expression.
Thus the ry of the tee-equivalent circuit does not reliably reflect the physical base
resistance value. Let us demonstrate this by a practical example of a typical PNP
germanium alloy junction transistor operated at a collector voltage of 5 volts, a
collector current of 1 ma, and at an ambient temperature of 25°C. The generic param-
eters of this unit are
Te = (]1<TT = 25 ochms (re here is the diffusion resistance)
E
. = 250 ohms (rb here is rv’, the base spreading resistance)
re = 2 megohms
hevo = ao = 0.98 hence
1 1
b= T =10 ="
The equivalent tee-parameters of this same transistor are

re = 23 = 195 ohms hew == 0.98 (olEEbis “teﬁ-equivalent
2 emitter resistance”)

r. == 2.0 megohms hee = 50

ro == 950 + 25 X 50 ~ 875 ohms (v here is the “tee-equivalent

base resistance”)
As one can plainly see there is very little resemblance between the generic r, of 250
ohms and the tee-equivalent value of 875 ohms.
The main shortcomings of both the generic and the tee equivalent circuits are
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that their elements are difficult, in some cases even impossible to measure directly.
The electrical engineer then resorts to another analytical concept, consisting of meas- -
uring and analyzing the black-box parameters of the device, which avoids having to
use any of the internal parameters.

“BLACK-BOX ANALYSIS” OF THE FOUR-TERMINAL
LINEAR NETWORK

This concept consists of analyzing a device (or an entire circuit and/or a system)
by writing two simultaneous equations expressing the input and output voltages in
terms of the input and output currents. If the equations relating these currents and
voltage are known, everything that is needed in a linear network calculation can be
determined from them.

The transistor is a three-terminal device. One of these terminals will be used as
common, the other two as input and output. In view of the wealth of information
available on the analysis of four-terminal devices, however, (i.e., one pair of input
and one pair of output terminals) it is more convenient to analyze the transistor as a
four-terminal device. Figure 2.4 illustrates that the three-terminal network is just a
special case of the four-terminal network, in which the common terminal serves in
both the input and output portions of the circuit.

| — l

FOUR-TERMINAL LINEAR NETWORK REPRESENTATION
OF THE TRANSISTOR (A THREE-TERMINAL DEVICE)

Figure 2.4

OPEN CIRCUIT IMPEDANCE PARAMETERS (z-PARAMETERS)
The generalized equations for the input and output voltages of a black-box are
Vi = i1 Zu + Q2 Ze
Ve = i1 Zn + ie Z22 (2a)
The open circuit impedance parameters, by definition, require that to measure zn and
za, the output be open-circuited; while for the measurement of zi2 and zz, the input
be open-circuited. Hence one can see that for the open-circuited output case, where
iz = 0
zu = ' = input impedance
L
and
7 = ¢ = forward transfer impedance
Ih
while for the open-circuited input case, where ir = 0,

710 = Y = reverse transfer impedance
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and
7 = <2 = output impedance
12
The input and output currents in this case are independent variables.

All electrical properties, such as current gain, voltage gain, power gain, etc., can
be calculated from these impedance parameters. The current gain A,, for example, is
given by

A =1
is
From equation (2a) it can be seen that v: = i1 zn + i: zz. Figure 2.4 shows that v: also
equals

Ve = —ig RL
hence
—isRe = i1 zn + i2 Z22
and
A= 2 =_ %
i Z22 + Ry

The z-parameters prove most useful to describe low impedance devices and/or
circuits. This is mainly due to the fact that when measuring high impedances, one’s
test equipment must present ultra-high impedances to the device under test in order
not to load it down. Hence for a low to medium impedance “to be measured” (up to
several thousand ohms) a one megohm driving impedance can synthesize a virtual
open-circuit. Another difficulty in the z-parameter measurement is that at higher
frequencies a true open circuit becomes even more difficult to achieve due to device,
as well as stray test circuit, capacitances.

SHORT CIRCUIT ADMITTANCE PARAMETERS (y-PARAMETERS)

The generalized equations for the input and output currents of the black-box are
h=Vviyu+ V2 Y12 (2b)
i2=Viyn + Va2 Y2

where vi and v: are independent variables. Since these equations describe the short-
circuit admittance parameters it suffices to short-circuit the output (v: = 0) in order
to measure yu and ya. Thus

Yu :%— = input admittance
and l

Yo = -\l/— = forward transfer admittance.

1

To measure the output parameters, it suffices to short-circuit the input (vi = 0).
Hence

Yiz = B = reverse transfer admittance
and v

y= =% = output admittance. (2¢)

Va2
Once again, knowing these parameters, all other electrical properties of the black-
box can be derived. The y-parameters prove most useful to describe high impedance
devices and/or circuits. This is due to the fact that it is easier to virtually short-circuit
a high impedance circuit than a low impedance one. It must be realized that when
one talks of open-circuit or short-circuit that this is only true with respect to ac signal
frequencies, and that the necessity of applying dc biases prevents the application of
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actual physical short or open circuits.

In general, since the transistor turns out to exhibit low input impedances and
high output impedances, the use of z and y parameters becomes awkward, especially
at high frequencies. As a result the hybrid, or h, parameters have been found to pro-
vide the most useful tool in modern transistor circuit analysis. This is primarily due
to the fact that the h parameters are a combination of impedance and admittance
parameters ideally fitting the low input and high output impedances of the modern
transistor. As a result they are also the easiest parameters to measure at both low and
high frequencies. Another advantage is that the hy, hs, and he terms approximate
the actual typical operating conditions even though the latter do not occur with either
input or output terminals shorted or open. (See Figures 2.8 and 2.9). For the
h-parameters, the black-box equations read

vi=1 hn + Ve hx'.’
i» = i1 ha =+ v h.
Hence when the output is short-circuited, (v: = 0),
hu = YL = input impedance, (2d)

1
and

ha = 2% = forward transfer current ratio; (2e)

11
and with an open-circuited input circuit, (ii = 0),
hie = YL = reverse transfer voltage ratio,

Ve
and

h= = 22 = output admittance.
V2

When going from the general four-terminal analysis to the specific transistor param-
eter work, it is usual to drop numeric subscripts such as hu, hiz, ha, and hs in favor
of more descriptive letter subscripts. Therefore it has become customary for the first
subscript letter to indicate whether the particular parameter is an input, output, forward
transfer, or reverse transfer parameter; while the second subscript describes the tran-
sistor configuration. We will therefore refer to the common-emitter h-parameters as

hie = common-emitter input impedance

hte = common-emitter forward current transfer ratio

hr. = common-emitter reverse voltage transfer ratio

hse = common-emitter output admittance.
For the common-base parameters, these will be referred to as his, hew, hes, and hos;
while the common-collector parameters will be hi., hee, hre, and hee.

h-PARAMETER EQUIVALENT CIRCUIT

From the h-parameter equations, one can derive three equivalent circuits. See

Figure 2.5 (A), (B) and (C).

T-EQUIVALENT CIRCUIT

Another useful equivalent circuit capable of describing the h-parameters is the
tee-equivalent which enables one to get a physical picture of the inside of the black-
box. In our previous discussion we saw that the tee-equivalent had certain shortcom-
ings. The main one was described as caused by the feedback term which made the
r» and re terms look considerably different than their physical values. This is due to
space charge layer widening as explained by Early. @

In the h-parameter analysis, however, the output circuit is short circuited (v: = 0,
see equations (2d) and (2e)). In this specific instance, then, the feedback term dis-
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EMITTER COLLECTOR

EMITTER
(B)-COMMON-EMITTER

EMITTER

" COLLECTOR
(C)-COMMON-COLLECTOR

HYBRID-EQUIVALENT CIRCUITS
Figure 2.5

(B)-COMMON-EMITTER
T-EQUIVALENT CIRCUITS

Figure 2.6
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(NUMERICAL VALUES ARE TYPICAL FOR THE 2N525 AT IMA, 5V}
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2 SMALL SIGNAL CHARACTERISTICS

appears and the tee-equivalent parameters are equal to those of the physical circuit.
Hence in the circuits of Figure 2.6(A) and (B)
Alpha (a) is the fraction of the emitter current that becomes the collector cur-
rent and is typically 0.90-0.999.

re is the incremental diffusion resistance of the forward biased emitter-to-base
diode: ro = KT/qlg == 26/I:; at room temperature.

1y is the ohmic resistance of the base contact plus that of the active base region.
r. is the incremental resistance of the reversed biased collector junction.

The common-base and common-emitter tee-equivalent circuits are shown in Figure
2.6(A) and (B).

The table in Figure 2.7 gives the equations as well as numerical values for the
h-parameters of a typical transistor in the three configurations. This table also gives
approximate conversion formulae between h-equivalent and T-equivalent parameters.

Figures 2.8(A) through 2.8(H) illustrate the graphical data of the h-parameters
as obtained on the Tektronix 575 Transistor Curve Tracer.

Knowing any one set of established parameters, the others may be worked out,
or more conveniently, obtained from Figure 2.9.
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BASIC AMPLIFIER STAGE

How do the actual dynamic transistor parameters such as rix, rocr, A1, A+, PG, etc.,
relate to the h-parameter measurements? Well, of course, when the source and load
terminations simulate those of the measurement conditions of the h-parameters then
rix = hu, rour = 1/hs, ete. Figure 2.10 illustrates the black-box of a basic amplifier
stage. '

BLACK-BOX T T R

BLACK-BOX REPRESENTATION OF BASIC AMPLIFIER CIRCUIT
Figure 2.10

To keep this analysis general, in order to be able to apply it to all three transistor
configurations we return to the use of h-parameters with numeric subscripts.

It has already been established that when Ry, = 0 (short circuited output) the input
resistance rix = hu. For high values of load resistance, however, hi can be significantly
different than rix as can be seen by Figure 2.11. This follows from a matrix analysis
of the h-parameters®™ which result in the following equations:

_ {(hi 4 A"Ry)

| 2
nx = (1+hzzRL) (-f)
__ (M 4R,
Tovr = (Ah + hee RK)
Al _ i hzl

T i (1+heRe)
_ ig 2 R], _ hgl2 RL
PG_(M) <rl.\'>_(1+llezRL) (h11+AhRL)

At js the determinant of h, A" = (hy hzx — ha hie)

where

INPUT RESISTANCE (i)
Figure 2.11 shows that for high values of load resistance (Ru/re>1)

iy = hy — <hm h-.-.)
hee

In terms of tee-parameters rix = ru + re == .

In the common-base and common-collector configurations, the input impedance in-
creases for increasing Ry, due to negative values of haw (he) and haie (hee) as opposed
to positive values for huie (hee).

OUTPUT RESISTANCE (rovr)

Similarly, for high values of source resistance it has previously been established
that the output admittance is equal to the h-parameter value of hs., hence when

RKE <o,

Tovtr =

1
h..

e —— ——————— —



2 SMALL SIGNAL CHARACTERISTICS

But for low values of source resistance, when

R, =0,
Tovt = h"' = 1-
ShTy (,h,_z hﬁ)
hu
Figure 2.12 illustrates the behavior of rovr as a function of R,.
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r
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OUTPUT RESISTANCE AS A FUNCTION OF SOURCE RESISTANCE
Figure 2.12

As the source rcsistance is increased the output resistance (rour) goes towards its
open-circuited-input value of 1/h.. For low source resistances, the common-base and
common-emitter values of rour are identical and equal to re (1/8 + re/r). It should be
noted, once again, that when departing from the h-parameter test conditions which
stipulate that the output be short-circuited with respect to signal (R = 0), and the
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input be open-circuited with respect to signal (R; = ), the tee-equivalent values
of ru, re, and rc (see limit conditions on Figures 2.11 and 2.12) are definitely affected
by Early’s feedback term and hence are not the generic values.

One other very important factor to note from these figures is that both the input
and output resistances vary the least when the transistor is used in the common-emitter
configuration.

100 :
z »~ COMMON- COLLECTOR'
=} 8 T T
= - COMMON-EMITTER
2 <
™
S COMMON- BASE
[ a
4
w
x
x
3 ol
10 100 IK 10K 100K 1M
1/
RL/rc i s T I iB —
10 10 02 0 0!

CURRENT AMPLIFICATION VS. LOAD RESISTANCE
Figure 2.13

CURRENT AMPLIFICATION (A/)

The forward current transfer ratio with the output short-circuited (Ry, = 0) is
A] — h'_’l p— 1'2
I
At the other extreme, when R. = o, iz = 0 and the current amplification factor or
forward current transfer ratio, as it is more exactly defined, is equal to zero. Figure
2.13 shows the typical behavior of A, with variations of load resistance.

From Figure 2.13 it can be seen that the current amplification A, is equal to beta
(8) in both the common-emitter and common-collector configurations up to the point
when Rw becomes comparable to r./8. The only difference is that their sign is different,
as the common-emitter configuration does not exhibit a phase reversal between the
input and output currents, hence we have A; = +h¢.. In the common-collector con-
figuration A; = —hy., while in the common-base configuration Ai = —hm,.

VOLTAGE AMPLIFICATION (A.)

The voltage amplification factor for both the common-base and common-emitter
configuration is about the same and is equal to r/ry for high values of load resistance
(see Figure 2.14). In the common-collector configuration, Ay = 1.

MAXIMUM POWER GAIN

It is obvious that no power gain can be obtained in either the open or short-
circuited conditions, as either the input or output power would be zero. Hence there
exists a maximum value of power gain, which is given by

h?
(Vhi b + V3%):
at a value of Ry given by

_ hy
Ru= 4 e

PGMAx =
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Figure 2.14

Figure 2.15 illustrates the behavior of a typical transistor. One can plainly see that the
highest gain configuration is the common-emitter, with common-base second, and
common-collector the lowest. It is also apparent that the power gain optimizes at
different values of load resistance (R.) for the three configurations.
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POWER GAIN VS. LOAD RESISTANCE
Figure 2.15

TRANSDUCER GAIN

This gain is defined as the ratio of the output power to the maximum power avail-
able from the source. Thus it is a very useful figure of merit for specific source and
load resistance conditions. The transducer gain is
i R, 4i*RuR, _ 4ARLR,

TG = = =]
eg2/4Rg (Vl + i Rg)2 (rl.\' =+ RR)E

(2g)

. — ]
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MAXIMUM POWER GAIN (MPG)

From equation (2g) it becomes apparent that there are optimum values of source
and load resistances for which maximum power gain is obtained. These optimum
terminations are found to match the input and output resistances of the transistor.
When terminated such that R; = rix and Ry = rour, the transistor is said to be image-
matched, which is the condition of maximum (low frequency) power gain.

The table in Figure 2.16 gives the equations and typical values to determine such
electrical properties as input resistance, output resistance, current gain and maximum
power gain in the image-matched condition for the three configurations.

In practical low-frequency applications, the image-matched condition is not used
very often as it generally entails the use of input and output matching transformers.
In most applications, DC or RC coupling is used because of the lower component cost.
This presents the transistor with rather restrictive source and load terminations. Con-
sider a chain of n-transistor stages. Since the input impedance of each stage is a func-
tion of its load (see equation (2f) ), a computation of the input impedance of any one
stage would require the computation of the input impedance of all the stages following
it. It can be shown, that except for the last few stages, the input impedance of each
stage becomes nearly equal to that of the stage preceding it. Such a stage is called an
iterative stage.

The iterative input impedance may be computed by setting R = rix. Note that this
condition is virtually equal to the output-short-circuited condition of the h-parameter
measurements since the ratio of Ri./r. is smaller than 1 X 10 (see Figure 2.11).
Hence our calculations show that

common-emitter input resistance is rixe == hie
common-base input resistance is rixy == hiy
common-collector input resistance is rixe 2= —hse/hoe.

In general, for an n-stage amplifier, all but the last stage may be considered itera-
tive for the CE and CB connections, while all but the last two stages of a CC chain
are iterative. Since Ru = rix, the iterative power gain is given by

i'_’z RL i! 2 h'_’]z
Pcnernuve = llz-r: = (l—l) = 7( 1 + h;x.» RL)z
Substituting the iterative input impedance for Ry,
PGer iterativer == (hne)? == 32.8 db
PGeraterative = (haw)?=0db
PGecterativey = 1 =0 db

From the above, it can be concluded that only the common-emitter configuration
offers any gain in the iterative amplifier case. The common-base configuration only
offers a lower input impedance and higher output impedance, while the common-
collector connection offers high input and low output impedances. Hence the latter
two connections are rarely used and only in cases where special terminations are of
paramount importance. An example design of an image-matched amplifier is illustrated
in Figure 2.17.

Resistors R1 and R2 form a bias voltage divider to provide the dc base bias
voltage. R3 provides the emitter potential to fix a dc operating point. Since the choice
of bias components is the subject of the next chapter we will ignore the dc design
considerations here and concern ourselves only with the signal operation of this stage.
Hence capacitors C1 and C2 will be considered ac short circuits at all signal frequen-
cies of interest, and points A and B are ac grounds. Transformers T1 and T2 match
Rg to riy and Ry to rour, giving us an “image-matched” amplifier. The only discrepan-
cies between the calculated maximum available power gain and the gain obtained in

e —————— " — — L ———
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TI "‘ T2
’ = 83 R

c c2

+
Figure 2.17 EXAMPLE OF IMAGE-MATCHED AMPLIFIER STAGE

this circuit can be found in the transformer insertion losses (efficiencies). Figure 2.16
describes the calculations of the properties of such a stage.

Figure 2.18 EXAMPLE OF ITERATIVE AMPLIFIER STAGE

In the design of an iterative stage (see Figure 2.18), all capacitors are considered
ac short circuits again, while resistors R1, R2, R3 and R4 are primarily there to provide
a stable dc operating point. Here Rw is equal to the input resistance of the next stage
which is identical (by our definition of iterative) to that of our example amplifier.
The source resistance R is equal to the circuit output resistance of the previous stage
which again means it is equal to the output resistance of our example. In our iterative
stage, the rin is equal to hi. which is typically 1400 ohms. Hence R. and R; are also
1400 ohms. Although rovr here can be calculated (as per Figure 2.16) to be about
45 K, the need to provide a dc collector load resistance (R4) of small enough resistance
to stay in the linear bias region makes the effective circuit rovr equal to R4. Usually
this resistance will not be too much larger than hy.. As a result the typical calculated
iterative power gain of 32.8 db must be adjusted to account for the power losses in R4
(and, of course, the small losses in the dc bias network components).

As might be expected from the earlier discussion, h-parameters vary with operating
point. Specification sheets often carry curves showing variation of the small-signal
parameters with bias current and voltage. Such curves are shown in Figure 2.19. These
are specifically for the 2N525 and are plotted with respect to the values at an operating
point defined by a collector potential of 5 volts and an emitter current of 1 ma.

Suppose, for example, the typical value of ho is required for the 2N525 at I. = 0.5
ma and V. = 10 volts. From Figure 2.7 the typical value of hos at 1 ma and 5 volts is
0.6 X 107° mhos. From Figure 2.19 the correction factor at 0.5 ma is 0.6 and the correc-
tion factor at 10 volts is 0.75. Therefore,

hos (0.5 ma, 10 volts) = 0.6 X 10~° X 0.6 X 0.75
=0.27 X 10™® mhos.

T —— == ————— =
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Once the h-parameters are known for the particular bias conditions and configura-
tion being used, the performance of the transistor in an amplifier circuit can be found
for any value of source or load impedance.

Figure 2.20 gives the equations for determining the input and output impedances,
current, voltage, and power gains of any black-box, including the transistor, when any
set of its four-pole parameters (z, y, a, h, or g) are known or have been calculated.

z y h ] a
z n
z 8 432y Y22 tn A" +hy 0 922 +2) a2y +a;
y 0
222+ 2y &% +yun h22+y1 &% +quzy | aziz1+aze
Z & +2922 Yu+yg hy+zg A° +922Y | 92225+
+] 0

zytzg & +yay, O +hapzg gu+y, 929 +ay

A a1 2y ~Ya —haizy 921 2 Ll

h

v oA +77) Y22t N hy +48"7 922+7 Qp +ay2y

A Z21 “Yainl ~hainy 921 |
! 22+2y &+yun haz+y1 & +quz\ Gga+az 2

PROPERTIES OF THE TERMINATED FOUR-TERMINAL NETWORK
Figure 2.20

Part 2 — High Frequency Considerations

ADDITION OF PARASITIC ELEMENTS TO THE LOW-FREQUENCY
EQUIVALENT CIRCUITS

JUNCTION CAPACITANCES

As soon as the transistor is operated outside its low-frequency range (generally
above audio frequencies), the presence of reactive components within the transistor
becomes apparent. The barrier layers separating the emitter and collector from the
base are regions containing strong electric fields. This implies that there are capaci-

TRANSISTOR T-EQUIVALENT CIRCUIT VALID FROM
LOW-THROUGH-MEDIUM FREQUENCIES

Figure 2.21
= —— — —— —————————— W}
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tances associated with these regions. These are identified as barrier capacitances, also
sometimes referred to as junction, depletion layer, or transition capacitances (see
Chapter 1).

Figure 2.21 illustrates the addition of these capacitances to the low-frequency
T-equivalent circuit. The differences between this equivalent circuit and that in Figure
2.3 is that besides adding the junction capacitances C. and C., the base resistance v’
(from b-b’) and the emitter resistance r., are the generic values, with Early’s feedback
term accounted for by the addition of the internal generator hes’ ven. This manipula-
tion allows us to work with the feedback term independently and know that the emitter
diffusion resistance r. = KT/qIs and 1, = 1.’ (the physical value of the base spread-
ing resistance ).

There are actually two types of capacitances associated with any semiconductor
junction: transition capacitance (Cr) and diffusion capacitance (Cp).

Transition capacitance is due to the high electric field in the depletion region
caused by the voltage across the barrier. Hence the transition capacitance is voltage
dependant. The diffusion capacitance is due to the current flowing through the deple-
tion region. Hence Co is current dependant. The total junction capacitances (C. and
C.) are the sum of the transition (Cr) and diffusion (Cy») capacitances.

The collector capacitance C. is primarily made up of the transition capacitance
Crc as the diffusion capacitance is small in a reverse biased junction. The emitter
junction, being forward biased, will, on the other hand, primarily consist of the
diffusion component.

PARASITIC RESISTANCES

Base Spreading Resistance. r,’

The active portion of the base region of a transistor is not equipotential, but
exhibits an ohmic resistance to the flow of base current. This parasitic resistance is
called the base-spreading resistance, r,’. ( The term base-spreading resistance is due to
the shape of the base of an alloy junction transistor which “spreads out” as one
progresses from the center of the junction to the periphery of the transistor).®® The

COLLECTOR

\ £A
8
EMITTER R5

NOTE: Although the sheet resistivity is uniform in the base, the width of
the base is modulated (Early effect) causing resistance R1, R2, and R3 to
become effectively non-equal. Resistors R1 and R3 which are on the
periphery will be smaller than R2. The sum of R1, R2, and R3 make up
actual base spreading resistance rv’. Resistors R4 (material bulk or sheet
resistance) and R5 (base contact resistance) are in series with ry’. Even
though these are extrinsic resistances and are not collector modulated,
they are generally considered an integral part of rv’. It is then convenient
to call this term ruv’ (total resistance from b to b’). The non-shaded
portion of this figure is the active base region.

PHYSICAL DIAGRAM OF ALLOY-JUNCTION TRANSISTOR
BASE RESISTANCE

Figure 2.22
(T —— = |
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prime in the nomenclature is due to the fact that r,” is defined as the resistance between
the external base contact and point b’ (see Figure 2.21) which is a point in the active
region of the transistor which cannot be reached. (Sometimes this spreading resistance
is also designated as rw,” — or resistance from point b to b’.)

EMITTER LEAD BASE LEAD
COLLECTOR
&t T —~——_
A~ EemiTTeR
! 3 -
f = I I T XX BASE
N
~~COLLECTOR
EMITTER
(A} ALLOY JUNCTION (B} PLANAR PASSIVATED

CROSS SECTION VIEWS SHOWING DISTRIBUTED
NATURE OF r,” AND Cc

Figure 2.23

This base resistance is not purely resistive but takes on a distributed form (trans-
mission line) in many transistor structures. (See Figures 2.23 and 2.24.) In general,
however, in order not to excessively complicate the analysis, it will be assumed that
rw’ is resistive. As will be seen later, r,’ is a most objectionable parameter, since it
contributes to the deterioration of transistor performance in many ways.

Leakage Conductance

In all transistors, there exists a certain amount of leakage current from collector
to base. This effect can be represented by a corresponding leakage conductance g
connected in parallel with the collector capacitance. However, this leakage conductance
is extremely small for a reliable modern transistor and is therefore generally ignored.
At one time this leakage component was actually thought to be the collector conduc-
tance g.. Early © suggested, however, that another phenomenon, presently called the
Early-effect, base-width-modulation, or space-charge-layer-widening was the cause of
the predominant portion of this collector conductance.

The Early-effect takes place in all transistors because the collector depletion region
extends into the base. The depth of this penetration, and hence the base width, depends
on the. collector voltage. As a matter of fact, if the collector voltage is increased
sufficiently the depletion region can penetrate so deeply into the base region as to
reach all the way to the emitter causing punch-through, a condition describing the
fact that there is jan effective cmitter-collector short-circuit. For small-signal voltages,
the effect will nét be as drastic, but does cause added complexity in the equivalent
circuit. This added complexity was previously illustrated by the differences between
the “generic” and “effective” terms of re and r, or if one wants to avoid confusion,
the use of the feedback generator term hy.’ ves.

There is also an effect on the collector resistance r. since the magnitudes of a and
B are functions of base width. This base width is effectively modulated by the signal
at the collector causing a modulation in the current amplification. Hence the output
port of the transistor feeds energy back to the input port and vice-versa, giving us both
a capacitive term Crc as well as a resistive term r. in the collector junction.

= ————————— . — -+ Y
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Figure 2.24

Extrinsic Resistances (r.’, r,’ and r.’)

As can be seen in Figures 2.23 and 2.24 there is some series resistance associated
with bringing the active base region out to the transistor’s external terminals (leads).
In the case of the base resistance in Figure 2.22 it is the sum of R4 and R5; specifically,
the sum of the resistances of the semiconductor base bulk-material, the contact resist-
ance at point B, and finally the resistance of the lead itself. The lead resistance will
generally be extremely small but both the bulk resistance and the contact resistance
can be appreciable. In high frequency transistors, having extremely small junctions,
such resistances can be as high as several hundred ohms. Generally such high values
are only found in series with the collector junction (collector saturation resistance),
since the collector region consists of high resistivity material in order to provide
reduced capacitance and increased voltage breakdown ratings. In the base and emitter
regions this extrinsic resistance is minimized by the use of relatively low-resistivity
material; hence, here a fraction of one ohm up to a few ohms is more typical.

In general, then, one might be tempted to neglect the extrinsic base and emitter
resistances. This can lead to serious errors in some transistor structures, however. In
some diffused-base transistors the base region is so small that it becomes difficult to
make a good, solid electrical contact to it, resulting in an increased rw’.

In transistors with extremely small geometry, like some UHF transistors, the same
problem exists in the emitter contact, hence an increased r.’ occurs. When operated
in the common-emitter connection this r.” acts like an unbypassed (internal) emitter
resistance and results in decreased gain and increased noise figure. Figure 2.25 shows
these extrinsic resistances in the total equivalent circuit of the transistor. This model
consists of the intrinsic* transistor and all extrinsic* elements such as the depletion
layer (or transition) capacitances Cre (Ce) and Crc (C.) as well as contact and bulk
resistances such as r.’, rv’ and r¢’.

*Intrinsic and extrinsic are used here in their general meanings as “belonging to”” or “not belonging
to” the essence of the device.
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Lead Inductances

Up to this point, one only has the model of the transistor proper before it is placed
into a package. Leads must now be used to connect the transistor structure to the
header, hence the inclusion of inductances li., liv and li.. The header itself is gener-
ally made of metal with tiny glass-passages for the leads, giving us lead-to-case and
lead-to-lead capacitances Cpen, Cpne and Cpec. Emerging from the transistor case are
three leads, which can of course be cut very short to reduce the external lead in-
ductances lec, lob and ...

As can be imagined, the lead inductances are very small, in the order of a few
nanohenries and therefore they only become important for operation in and beyond
the VHF band. At and above VHF these inductances act as rf chokes, having
appreciable impedance in some cases. For instance, the inductive reactance of 20 nh
at 500 mc is in excess of 62 ohms. If this inductance were situated in the emitter lead
connection, the effective increase in input impedance, and hence drop in gain, could
be appreciable. Let us assume that we operate below 50 mc, however, and that we
minimize the external lead inductance of the transistor (while we hope the manu-
facturer has reduced the internal lead inductances) then all transistor inductances
can be neglected in the calculations. Before we attempt to eliminate all stray re-
actances, however, let us say a word about the stray package capacitances.®

Header Capacitances

The TO-18 transistor package, presently extensively used for high frequency
transistors, typically exhibits about 0.5 pfd for Cues, Cpue and Cpee. If one works with
high capacitance transistors, having Cre and Crc in excess of 5 pfd, this does not
represent an appreciable amount of added parasitic capacitance. For good high fre-
quency units (VHF and UHF transistors) having only 0.5 — 2 pfd of Cre and Cre,
these parasitic capacitances may become excessive. In a common-emitter VHF ampli-
fier, for instance, the collector-to-base package capacitance can add directly to the
transition capacitance. This adds feedback to the transistor since it returns a portion
of the output (collector) signal to the input (base) connection thereby making the
transistor more bilateral. External neutralization can generally eliminate this added
package capacitance since one has reasonably close access to points e’”’, b, ¢'”
assuming the external leads are cut short. This is unfortunately not quite the case
with the internal transition capacitances Cre and Crc. The latter are isolated from
points e”, b” and ¢” by r.’, i’ and r.” making perfect unilateralization (signal flowing
only in the forward direction) very difficult to achieve.

In general, one can summarize the case for (or maybe we should really say —
against . ..) the parasitic reactances in the following manner: as the operating fre-
quency increases, all parasitic elements must be minimized, be they resistive as r.’, rv’
and r.’ or reactive as Crr and Crc; be they an integral part of the transistor or of the
package as all C,’s and I's shown in Figure 2.25.

Part of this reduction can only be accomplished by the device manufacturer, as
only he can design both the device and its package for minimum parasitics. Part of
this reduction must be assumed by the user by making an educated choice of the
optimum device to be used for a given application at a given frequency, and how to
best connect it into the circuit.

Therefore our first simplifying assumption is to neglect all device inductances,
which should not create appreciable inaccuracies below 200 mc if we cut external
lead lengths to a bare minimum. The second simplification is to lump the existing
extrinsic resistances in with their intrinsic relatives, hence rw’, re and r. are the lumped
sum of the various resistances in each branch of the structure. The third simplification
will be to lump the package and device capacitances. Such approximations will not
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give us the epitome of exactness but will allow us to predict the performance of our
circuit in the mid-frequency range (from above audio to the low VHF frequencies)
with reasonable accuracy.

CONSIDERATIONS OF THE EQUIVALENT CIRCUIT

The variety of equivalent circuits used at medium and high frequencies, range
from the simple but not very accurate, to the accurate but very complex representation.
Neither extreme is very useful and one should therefore use a reasonably accurate but
analytically manageable equivalent circuit.

One of the most popular high-frequency equivalent circuits is the hybrid-=
common-emitter circuit of Giacolletto® Figure 2.26 illustrates this circuit which has
the advantage of closely tying the electrical parameters to the physical structure of the
device, Figure 2.26(A) shows the general form of this equivalent circuit, Figure
2.26(B) shows the high-frequency simplification of this equivalent circuit. Since the
bulk of small signal amplifier circuits use the transistor in the common-emitter con-
figuration, this equivalent circuit sees frequent use.
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Figure 2.26 VERSUS FREQUENCY.

’

The base spreading resistance rw’ in this hybrid-= equivalent circuit, is the actual
base resistance appearing between the active region (point b') and the external base
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contact (point b). The emitter conductance gy’ is not merely the reciprocal of the
emitter diffusion resistance (r.) here, but since the base current appears amplified by
hs, in the emitter gv'. becomes 1/h¢. r.. The emitter capacitance, however, is not
affected by this mechanism, thus Cy'. is approximately equal to the emitter diffusion
capacitance
1

(8 2nf.re

The hybrid-= collector conductance (ge’) and capacitance (Ce’) are the afore-
mentioned Early-conductance (g.) and transition capacitance (Crc) of the collector
junction. There remain two elements to consider in this equivalent circuit: collector to
emitter conductance, g..; and the current generator, gm toe.

Collector to Emitter Conductance (g..)

As previously explained, it is generally more convenient to deal with an equivalent
circuit composed of mostly generic parameters and then account for Early’s base-
width modulation by a feedback generator (x v.) added in the emitter branch. In the
hybrid-7, we can take account of this feedback term, by inserting a conductance (g..)
between the collector and emitter. This conductance will have a value of

ie
oo = L= ‘E—
Ve Te
since
q v
fo = Yk
Te

for constant vi’e.

Current Generator (gm Vv'e)
The value of this current generator depends on the internal base voltage vv’e. Thus,
g is determined by a i = gu vi’« which yields the transconductance

__ Qe
gm = —
Voo
since
fe 1
\'hle Te
_a 1 hre
gm = —=— =— -
Te Te Tix — I'mb

where gm is the intrinsic transconductance. Any internal series resistance or reactance
such as the extrinsic emitter resistance r.” (or even an external unbypassed emitter
resistor ), or the series-lead inductance in the emitter® will reduce the effective value
of transconductance which we shall define as gm’, where
gm' = ———gm+ (2h)
14+ gm (R 4jX0)
The intrinsic transconductance is constant over an appreciable frequency range.
At high frequencies, the emitter-to-base capacitance Cy'. effectively shunts gy’e, thus
reducing gm and giving us a transconductance cut-off frequency (where gm is reduced
to .707 of its low frequency value). This frequency is

fgm = — Dot I’ (2i)

o 7 ’ ’
2T In e Che Ivb

In this equation y'e == — = iy — rm’

boe
1

and Colom———
27 l'ble fhre
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At high frequencies, the emitter lead inductance also starts reducing gm’ as the
following example shows. If gm = 1/r., gm = .04 mhos at 1 ma. Assuming a series in-
ductance of 10 nh and r.” of 5 ohms, gm’ = .04/ 1 4+ .04 (5 + j 6.28) =< .03 mho.
The parasitic elements have reduced gn by 25% at 100 mc. Furthermore, if the tran-
sistor is operated at several milliamperes (Iz) the effect will be much more drastic
since gm is higher as current is increased. To summarize what has been illustrated so
far on the subject of transconductance

g is relatively constant from low through medium-frequencies.

g has a cut-off frequency given by equation (2i) whose only reactive element
is Cu’e.

Total measured transconductance is the intrinsic transconductance (gm = 1/r.)
modified by the extrinsic terms in series with the active device as illustrated by
equation (2h). Therefore the extrinsic emitter resistance, and any external
unbypassed emitter resistance as well as both internal and external emitter
inductances must be minimized for good high-frequency operation.

Transconductance enters into both the voltage and power gain equations in the
following manner:

Voltage Gain
Ay = gn' Re.
2

Power Gain
p, = L Vris Ry
4
Now let us reflect for a moment on the hybrid-r equivalent circuit and decide
what values its elements should have for good high-frequency operation.

Base spreading resistance v’ forms a low-pass filter with Cv’e, hence both ruw’
and Cy'. must be rednced as much as possible.

Emitter capacitance Cy'. also shunts gv’e (see graph of hu, versus frequency in
Figure 2.26(B)) thus reducing gm at high frequencies, hence once again Cy'.
should be minimized.

Transconductance is essentially equal to hee/rix == 1/r.. The effective transcon-
ductance is reduced by extrinsic device and unbypassed external emitter re-
sistance and inductance. These latter must therefore be minimum, both in the
device and the external circuit.

Collector capacitance, Cre, provides a feedback path between collector and
base (b’). A large collector capacitance increases the feedback with resulting
lack of stability (determined by the ratio of forward to reversed gain, the
so called loop gain).

At low-to-medium frequencies it suffices to know gm, rix and rovr to equate voltage
gain and power gain. As the transconductance cut-off frequency can be determined
from equation (2i), one can see when an appreciable error would result by using the
low-frequency gm value. The input and output impedance at low-to-medium fre-
quencies can be calculated (or measured) and from these one can calculate the power
gain, voltage gain, and stability factor. The input and output impedances will soon
start to be affected by their reactive components, however, and at medium frequencies
(in relation to the capabilities of the transistor) they will become complex and difficult
to determine analytically.
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As a matter of fact, the use of equivalent circuits is more useful to the device
designer than to the circuit designer. The former must optimize the structure for its
applications. The latter finds to his disappointment that the manufacturer does not
specify all the elements of the equivalent circuit. The reason for this, as the circuit
designer soon finds out, is that the elements of the various equivalent circuits are
difficult to measure accurately. In desperation both device and circuit designer gen-
erally turn to the black-box parameters (as these can be measured accurately), Plug-
ging the measured values into well established two-part analysis gives all the necessary
information for circuit design. Before we fully abandon the equivalent circuit tech-
niques, however, it should be noted that a full grasp of the equivalent circuit is useful,
if not necessary, to evaluate device limitations as well as to compare one device to
another. For example, two devices with equal input impedance may have appreciably
different values of hee, rw’ and r.’, thereby yielding radically different performances.

CONSIDERATIONS OF THE TRANSISTOR'S FREQUENCY
LIMITATIONS

GAIN-BANDWITH PRODUCT

When operated at low frequencies in the common emitter configuration the tran-
sistor exhibits a short-circuit current gain (Ri<<<rovr) of hteo. This value may vary
in modern transistors from a low of 20 to a high of several hundred. As the signal
frequency is increased, the magnitude of he. decreases and its phase shift increases.
This is due to the fact that when carriers are injected into the base-emitter junction

e COLLECTOR

C_ci
i

T 'BI BASE J- ac SHORT CIRCUIT
INPUT Ce I ro
‘&U SIGNAL T
re EMITTER
—

VARIOUS TIME-CONSTANTS LIMITING THE GAIN-BANDWITH
PRODUCT OF THE TRANSISTOR

Figure 2.27

they will take a certain time to cross into the collector region. As a matter of fact,
if we look at a physical picture we see (Figure 2.27) that there are three* time con-
stants limiting the speed of the injected carriers"'”: emitter time-constant re Ce., collec-
tor time-constant r. Crc (since the collector is shorted to the emitter), and base transit-
time 7p.

Lindmayer et al"” defines the sum of these three constants as the gain-bandwidth
product f., since it is the frequency at which |hte| falls to unity, thus
_ 1
—27" [TB + Te (Ce + Cc)]

*If the collector bulk resistance is appreciable a fourth time constant re’ X Crc must be added.

e ——————— — . — - 7

f.



I SMALL SIGNAL CHARACTERISTICS 2

It can be said that even if C. (Cv’.) and C. (Crc) were made very small, the base
transit-time would still limit the frequency response of the transistor. Therefore one
must design high gain-bandwidth (f.) transistors with extremely thin base regions
and/or add an accelerating field into the base region. A good modern high-frequency
transistor might have

recheof 25 X 1 X 107" = 0.025 nanoseconds

re Crcof 25 X 0.4 X 107 = 0.010 nanoseconds

g of 125 X 107 = 0.125 nanoseconds

Total time for carriers to reach collector = 0.160 nanoseconds
Hence f. = 1 1 = 1.0 kme

97 TCrotar  6.28 X 160 X 107

A large collector bulk resistance will add a fourth time-constant of r."” Cre, which if
re’ = 100 ohms and Crc = 0.5 pfd gives the carriers another delay of 100 X 0.5 X 107™
= 0.05 nanosecond, reducing f. to 760 mc. Thus a good high frequency transistor
should also exhibit low extrinsic collector series resistance (r.’). In epitaxial transistors,
r.’ is small and this fourth time-constant can be made negligibly small.

Let us plot hee, he, and maximum available power gain (MAG) versus frequency
for a typical 2N918 UHF transistor.
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Figure 2.28

The first deduction we can make is that there is an exact relationship between f.
and hreo (hreo X fhre = f.), both values generally supplied by the transistor manu-
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facturer. Secondly at a frequency 5 times this beta cutoff frequency (fhr.), a 6
db/octave slope has been reached. Along this 6 db/octave slope the product of [hee|
and its corresponding frequency is a constant, defined as the so-called gain-bandwidth
product. The constant has the dimension of a frequency, is called f,, and is attained
when |hee| = 1.

ALPHA AND BETA CUTOFF FREQUENCIES

We have seen in the gain-bandwidth discussion that the beta-cutoff frequency
(fhee) can be used as an aid to locate the proximity of the 6 db/octave slope. Actually,
modern transistor circuit analysis has done away with the formerly much used “alpha
cutoff frequency” (fhm) and “beta cutoff frequency” (fhr.)."” As Pritchard pointed
out in an earlier editorial,"® the modern transistor is primarily frequency-limited by its
eniitter, base, and collector time-constants, and may not be usable at fhn, (as a matter
of fact, due to feedback, there may not even be an fhe,). We shall therefore satisfy
ourselves to only define these two frequencies, and use fh¢. only as an aid to locate
the end of the 6 db/octave slope.

Alpha cutoff frequency is the frequency at which the common-base current gain a,
falls to 0.707 of its low frequency value (hrie). In modern transistors fhy, is usually
somewhat above f..

Beta cutoff frequency is the frequency at which the common-emitter current gain g,
more recently identified as hy., falls to 0.707 of its low frequency value (hreo).

Transconductance cutoff frequency fym is the frequency at which gm falls to 0.707
of its low-frequency value, as previously seen in our discussion of the hybrid-= equiva-
lent circuit.

Maximum frequency of oscillation fmar is the frequency at which the maximum
available unilateralized power gain (MAG) falls to unity. Looking at the equation for
MAG in Figure 2.28, it can be seen that as |he.| drops to unity there still is a power
gain given by r.ep/4ries (impedance ratio of output to input impedance). Hence fumax
will be generally higher than f.. fu.x is sometimes also referred to as the (power
gain)"? (bandwidth) product®; stated as VPG X BW which gives us a 6 db
PG/octave slope, but should not be confused with f.. As a matter of fact, we can
draw some other interesting conclusions from the MAG equation. The series input-
impedance rie, is the real part of hi., which as we approach f. (on the 6 db/octave
slope) is approximately equal to rw.’, see Figure 2.26(B). The parallel output-impedance
Toep, is really the reciprocal of go., (the real part of the output admittance yoep) and is
approximately equal to

1
Toep = ———2" f. Cro (2])
since
Fles == Ipn (21\)
and |hee|t = (%)2 (along the 6 db/octave slope)
(#) =i
MAG =1= £, 2": f. C. (to determine fmax, fo = fmax)
4ryy
f
MAGe=-—— —+— 2]
or 81r f‘.z (rm,’ CT(') ( )
therefore

= \/‘f’.— (2m)
. 8 ron” Cre

. —— ————— ———— | ——
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Several conclusions can be drawn from the above equations. Providing one operates
the transistor in the 6 db/octave slope, which extends from f, back to about 5fhe., a
knowledge of

f(

heeo

T’ gor at least the rw,” Cre product

T

gives us a reasonable figure of merit of the transistor, as we can easily derive approxi-
mations for

Ties (see equation (2k))

Toen ( S€€ €quation (2j))

MAG (see equation (21))

fumax (see equation (2m))

The manufacturer of high-frequency transistors will usually give the four required
parameters, as they can be measured (relatively) easily. It can be said that the high-
frequency performance of a transistor is primarily determined by the four parameters:
£, ron’s Cre (Cv'e) and Cre (Cy'+). Cre imposes an upper limit on output impedance
(Toep), Twv’ a low limit on input impedance (ries), Crx limits f, while f, in turn limits
[hee| at the operating frequency.

Figure 2.29 is a nomagram which relates the various parameters to make possible
a rapid determination of the maximum available unilateralized power gain (MAG) at
frequencies above 5fh¢. (with reduced accuracy down to fhee).

Step 1 consists of placing a straight edge to join the values (generally specified
by the manufacturer) of f, and rw’ Crc and thereby locating fuax. In the example
on the nomogram an f, of 1 kmc and an rw’ Crc time-constant of 15 psec gives
an fuax of approximately 1.6 kme.

Step 2 then consists of placing the straight edge on the operating frequency
(f, = 100 mc in the example) and joining f, with the fm.« determined in step 1
(1600 mc). The maximum available (unilateralized ) power gain is then read off
the MAG scale. In our 100 mc example, the MAG is approximately 24.5 db.

THE USE OF BLACK-BOX PARAMETERS (hory)

One other method of high frequency characterization is to use two-port parameters,
considering the transistor simply as a black-box having one input and one output port.
This analysis is mucl more exact, since it uses the terminal properties of the tran-
sistor, rather than the internal parameters of an approximate equivalent circuit. This
method applies to any linear two-port active device and is amenable to matrix analysis.
The main disadvantage is the lack of direct relationship to the physical equivalent
circuit, although this is generally of little concern to the circuit designer. He finds the
use of black-box parameters attractive because the manufacturer gives them on his
high-frequency transistor specification sheets. Furthermore, both the manufacturer and
user can measure the black-box paramecters more easily than the elements of the
equivalent circuits. The two-port parameters of the linear active network completely
describes its performance. It is thus possible to derive complete and accurate gain and
stability expressions at any frequency, “plug-in” the measured values of the parameters
and “crank-out” the results.

In general, any of the many sets of two-port parameters (z, g, h, y, a and b) could
be used. Because at high frequencies it is more convenient to measure the y-parameters,
the latter seem to be used predominately on manufacturer’s specification sheets. Refer-
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Figure 2.29

ring back to equations (2b) and (2¢), the four y-parameters are short-circuit param-
eters and are given as

yn= o= input admittance
'
Yo = "] -= forward transfer admittance
!
Yie = ‘“ = reverse transfer admittance
Yoo = ‘l] = output admittance

Any admittance y can be resolved into its components of conductance g, and sus-

e, = ———— —————
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ceptance b, in the following format:
y=g+jb

hence the input admittance ( common-emitter) is
Vite = Yie = gie + jbie
Yore = Yo = Zre + jbre

Yize = Yre = Ere + jbre

Ve = Yoe = Zoe + jboe

The manufacturer’s specification sheet will generally show both the real and imagi-

nary components of the y-parameters at a given frequency and operating point (bias).

Sometimes there may be graphs of these parameters covering the frequency range for

which the transistor has been designed. The next step consists of determining from
these measured values the actual dynamic parameters of the transistor.

% output ac short-circuited

% input ac short-circuited

CALCULATION OF INPUT ADMITTANCE (COMMON-EMITTER)
o = V1o — YfeYre
YiNe i Yoo + i

where y. is the load admittance. Since the highest power gain is attained in the
conjugate match* condition, we will make

boe = —bu
hence
o . — Yte Yre
YiNe = V1 Zoe + g1
CALCULATION OF OUTPUT ADMITTANCE (COMMON-EMITTER)
To = Voo — Yite Yre
Your Yy Yie + Vo
where
y« = source admittance, if (gic + g¢)>>(bie + bs),
then
— _ _YteYre
YouTe Yo Zie + g0

CALCULATION OF GAIN

Current gain = Yte Vi
Yie (Yoo + yL) — Yee Ve
Voltage gain = - — /'*
yu + Yoe
2
Power gain = | Y'® g
Yoe + Y| gix

To determine stability, the loop gain is calculated. This loop gain is essentially the
ratio of forward to reverse gain and hence should be as large as possible.

Yte Yre

Lo in = —
op gain (yr + yoe) (yr + ys)

if
(gie + 2:) >(bie + bs) and (goe + gr) > (boe + br);
*A linear four-terminal network is conjugate matched if the generator is the complex conjugate (equal

magnitude — opposite sign or phase) of its input impedance and the load is the complex conjugate
of its output impedance.

=_= = ——— ————————— —— ——— ——



2 SMALL SIGNAL CHARACTERISTICS

then the
Yte Vre
(g1e + 84) (8oe + g1)
MAG = el
4gle goe
Assume a 2N918 transistor has the following specified parameters at 200 mc:
lytel = gte + bre = Re lycel + Im lyrel = (20 4 j50) 107

loop gain =

gie = Re |yiel =8 X 10 mho
Zoe = Ro |yoel = 0.4 X 10® mho
then its MAG = 2900 x 107 = 2900 _ 997 ~ 936 db

4xX8x10°x04x10°" 128

The loop gain would be very high, since y.. is minimized ( perfect neutralization is not
feasible) in this neutralized condition. Naturally losses in tuned circuits, poorly
bypassed resistors, etc., would subtract from the MAG so that the actual circuit power
gain will be somewhat smaller than this “maximum” amount of power gain.

MEASUREMENT OF y-PARAMETERS

Short-circuit y-parameter measurements can be made by using simple bridge tech-
niques. Readily available commercial equipment such as the Boonton RX Meter*
(range 1-250 mc), the Wayne Kerr B801 VHF Admittance Bridge (range 1-100 mc),
and the General Radio Immittance Bridge B-1601 (range 30-1500 mc) will do the job.
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LARGE SIGNAL CHARACTERISTICS
AND TRANSISTOR CHOPPERS

CHAPTER

The large signal or d-c¢ characteristics of junction transistors can be described in
many cases by the equations derived by Ebers and Moll.®” These equations dre useful
for predicting the behavior of transistors in bias circuits, switching circuits, choppers,
d-c amplifiers, etc. Some of the more useful equations are listed below for reference.
They apply with a high degree of accuracy to germanium and silicon junction tran-
sistors operated at low current and voltage levels.

PARAMETERS

The parameters used in the following large signal equations are listed below and
indicated in Figure 3.1.

PARAMETERS USED IN LARGE SIGNAL EQUATIONS
Figure 3.1

Ico Icro Collector leakage current with reverse voltage applied to the collector,
and the emitter open circuited (Ico has a positive sign for NPN tran-
sistors and a negative sign for PNP transistors).

Iio Iiso Emitter leakage current with reverse voltage applied to the emitter,
and the collector open circuited (Ixo has a positive sign for NPN
transistors and a negative sign for PNP transistors).

ax Normal alpha, the d-c common base forward current transfer ratio
from emitter to collector with output short circuited (a has a positive
sign for NPN transistors and PNP transistors). In practice, best results
are obtained if the collector junction has a few tenths of a volt reverse
bias. Since a is a function of emitter current, the value at that particular
value of emitter or collector current should be used in the large signal

equations.
ai Inverted alpha, same as ax but with emitter and collector interchanged.
re’, Te’, Ic’ Ohmic resistance internal to the transistor and in series with the base,

emitter, and collector leads respectively.
Is, I, Ic D-C currents in the base, emitter, and collector leads respectively;
positive sense of current corresponds to current flow into the terminals.
dc Bias voltage across collector junction, i.e., collector to base voltage
exclusive of ohmic drops (across ra’, rc’); forward bias is considered
a positive polarity.

[=——==—_ - - = e ———————————— ——



3 LARGE SIGNAL CHARACTERISTICS AND TRANSISTOR CHOPPERS HE

e Bias voltage across emitter junction, i.e., emitter to base voltage exclu-
sive of ohmic drops (across rs’, rg’); forward bias is considered a
positive polarity.

Ves, Ves, Vee Terminal voltages: emitter to base, collector to base, and collector to
emitter respectively.

A= ;% 1/A = 26 millivolts at 25°C for y = 1.

q Electronic charge = 1.60 X 107" coulomb.

K Boltzmann’s constant = 1.38 X 10% watt sec/°K.

T Absolute temperature, degrees Kelvin = °C 4 273.

7 A constant of value between 1 and 2 (% tends to be nearly 1 for

germanium transistors and varies between 1 and 2 for silicon tran-
sistors ).®

A can be determined from a semi-log plot of the junction forward characteristic
(the semi-log scale is used for the current, while the linear scale is used for the volt-
age). A portion of the plot will be linear, from which A can be determined

A:ln(i—é—) (3a)

where AV is the corresponding change in voltage for a Al change in current on the
linear portion of the plot. This is shown in Figure 3.2 for the emitter-base junction of
a germanium alloy and a silicon planar transistor. Curves are shown for the case of an
open collector and for the case of a one volt reverse bias of the collector-base junction.
Notice that the slope is different for these two cases. The best correlation between
theory and practice results when the A obtained with the reverse bias is used.®

vl
Qi60 |- 060
~ Ves
% 0140 058
(03
£ 5
-~ ©0
» s
3 0120 os6 &
2 2
[}
5 g
0100 054 &
>
008 | ' o052
006 L 050

1000
T, pnA
Ves VS. Iz FOR A GERMANIUM ALLOY AND A SILICON PLANAR

TRANSISTOR AS A FUNCTION OF AN OPEN CIRCUITED OR
REVERSE BIASED COLLECTOR JUNCTION

Figure 3.2
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EER LARGE SIGNAL CHARACTERISTICS AND TRANSISTOR CHOPPERS 3

BASIC EQUATIONS

The basic equations which govern the operation of transistors under all conditions
of junction bias are

aNIEo = a[Icu (3b)

I=—_ 180 (etgr—1) 4 _@leo (g0 ) (3¢)
1 — aya: 1 — axar

Io=+ I (oagn 1) Lo (enge_y) (3d)
1 — aya; 1 — axar

Lk4+Ie4+Ic=0 (3e)

The above equations are written for the direction of current flow shown in Figure 3.1
and the sign of Iro and Ico as given above under Parameters. The three possible areas
of transistor operations are: 1) one junction forward biased and one junction reverse
biased (active), 2) both junctions forward biased (saturated), 3) both junctions
reverse biased (cutoff).

ACTIVE OPERATION

The transistor behaves as an active device if one junction is forward biased and
the other is reverse biased. Under normal operation, the collector is reverse biased so
¢c in equations (3c) and (3d) is negative. If this bias exceeds a few tenths of a volt,
edoc <1, and it can be eliminated from the equations. The collector current can then
be solved in terms of the leakage currents, current gains, and emitter-base potential,
thus giving the large signal behavior of the device.

SATURATED OPERATION

The transistor can be operated in the normal (grounded emitter) or the inverted
(grounded collector) connection as seen in Figure 3.3. The equations which are devel-
oped for each respective configuration will be labeled “normal” and “inverted.” The
directions of base, collector, and emitter current respectively are taken as into the
transistor. Where a current flows out of the transistor, it is to be given a minus sign.
When a () sign proceeds the equation, the plus applies to a PNP transistor while
the minus applies to an NPN transistor.

[ E
Il Pre,
Ity l
B B
-— -«
IB IB
E [

(a) Normal (b) Inverted
THE NORMAL AND INVERTED CONNECTIONS

Figure 3.3

The transistor in saturation can be represented by an equivalent circuit as shown
in Figure 3.4. rc’ and r&’ are the collector and emitter bulk or body resistances from

===  — — —— — —  — — - }X]



3 LARGE SIGNAL CHARACTERISTICS AND TRANSISTOR CHOPPERS HE

the junctijon to the terminals. The collector to emitter voltage due to transistor action,
¢, is determined by the connection:

(Normal) Vc,::(t)“—l\ In - ,Ii“___,“-" V_ (3f)
[1+ In(l_“’)]
IF (1—0.1)
ax| 1 ——% ==
(Inverted) ¢rc = (*) 1‘ In [ ;“ gl (3g)
‘ [1+Ii(1_““)]

Notice that equation (3g) can be obtained from (3f) by replacing Ic by Ig, ax by ar in
the numerator, and a; by ax in the denominator. If the ratio of load current to base drive,
Is I

Ic OF 1, is very small or zero, equations (3f) and (3g) respectively reduce to

(Normal) oce =~ (%) —l\ In ar (3h)
(Inverted) dsc ~ (£) 11\ In ax (3i)
c c
? I
M M
fe 3
$ce $ec
Iy I‘c‘ I!,I'cl
re' re'
E c
(a) (b) NORMAL {c) INVERTED
CONNECTION CONNECTION

EQUIVALENT COLLECTOR-EMITTER CIRCUIT OF
A SATURATED TRANSISTOR

Figure 3.4
Thus the collector to emitter voltage or “offset voltage” becomes ( for an npn transistor)
(Normal) Veg = — 1\ ‘Inar 4+ v re’ (37)
(Inverted) Vee = — 1\ ‘In ax 4 Is rc’ (3k)

Since ax and a1 are functions of base drive, the offset voltage will change as Is is
varied. This is shown in Figure 3.5 which shows the inverted connection offset voltage
of a planar epitaxial transistor as a function of base current. From zero, the offset
voltage decreases with increasing base drive because ax is increasing. At some base
drive, the offset voltage becomes a minimum. Above this, the offset voltage becomes
a linear function of Is since the Is rc’ drop predominates. The slope of Vec vs. Is
curve in this region (with Iz = 0) gives rc’. Likewise, by operating the transistor
in the normal connection (with Ic = 0) the slope of Vce vs. Is curve at the higher
values of base current (Is > 1 ma) gives rx'.

[ - ————
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1.0

08

0.6

Vge, mv

o4

SLOPE=rc=.080

O'ZF’—_—
Y |;) 20 3‘0
Ig ma
Vec VS. Is FOR 2N2192
Figure 3.5

Since a1 < ax for most transistors, the offset voltage of the inverted connection
will be less than that of the normal connection. Thus in low level chopper circuits, the
inverted connection is always used. Examination of equations (3f) and (3g) shows
that the sign of ¢ce and ¢rc can be made to reverse by forcing a load current from
collector to emitter for a PNP transistor and from emitter to collector for a NPN tran-
sistor. Thus, the emitter to collector terminal voltages Vec or Ver can be made zero.

The transistor in either mode of operation will remain saturated as long as the
bracketed terms in the numerator or denominator of equations (3f) and (3g) remain
larger than one. Thus, the transistor behaves as a “closed switch,” and the load current
can flow through the transistor from collector to emitter or emitter to collector, depend-
ing upon the polarity of the load supply. If either the numerator or denominator term
which is bracketed becomes zero, the log becomes infinite and the transistor comes
out of saturation. Since a; < ay, it can be seen from equations (3f) and (3g), that both
the normal and inverted configurations will become unsaturated respectively at lower
ratios of %: & 11; if the load current passes from collector to emitter in a PNP tran-
sistor, and from emitter to collector in an NPN transistor.

By differentiating equation (3f) and (3g) respectively with respect to Ic and Ig,
and adding the bulk resistances, the dynamic impedance of the saturated transistor can

be found. If (1 : =5 —I—C-) and ( 1': = ) Is -are much less than 1, then
N 1

In Ia

(Normal) v 4 (lze a‘—“) + 15" + 1 (31)
A In a:

(Inverted) Tq1 == li(_l_g f"aiai) + 18" 4 rc’ (3m)
B B @y

o Tar _ ax (3n)
Tax aj

ifl'El+l'Cl<< T (lfalaN)‘

A Isax

e R — 5
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For base currents where the above inequality holds, the dynamic impedance is in-
versely proportional to the base current as shown in Figure 3.6. Also, the dynamic
impedance of the inverted connection is larger than that of the normal connection
since ax < a1. (This is in contrast to the offset voltage where it is smaller for the in-
verted mode than for the normal connection. )

1
o0 T T T T 71
& 11T
==== == TRUE HYPERBOLIC FUNCTION —]
60 MEASURED
h ~— = — CALCULATED
a0 \\ DYNAMIC RESISTANCE, rq, OF A
\ 2N2192 TRANSISTOR AS A
y FUNCTION OF BASE DRIVE
\ |
20 R
: \
£ \
s A\
g N
10
8 \
6 AN S I
4 I P,
! \\L
T T
I \N
| |
2 1 1
Figure 3.6 .
2 4 6 B8 0 12 14 6 18 20

CUTOFF OPERATION

By reverse biasing both emitter and collector, equations (3b), (c¢), and (d) can
be solved for the emitter and collector currents

' , _ Jeo(l —a)
(Normal) Ice = 1 — avar (30)
(Inverted) I = Iio (1 — ax) (3p)
1 — axa;

Equations (30) and (3p) indicate that with both junctions reverse biased, the col-
lector current will be less than Lo, and the emitter current will be less than Ixo. Also,
the inverted connected will result in the lowest leakage current in the load. While this
is true for germanium transistors, it is not true for most silicon transistors. The reason
for this is that the alphas of the silicon transistor are almost zero at collector or emitter
currents given by the leakage currents. Leakage currents for well made signal planar
transistors at low voltages are below a nanoampere.

USEFUL LARGE SIGNAL RELATIONSHIPS

The relationships given with an asterisk * (opposite page) apply only to germanium
transistors and not to signal silicon transistors because of the reasons given in the pre-
ceding section of this chapter.
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COLLECTOR LEAKAGE CURRENT (lcko)*

For the direction of current flow shown

Icro = Leo

(3q)

Iceo
—VCE>‘O.I VOLT

1—ax

Icro is the collector leakage current with the base open-circuited and is generally
much larger than Ico.

COLLECTOR LEAKAGE CURRENT (lces)*

For the direction of current low shown

_ Ico
Lces Tops = —
—Vgg>~0.1VOLT 1 — axar

(3r)

Ices is the collector leakage current with the base shorted to the emitter and equals
the leakage current the collector diode would have if the cmitter junction was not
present. Accurate values of ax and a: for use in the equations in this section are best
obtained by measurement of Ico, Iero and Ices and calculation of ax and a: from equa-
tions (3q) and (3r). The value of Izo may be calculated from equation (3b).

COLLECTOR LEAKAGE CURRENT (lcen)*

For direction of current ow shown

Vg > 0.IVOLT | P (l —+ A\I]-;()R) Ico
T Tcer o 1 — axar + ARIgo (1—ay) (3s)

Ickx is the collector leakage current measured with the emitter grounded and a resistor
R hetween base and ground. The size of the resistor is generally about 10 K. From
equation (3s), it is seen that as R becomes very large, Iexx approaches Iero—equation
(3q). Similarly, as R approaches zero, Iegw approaches Iexs—equation (3r).

COLLECTOR LEAKAGE CURRENT — SILICON DIODE IN SERIES WITH EMITTER*

For direction of current flow shown

V¢ >~0.8 VOLT Ie = (1 + AloR —-7a.AVp) Ico
T I 1 — axar 4+ ARIgo (1—ay) (3t)

R Vo

This circuit is useful in some switching applications where a low collector leakage
current is required and a positive supply voltage is not available for reverse biasing
the base of the transistor. The diode voltage Vv used in the equation is measured at a
forward current equal to the Ico of the transistor. This equation holds for values of I
larger than Ico.
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BASE INPUT CHARACTERISTICS

. for Ie =0
‘E 7 o l IB
Vaw = In (Re + Ra) + 1 ]n( - +1) (3u)
VBE - EO
i_f for Veg > —.1 volt
_ Rg 1 Is (1—axay) ax (1—ai)
Ve = Iu{ Ra E 1 d 1 L =4
BF ' ( »t 1 — ax ) + A" Io (1—ax +1+ a:(l-—a.\-)] (3v)

A comparison of equations (3u) and (3v) indicates that they are approximately
equal if Rg is small and ax is smaller than ai. For this condition, the base input charac-
teristic will be the same whether the collector is reverse biased or open-circuited.

VOLTAGE COMPARATOR CIRCUIT
I fOI' Vo = Vee

B =

If an emitter follower is overdriven such that the base current exceeds the emitter
current, the emitter voltage can be made exactly equal to the collector voltage. For
example, if a square wave with an amplitude greater than Ve is applied to the base
of the transistor, the output voltage V. will be a square wave exactly equal to Vec.
Equation (3w) gives the base current required for this condition and indicates that the
transistor should be used in the inverted connection if the required base current is to
be minimized. This circuit is useful in voltage comparators and similar circuits where
a precise setting of voltage is necessary.

JUNCTION TRANSISTOR CHOPPERS

Transistor choppers are used in the amplification of low level d.c. signals, as well
as in the conversion of d.c. signals to a synchronous a.c. voltage for driving the control
phase of two phase servo motors. The chopper converts the d.c. signal to a synchronous
a.c. voltage whose magnitude is proportional to that of the d.c. signal, and whose phase
relationship to the reference a.c. voltage is either zero or 180°, depending upon the
polarity of the d.c. voltage. This can best be seen by referring to Figure 3.7(A). The
chopper contacts close during the positive half cycle of the a.c. reference and open
during the negative half cycle. With the switch in position 1, the positive voltage Es is
tied to the resistor R as shown in Figure 3.7(B) during the positive half cycle of the
reference. During the negative half cycle of the reference, the chopper contacts are
open and the voltage across R is zero. The capacitor removes the d.c. level such that e.
is now an a.c. square wave which in phase with the reference a.c. If the switch is in
position 2, the negative voltage Es is applied to R during the positive half cycle of the
reference voltage, and as can be scen in Figure 3.7(C), the output is 180° out of
phase with the reference a.c.

Figure 3.8 shows a single transistor replacing the mechanical chopper. When the
base voltage is made positive with respect to the collector (NPN transistor), the tran-
sistor behaves as a closed switch, and the d.c. input voltage is connected to R. During
the half cycle of the reference voltage when the base is made negative with the supply,

B e ]
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HALF-WAVE CHOPPER
Figure 3.7

the transistor behaves as an open switch, and the voltage across R is zero. However,
the transistor is not a perfect switch, and an error voltage and current are respectively
superimposed on the d.c, source. During the half cycle that the switch is closed, the
error voltage introduced by the transistor is

Vec = .026 In ax + Inrc’ (3x)
where ax is the normal alpha as defined at the beginning of this chapter and r¢’ is the
collector bulk or body resistance, The error current which is introduced when the
transistor is an open switch is

Il' — I('lu» a (1 = a_\') (3)’)

as (l — an a;)

where a; is the inverse alpha and Icuo is the leakage current as defined earlier in this
chapter.

Ql c
¢ 2N ~ - 1} ?
DI.C. eo
INPUT -
10K £a ||§ R
-
v
= AC. =
REFERENCE
QI=G.E. 2N2I92
OR 2N2195

Eg=5 VOLTS PEAK
SINE OR SQUARE WAVE.

SIMPLE SERIES TRANSISTOR CHOPPER
Figure 3.8
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The error voltage introduced by the transistor during the “on” half cycle can be
minimized by using two transistors whose offset voltages cancel one another as shown
in Figure 3.9. The transistors must not only be matched at room temperature but
must track over the required ambient temperature extremes. This is no problem with
transistors such as the 2N2356 and the 2N3082 where two transistor pellets are
mounted in one header. The initial offset voltages are matched to 50 and 75 miciovolts
respectively. Drifts of less than %100 microvolts over an ambient temperature of
—35 to 125°C are easily obtainable. The low drift results primarily from the low initial
offsets of each transistor (due to the very high ax and low rc') and to the negligible
temperature difference between the transistor pellets. Some of the important param-
eters of these chopper transistors is given in Table 3.1.

| ek G.E G.E | e | 1

[RGERRUMEER 2N2356 | 2N2356A | 2N3082 2N3083l NS
BVero 25 25 25 | 25 | volts, min
BVceo » — - l 20 20 | volts, min
BVegro 7 7 i 10 10 volts, min

| Differential Offset "

Voltage, 25°C 50 - 75 == u volts, max
Differential Offset ’
Voltage change with
temperature
—55 to 25°C 100 - ’ 100 - u volts, max
25 to 50°C 100 - | 100 | = | uvolts max
Differential Offset
Voltage,
—55t0 125°C - 50 - 75 @ volts, max
Differential Offset '
Current, 25°C 2 2 5 2 n amp, max
“On” Dynamic
Resistance,
Ini = In: = 1 ma 40 40 40 40 ohm, max
Collector Capacitance
(Ven=0V) - - 8 8 pf, max
Emitter Capacitance
(Vr:u :—0 V)— ] _— J — 8 | 8 J p_fexax -

PARAMETERS OF CHOPPER TRANSISTORS
Table 3.1

A chopper configuration®® which can be used to advantage for a low source
impedance input is shown in Figure 3.10. During the half cycle when Q, is “on,” Q:
is turned “off” because its collector-base junction is reverse biased, and R is tied to the
d.c. input. On the next half cycle when Q is turned “off,” Q. is turned “on,” shorting R,
The leakage current due to Q: does not flow through R during this half cycle since Q-
essentially short circuits R. During the alternate half cycle when Q. is turned “off,” its
leakage current will flow primarily through Q, (its turned “on”) and the input circuit
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if R is made much larger than the source impedance. Thus, the drift due to leakage
current is minimized. In addition, the offset voltages of the two transistors effectively
cancel, even though they occur on separate half cycles. The reason for this is that they
form a d.c. voltage which is not chopped and which is not passed by the capacitor, C.
An advantage this circuit has over the chopper circuits discussed above is that it is less
sensitive to noise pickup because the load always looks back into a low impedance.

T

Ra

AC
REFERENCE

Di

[

NOTE:
I. QIA QIB-GE 2N2356,2N2356A,2N3082 OR 2N3083 (TWO MATCH-
ED TRANSISTORS IN ONE PACKAGE)

2. ELECTROSTATIC SHIELDING BETWEEN PRIMARY AND SECONDARY
WINDINGS OF TRANSFORMER T MAY BE REQUIRED.

3. Rg=10K, Eg=10 VOLT PEAK (SINE OR SQUARE WAVE }

4. Dl =IN3604

AN IMPROVED SERIES TRANSISTOR CHOPPER

Figure 3.9
Ql C
7N o . o} T
€0
R
oC 8
INPUT Eg Rg
Q2 R
i —
SHIELD —~ ~

AC REFERENCE |

QI = Q2=GE 2N2192, 2N2i9%, OR QI,Q2= 2N2356, 2N2356A,
2N3082 OR 2N3083

i

NOTES:
l. Rg=IOK, Eg=7.5V SINE OR SQUARE WAVE
FOR 2N2i95, 2N2192, 2N2356, 2N2356A
2. Rg=50K, Eg = 5V SQUARE WAVE FOR
2N3082, 2N3083

SERIES-SHUNT CHOPPER
Figure 3.10

Figure 3.11 shows actual drift performance obtained with this circuit using the

2N2356A as the chopper transistor®. The chopper drift was less than =60 uv from
—55 to 150°C.
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5]
o

®
o
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UNIT # 2
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7
UNIT# 3 7
I4
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~, UNIT# |

UNIT# 2
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TYPICAL TEMPERATURE DRIFT OF SERIES —
SHUNT CHOPPER USING GE 2N2356A

Figure 3.11

c
A Tuf

DC INPUT
Ry
IN3604 Rg 2K

Rs

D2
iN3604

NOTES:
I.Rg CAN BE SOURCE IMPEDANCE OF 50K
TO SEVERAL MEGOHMS
2.Eg=I0VOLT PEAK SINE WAVE FOR
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BB LARGE SIGNAL CHARACTERISTICS AND TRANSISTOR CHOPPERS 3

Figure 3.12 shows a transistor chopper used for high source impedance applica-
tions or those where the d.c. input cannot be loaded. Although Ry is shown as part of
the chopper circuit, it can be the d.c. source impedance.

Operation of this chopper is basically one of shorting node A to ground each half
cycle when the base of the transistor is made positive with respect to ground (the
collector). A zeroing adjustment for removing the transistor’s offset voltage is pro-
vided by D, R., and Rs which canses a current to flow during the half cycle from
collector to emitter [see equation (3g)]. In some applications where the 12X1111 and
2N2192 are used, the offset voltage is small enough (less than a millivolt) so that the
balance network can be eliminated.

On the half cycle of the supply which would normally reverse bias the collector-
base junction of Q, the diode Di prevents this from occurring. The collector-base poten-
tial is then zero; however, Chaplii. and Owens®™ have shown that the emitter-collector
impedance is given by

Iee = 0.026 (1 4+ ax/ar — 2 ay) (3z)

I('nn

Thus the dynamic impedance is approximately 26 mv. divided by the Ieno. For silicon
transistors (even at high temperatures) this impedance can be made larger than the
load impedance so that the current at node A duc to the input d.c. voltage flows into
the load during this half cycle. The maximum value of the load is then determined by
the minimum value of ri.c obtained from equation (3z). Also, any drifts which normally
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3 LARGE SIGNAL CHARACTERISTICS AND TRANSISTOR CHOPPERS W

would have been caused by the transistor leakage currents have been eliminated.
For the condition that rec>>R., the peak to peak load current is given by
_2Euc.
Rs + 2 Re
The equivalent input current drift due to drift in transistor offset voltage (V) is
shown to be

I()Z%Y‘forﬂs >>Re (3bb)
$

(3aa)

Iy.r =

A second component of the chopper drift is due to transient current spikes which
occur when the transistor switches “on” and “off.” The net area (charge) of the tran-
sients develops a potential on the capacitor C which, to the circuit, appears as an input
signal. In order to zero the output, a d.c. input current (integrated over one-half cycle)
must be provided. The 12X1111 is ideal for this application because of its low junc-
tion capacitances (< 8 pf at 0 volts) and low initial offset (< 250 uV at Ix = .1 ma).

Temperature drift tests made using 2N2192’s show that with the entire chopper of
Figure 3.12 exposed to temperature, the required d.c. input necessary to zero the out-
put is less than 10~° amperes from —55 to 125°C. This is equivalent to 1 mv of drift
referred to the input for R« = 100 K.

REFERENCES:
M Ebers, J. J., “Large — Signal Behavior of Junction Transistors,” Proceedings of the IRE, Vol. 42,
December 1954.

@ Pritchard, R. C., “Advances in the Understanding of the P-N Junction Triode,” Proceedings of the
IRE, Vol. 46, June 1958.

® Gjorgis, J., “Some Large Signal Properties of Planar and Planar Epitaxial Transistors,” G. E. Appli-
cation Note 90.13.

@ Kruper, A., “Switching Transistors used as a Substitute for Mechanical Low Level Choppers,”
AIEE Transactions, Vol. 74, partI March 1955.

® Giorgis, J., and Thompson, C. C., “Silicon Transistor Performance in a Chopper Application,”
Appl:cahons and Industry, #37 ]uly 1958.

@ Giorgis, J., “Silicon Transistor Choppers for Low Impedance Sources,” Solid State Design, Vol. 4,
No. 5, May 1963.

@ Chaplin, G. B., and Owens, A, R., “Some Transistor Input Stages for High-Gain D.C. Amplifiers,”
The Procecdmgs of the IEE, Vol. 105 part B, No. 21, May 1958.

® Giorgis, J., “A Transistor Chopper for High Impedance Sources,” Electronic Equipment Enginecer-
ing, Vol. 11, No. 1, January 1963

NOTES

.- _——— — — — __ ___ _————— |



BIASING AND DC AMPLIFIERS

CHAPTER

BIASING
INTRODUCTION

One of the basic problems encountered in the design of transistor amplifiers is that
of establishing and maintaining the proper dc emitter current and collector to emitter
voltage (called the bias conditions of the circuit). The biasing problem is due pri-
marily to the change of transistor parameters (hss, Ico, Vax) with temperature and the
variation of these parameters between transistors of the same type. This can readily
be seen by referring to Figure 4.1(a) where the transistor is operated in the common
emitter mode and is biased by a constant base current, In. Figure 4.1(b) shows the
common emitter collector characteristics of two different transistors with the same
collector load line superimposed on them. For the transistor characteristic shown with
solid lines and a base current I, the operating point is at A. On the other hand, if a
higher gain transistor is used, or the original transistor’s gain and leakage current are
increased due to an increase in temperature, the transistor characteristic shown with
dashed lines could result. For the same base current, In., the bias point is at B and
distortion would result since the transistor begins to saturate during the positive half
cycle of the signal base current.

» CC c T
,_——‘4u
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s _-T——LVI&
/ —
s RLA 1
|
I, . ~ B2
P IBI
-~ | |
—— IB|
: ] s
L}
Vee2 Veez VI Vee
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(a) 5> db
[}
]
(b)

SIMPLE BIAS CIRCUIT
Figure 4.1

The factors which must be considered in the design of transistor bias circuits,
whether operating class A or class B, and single or multi stage include

1. The specified maximum and minimum values of current gain (hrs) at the oper-
ating point for the type of transistor used.
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4 BIASING AND D.C. AMPLIFIERS [ —

9. The variation of hre with temperature. This will determine the maximum and
minimum values of hre over the desired temperature range of operation. The
variation of hpg with temperature is shown in Figure 1.26 for the 2N525
transistor.

3. The variation of collector leakage current (Ico) with temperature. For most
transistors, Ico increases at approximately 6.5-8% /°C and doubles with a tem-
perature change of 9-11°C. In the design of bias circuits, the minimum value of
Ico is assumed to be zero and the maximum value of Ico is obtained from the
specifications and from a curve such as Figure 1.25. In low level stages and
when silicon transistors are used, Ico can usually be neglected if the junction
temperature is below about 100°C. This is not true, however, if the emitter bias
current is in the microampere region.

4. The variation of base to emitter voltage drop (Vse) with temperature. Under
normal bias conditions, Vsx is about 0.2 volts for germanium transistors and 0.7
volts for silicon transistors and has a temperature coefficient of about —2.5 milli-
volts per °C. Figure 4.2 shows the variation of Ver with collector current at
several different temperatures for the 2N525. Note that for some conditions of
high temperature it is necessary to reverse bias the base to get a low value of
collector current.

5. The tolerance of the resistors used in the bias networks; tolerance of the supply
voltages.
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INPUT CHARACTERISTICS OF 2N525 (Vs = 1V)
Figure 4.2

SINGLE STAGE BIASING

Several bias circuits are shown in Figure 4.3(a) through 4.3(d) which have been
used to stabilize the emitter current and collector to emitter voltage. There are a
number of methods by which each circuit can be analyzed and synthesized, and the
methods chosen depend upon the requirements of the application and the aptitude
and preference of the designer. For example, the circuit of Figure 4.3(c) roughly can
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I  BIASING AND D.C. AMPLIFIERS 4

be biased for low level applications which operate near room temperature. The Ve,
Vee and Iy are selected by the designer — generally it is advisable to choose Ver and
Ik at the values given on the specification sheet for the measurement of the small signal
parameters. Is is then Ie/hrr + Ico; and Vg, the voltage at point A of Figure 4.3(c),
is then Ie Rs 4+ Vae. (Vse is approximately .2 volts for germanium and 0.7 volts for
silicon.) Iz Rs is chosen to be at least five times larger than Ve, and the current
through R: is chosen to be at least five times Is. R; is then V./I,, and Rs is

Vee —V,

In: + I
The load resistance is then

v(‘C — IE Ra — VCE or V(‘(‘ - ‘7(‘})
IE Il-)

Ve Vee Vee
R RI R, RI R
RI
=)
o o \bay
R2
R3 i
(a} (b)
Vee
L

—_ R,

R Vee
L2
RI R
Ry
R3 R3

3 =

5 ]
@y

7

(d) (e)

VARIOUS CLASS A BIAS CIRCUITS
Figure 4.3

Most applications require operation in an ambient other than room temperature
so that a more thorough analysis must be done. Rather than analyzing each circuit
individually, a general one battery circuit as shown in Figure 4.3(e) can be analyzed.
Each of the other circuits in Figure 4.3 can be obtained by setting the appropriate
resistor in 4,3(e) to zero or infinity. For example, the circuit of Figure 4.3(b) is
obtained by setting Ri. and Rs equal to zero and R. equal to infinity.

By means of Thévenin’s theorem, any of the circuits in Figure 4.3 can be converted
into another general circuit which consists of a three resistor and two battery circuit
as shown in Figure 4.4. This allows the designer to use the simple circuit of Figure
4.4 to analyze the bias circuit and determine the values of Rk, Re, R, Vi and Ve.

IB=00—0rt---. - —— &%/}



4 BIASING AND D.C. AMPLIFIERS

Once these are obtained, then the resistance values and the supply voltage of any of
the bias circuits of Figure 4.3 can be determined.

To=alp +1g,

Io=hee T+ (h 4Ty

GENERAL TRANSISTOR BIAS CIRCUIT
Figure 4.4

Thus, for the circuit of Figure 4.4, the following equations apply

IE:(hFE+l) (In—}-lco) (48)
Rs
Vi = 2 I: A% . — 1ce
! [(]1PE+1)+R}] & + Vae Ico Ry (4b)
Ve =1Ig (Re + a Re) 4 Vee (4c)

(The currents in the above equation and as shown in Figure 4.4 are those which
would be measured if an ammeter were inserted in that circuit.)

Considering bias conditions at the temperature extremes: at the minimum tem-
perature, I will have its minimum value, and the worst conditions would occur for
hrr = hee™'", Ve = Vg™, Ico = 0, or, at the lowest temperature

7Ap— ~ Rs min max
\B_I:hwm,“+l +RE:|1,, + Vie (4d)

At the highest temperature of operation I will have its maximum value and the worst
conditions would occur for her = hee™"*, Vo = V™', Ico = Ico™*. At the highest
temperature

VB = [ 'h”':ml}xn_}_ 1 + RE ] Il-;'“nx + VBEmln _ Icom" RB- (46)

From these two equations the value of Rz can be calculated by equating the two
expressions, thus

RB - (IEmux — Il-:m“‘) RE + VBEm“I — VBEmnx
max Il‘:mnx IEmin

heg™* 41 + hee™ + 1

(4f)
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I  BIASING AND D.C. AMPLIFIERS 4

From equation (4c) the minimum collector to emitter voltage with no signal is

min min ) - Re re Re re
Vee™'" = V¢ It max (Re + Re) — femax (——RE g + Retro T l’c) (4g)
where i. is the peak emitter current due to the signal, and rx and rc are the a.c. im-
pedances respectively between the emitter and ground and the collector and ground.

The bias conditions (I, Ver) may be determined by the application. For example,
the transistor may be biased to obtain the lowest noise figure, optimize the gain, or
the lowest possible supply drain. Because of the variations of small signal parameters
and noise with operating point, the range or tolerance of the bias conditions may be
determined by the amount the noise performance or gain are allowed to degrade. If
the application does not determine the bias conditions, and if wide ambient tempera-
tures are encountered, it is desirable to bias the transistor near the operating conditions
given for the measurement of the small signal parameters.

Regardless of how the bias current is determined, the extremes of operating point
are ultimately limited by the requirement that the transistor does not cut-off (Ir = 0)
or saturate (Ver = 0) under conditions of maximum input signal. The a.c. impedances
seen by the collector and emitter are used in calculating the additional voltage drop
due to the signal.

The procedure for determining the resistors and voltages of Figure 4.4 can best
be described by a sample bias design.

1. Select the transistor type to be used (2N525).

2. Determine the required range of temperature.
0°C to + 55°C

3. Determine Ico™"*.

From the electrical specifications the upper limit of I¢o is 10 xa at 25°C and
from Figure 1.25(A), Ico will increase by a factor of 10 at 55°C, thus Ico™**

=10 X 10 = 100 pa.

4, Determine the values of hex™'" and hpg™**

From the electrical specifications, the range of hrg at 25°C is 34 to 65. From
Figure 1.26 hyx: can change by a factor of 0.83 at 0°C and by a factor of 1.45 at
+55°C.

Thus hpe™'™ = 0.83 X 34 = 28, and hys™** = 1.45 X 65 = 94.
5. Determination of I; and the range of I.

The nominal bias condition is selected as 1 ma and 5 volts because the small
signal parameters are specified here and the temperature range involved. The
range of Iy is selected to be 0.6 ma to 1.4 ma since the change in small signal
parameters is small over this current range. If we assume that the maximum
input signal is 8 microamperes peak to peak, the maximum emitter current
swing due to the signal occurs at 55°C and is (hee™* + 1) In = 65 X 1.3 X
1.1 X 8 = .75 ma peak to peak or .375 ma peak. Thus the minimum value of
bias current that has been selected is sufficient to keep the transistor from
cutting off.

The allowable range of emitter current must be narrowed to take into
account the tolerance of the bias resistors. If the bias network has three resistors
with a 5% tolerance, then

Ie™" = (1 + 3 X .05) (.6) = .69 maand
I = (1 —-3X.05) (14) = 1.2 ma.

e— = — — —  —————— __——— I}



4 BIASING AND D.C. AMPLIFIERS

6.

10.

100

Since the Var temperature coefficient is about 2.5 mv/°C, Vg max — VBemia Can
be estimated to be 2.5 X 107 X 35 = .135 volt.

. Calculate the value of Ry from equation (4f),

Rs = 4.6 Rg — 1.2K.

. Using the equation from step 7, choose a suitable value of Rs and Re. This in-

volves a compromise since low values of Ry require a low value of Rs which
shunts the input of the stage and reduces the gain. A high value of Rg reduces
the collector to emitter bias voltage which limits the peak signal voltage across
Ry, or for the same collector-emitter voltage, requires a higher V.

Choose R = 2.7K for which Rg = 11.2K.

. Calculate Vi using equation (4d)

Vs = 2.32 volts

Determine V¢ and Re.

R. and V¢ must be chosen so that with the maximum bias current and peak
signal the transistor does not saturate. However, an upper limit is set on V¢ by
the BVcer rating of the transistor and the allowable power dissipation at the
highest operating temperatures. The load resistor, Re, is chosen to be as large
as possible with the constraints given above.

In our example the emitter is assumed to be bypassed so that the emitter
to ground a.c. impedance is negligible. In addition, the collector is assumed to
be a.c. coupled to a 500 ohm load. To effect a maximum transfer of signal to
the load, Rc >>> 500 ohms. Rc is thus selected to be 5K. Since the peak signal
current is .375 ma and using equation (4g)

Vemin > (1.05) (5K + 2.7K) (1.4 ma) + .375 ma X 453 2 (1.05)

or
Vemin > 11.4 4 .18 = 11.6 volts
Vee
(a)
RS RI RL RB Rc .
C B c Y%V
R2 R3 R Ve
E R2 ==~ (Ry-Rg)
(!
E E
Ve
(e) (@ RI= —= (Rg-Rg)
VB
R3= RE
R =Re

CONVERTING GENERAL BIAS CIRCUIT
TO VOLTAGE DIVIDER TYPE

Figure 4.5
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Ve is selected to be 15 volts. Once Rg, Re, Re, Ve and Vi of the general bias
circuit are determined, the resistor and supply voltage of a particular bias circuit
can be calculated. This is accomplished by equating between the bias circuits:
1) the transistor open circuit terminal voltages, and 2) the equivalent terminal
resistances with the supply voltages shorted. For example, Figure 4.5 shows how
the voltage divider bias network of Figure 4.3(c) is determined in terms of the
general bias circuit. The open circuit collector-emitter voltages are Vee and Ve,
respectively, while the open circuit base-emitter voltages are (R:/Ri + R.) Vee
and Vi, respectively. The equivalent resistance network of the circuits with the
power supplies shorted are shown in Figure 4.5(¢) and (d). From inspection
Rc = Ry, Rs = Rg, and Rs + R, Ro/R: + R = Rp. Using these relationships
and the voltage relationship given above, the values of the bias resistors and
voltages are calculated as shown in Figure 4.5(d). The same relationship for
other types of bias circuits are given in Figure 4.6.

(o
RI R -
L RL = RE
Rl = RB
Vo * V=V,
(a)
Vee
RI RL
RL+ R3= RE
RI = RB
Vee" Ve = Ve
R3
(c)

BIAS CIRCUIT VALUES IN TERMS OF
GENERAL BIAS PARAMETERS

Figure 4.6

Thus far, it has been assumed that the supply voltage Vcc is relatively constant.
There are many applications, where batteries are used and where the circuit is expected
to operate with a 50% drop in supply voltage. In addition, the battery drain must be
kept small and a minimum of components must be used (for example, a portable radio).

In this case, the voltage divider circuit of Figure 4.5 with R, small or zero is usually
used with germanium transistors. Ilowever, it has been found® that the constant base
drive of Figure 4.6(b) is required when silicon transistors are used. The reason for

= = — —— ———— ———— ;|
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this is that the Vze characteristic of silicon transistors has a steeper slope than it does
for germanium transistors. The disadvantage of this circuit, however, is that the stage
gain and bias point are more susceptible to hrr variations. Another approach to biasing
silicon transistors for this type of application is to use a separate battery for the bias
supply. Since the drain is greatly reduced, the life of the bias battery will be several
times larger than that of the collector supply battery.

BIASING OF MULTISTAGE AMPLIFIERS

Frequently, in biasing an amplifier, it becomes necessary to use techniques by
which higher input impedance or better stability are obtained than afforded by the
circuits already shown. Many different schemes have been used to accomplish these
purposes and the degree of complexity of any one method depends largely upon the
factors listed earlier in this chapter. In any design, however, considerations similar to
those in the example shown above must govern the circuit values chosen. Some of the
bias methods for two and three stage direct coupled amplifiers are shown in Figures
4.7, 4.8, and 4.9.

ino—] L Vees

DIRECT COUPLED AMPLIFIER
Figure 4.7

In Figures 4.7 and 4.8, biasing techniques are used which will improve the input
impedance of the amplifier being designed. In Figure 4.7, the ac feedback through
R. is essentially eliminated by the existence of C.. R: can therefore be quite small in
order to obtain good temperature stability for the amplifier. In Figure 4.8 bootstrapping
techniques are used. Here the ac and dc feedback are quite large. Temperature
stability and input impedance can be optimized but the gain of the circuit is sacrificed
for increased input impedance,

U ——— ===
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BOOTSTRAPPED AMPLIFIERS

Figure 4.8
VCC
S
() RL
<
RI R3 Vc3
OUTPUT
Q3
v
o—| Ves2 2 V.
INPUT H A V zz
VEB! Zl
Ro RS
R2 ,l\ R4
R

3-STAGE COMMON EMITTER
DIRECT COUPLED AMPLIFIER

Figure 4.9

Two-stage Biasing Analysis

As an example of biasing considerations for a direct coupled amplifier, the circuit
of Figure 4.7 is considered. As with single stage circuits, the hias can be established

f=is o= =i —————— —— ————————BUK
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using a “rule of thumb” procedure (as shown in Chapter 9) or it can be done ana-
lytically. In the analytical derivation for Figure 4.7 which follows, Rs and R, are com-
bined and called R¢ since only the dc conditions are of interest. Nodal equations can
be written for this bias scheme:

L =T+ In (4h)
It + It = I (4i)
Ipe + Ieo = I (4))
Le=1In 4+ L (4k)

Again, these currents are those which one would measure in the lines in which they
flow. In addition to these equations, two more equations can be written which depend
upon the transistor’s action.

It = hee I + (hem + 1) oo (41)
Ice = hres Ins + (henz + 1) Ieo: (4m)
The relationships between the voltages, resistors, and currents in the circuit are
=Y _R,Vm (4n)
Iy =V ;IV“‘ (40)
I, = \l/{.l (4p)
o= Yo Yo (4q)
I = Vo=, (4r)
L= XL (4s)

Substituting these voltage and resistor values into the node equations, and eliminating
I and Is: by use of the transistor equations (41) and (4m), the following results

Vo — Ve = (V| ; Vm) + (heer 4+ 1) Iem

R
Vn - V(‘-.- hl"EL’ + l) I 4
— q t
v hl-‘l-:z R, hn:z 0 ( )
(1 4 hrri) (V1 _RIVBI + Icm) = \17;: (4u)
(V° e 1)(1 + hrm) = hrre (V”R: V') (4v)
Vl’:ﬂ —_ \’l Vl - VRI Vl
= L 4
R:. Rl + Rﬂl ( W)
To these equations, other transistor voltage relationships can be written
Vi1 + Veer = Vo (4x)
Vez + Veez = Ve (4y)
Vei + Veer = Vm (4z)
Vez + Vie: = Ve = Vau (4aa)

There are now eight independent equations ( 4t) through (4aa) relating the voltage
and resistance values of the circuit. The circuit requirements of the particular design
now govern the remainder of the design procedure. All of the above equations are true
at all temperature extremes. The stability problem arises since the values of Ico and
hee change as a function of temperature. As these values change, the voltage and

I = ———————— — __——— —— =
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current relationships within the circuit must also change so that equations (41) through
(4aa) are satisfied. In practical design, for example, the specifications for the amplifier
normally demand that the output be capable of a specific voltage excursion. This peak
to peak allowable swing at the collector of the output transistor can theoretically equal
the supply voltage, if the bias voltage, Ve, is exactly Vo/2. Maintaining Vc. exactly
over the range of hre and Ico is essentially impossible, and thus the output voltage
excursion must be somewhat less than the supply voltage so that limiting does not
occur on the output waveform as the bias level changes. At the lowest temeperature of
interest, the emitter currents will be a minimum and the worst conditions would occur
for hee = hee™'®, Vee™*, and Ico = 0. At high temperature, the emitter currents will
have a maximum value, and the worst case is encountered for hpr = hpe™**, Ve =
Vm-:"”", and Ico = Ico™"".

The choosing of resistor values throughout the circuit is normally accomplished by
considering circuit requirements in conjunction with transistor operating conditions.
Equations (4h) through (4s) may also be of value in selecting resistors. A perfectly
general biasing scheme is difficult to describe since individual circuit requirements
play an important role in every amplifier. A general method of checking the values of
resistance chosen could be worked out by solving equations (4t) through (4aa) for Ve
by eliminating all voltages except Vi, Visri, and Veee. The resulting equation will be
of the form

Ver = Ki Vo 4+ Ko Ver + Ks Ym-:'.- + Ki Icor + Ks Icos (4bb)
Ko
If no approximations are made, these constants can be quite lengthy. For the case of
Figure 4.7 the constants are

K :(1 + hre2) Re’ s (

RRu"> + Ra + hem R'.'] — Ru (lll-‘m —g—f) (4cc)

K'.' = - hl-‘[-:z (hFEl R'.' - Ru’) (4dd)
Ks = her: Ry (4ee)
K, = hrga (l —+ hpm) (Ra + R Rz) (4ff)
Ki=—(1+ hees) [(l —+ hrei) (Ra Rs 4 Rs) + (R: R, + RC):I (4gg)
Ke :(L:FAI“'BE)_R"’[R_.‘ (1 +BA,> + Ra + hers R,_,:I AL (Ra+ RJ) Re (4hh)
R, Re R,
where,
RA = Rl + (l + hpm) R3 (4li)
Rs = R:R; —+ R: R¢ + Rs; R¢’ (4]])
Rc=R:R:s + Rx R¢ + R; Re’ (4kk)

By calculating the value of Ve using the worst case values for hre, Vae, and Ico at
the temperature extremes the variation in V. with temperature can be checked. Though
this procedure is tedious, one is able to determine the stability of any given amplifier
using steps similar to those outlined for the circuit of Figure 4.7.

Because of the circuit configuration used in this example, other types of bias
schemes can also be analyzed by setting some of the resistor values at zero. Two
different bias schemes would call for the following resistor changes: R; = 0; or Re = 0,
and R, represents resistance seen at the base by the first transistor.

Three-stage Biasing Analysis
A general purpose 3-stage direct coupled amplifier is shown in Figure 4.9. The pur-
pose of the zener diodes Vz and Vz: is to provide sufficient collector to emitter voltage

=3 | ¥
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for the preceding stage. In some cases they could be eliminated, or replaced by a for-
ward biased diode. Using the method of analysis given for the two stage amplifier, the
collector voltage of Qs is

vcazk! |:K Vee + Ke Ve + Ks Vi + Ko Va + Ks Lot + Ko Ioos + Ko ICOJMH)
O

where Vi = Ves: + Vziand Ve = Visa + Vs
The coefficients Ko ... ... K: are given in Table 4.1. For the case where R, >>
hre: Ri, Rs >> hees Rs, and hery R: >> Ru, the expression becomes

_ Rz(Rp+Ro)( R: ROR|V2> RF(R0+R2) Ieo
V = V " v: 11— Vx —
o Ro R, R TV N RR Ro

+ R, (Rr + Ro) (Icuz _ Icoa) (4mm)

Ro hees
The ac gain and frequency stability considerations are given in Chapter 9.

R. (8 R: 4+ Ro)

Ko =1+ G Ret Ro) Re + i RoRe T 2R
S - [ﬁ!(Ra—Rc)—Rx]ﬂaRL
K= 14 (R4 BR) (R4 AR
K. — R.(Ro +Re) Z R. Ro
Ro (81 R: + Ro) Rr + 81 R: Ro
Ks - ﬁ'— _ﬁa RL Rs
(Ri 4+ B:Ri X Rs + s Rs)
= R. 8
Ris + B8: R

K. — _RuRe (Ro+R:) Z

P Ro

K, — (Ri+Ri) (RiRig: 8s)
(Ri 4+ B:R.) (Ri + B:Rs)
K1:— ﬁsRsRL
R: + 8. Rs
Ro R R;s 8 B: Bs

h 7= —
W:"’ [R: Ro 8 + Rr (Ru B, + Ro)] (R, + £: Ru) (Rs + o Re)
an

B = llFl-:x
B: = lln-:z
By = llm-:s Table 4.1

NONLINEAR COMPENSATION

In the previous section, the bias point was maintained by employing feedback. It is
possible to stabilize the bias point for temperature variations by using nonlinear com-
ponents or another transistor (as shown under DC AMPLIFIERS ). The nonlinear com-
ponents to be discussed in this chapter compensate only for temperature changes and
are not effective for the variation of transistor parameters between units or with life.

Figure 4.10(a) shows a circuit where a thermistor, Rs, in parallel with a fixed
resistor R, is used to compensate for the transistor leakage current, Vus, and gain
variation with temperature. Since the thermistor has a negative temperature coefficient,
it will reduce the base-emitter voltage with increasing temperature. The temperature
coefficient and values of resistors are usually determined experimentally.

. _— — -~
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(a) (b)

NONLINEAR TEMPERATURE COMPENSATION
Figure 4.10

A similar compensation technique which can be used with germanium transistors
is shown in Figure 4.10(b). Diode D, (a silicon diode) is forward hiased and compen-
sates for the transistor Vae variations. D: is a germanium diode (it could be the
collector-base junction of a transistor of the same kind that is being used) which com-
pensates for Ico variations. Because Ico is voltage sensitive, more perfect compensation
is obtained if point B of D, were returned to a minus voltage equal to the collector
voltage of the transistor. If silicon transistors are used, diode D. could be eliminated.
Because of the low impedance presented by D, the signal would have to be inserted
in series with the base — this can be accomplished with transformer coupling.

Diodes can also be used to compensate for Vg variations of push-pull amplifiers
as shown in Figure 4.10(d). The stages are generally biased Class AB in order to
eliminate crossover distortion. If the stages were biased Class B (no quiescent current)
the input signal would have to exceed the transistor Vi before any appreciable col-
lector current would flow. The d.c. current through the diode must be larger than the
maximum peak signal current if the diode is not to cut off during the negative half
cycle of the signal. By placing another diode as shown by the dotted line, the diode
bias current can be reduced since the second diode will conduct for the negative half
cycle of the signal.

THERMAL RUNAWAY

When a transistor is used at high junction temperatures (high ambient temperatures
and/or high power dissipation) it is possible for regenerative heating to occur which will
result in thermal run-away and possible destruction of the transistor. In any circuit the
junction temperature (T,) is determined by the total power dissipation in the transistor
(P), the ambient temperature (T.), and the thermal resistance (K).

T =Ts+ KP (4nn)
If the ambient temperature is increased, the junction temperature would increase an
equal amount provided that the power dissipation was constant. However, since both
hrx and Ico increase with temperature, the collector current can increase with increas-
ing temperature which in turn can result in increased power dissipation. Thermal run-
away will occur when the rate of increase of junction temperature with respect to the
power dissipation is greater than the thermal resistance (AT;/ AP > K).

Thermal run-away is generally to be avoided since it can result in failure of the
circuit and possibly in destruction of the transistor. By suitable circuit design it is
possible to ensure either that the transistor can not run away under any conditions or
that the transistor can not run away below some specified ambient temperature. A dif-
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4 BIASING AND D.C. AMPLIFIERS

ferent circuit analysis is required depending on whether the transistor is used in a
linear amplifier or in a switching circuit.

In switching circuits such as those described in Chapter 6, it is common to operate
the transistor either in saturation (low collector to emitter voltage) or in cutoff (base to
emitter reverse biased). The dissipation of a transistor in saturation does not change
appreciably with temperature and therefore run-away conditions are not possible. On
the other hand, the dissipation of a transistor in cutoff depends on Ico and therefore
can increase rapidly at higher temperatures. If the circuit is designed to ensure that the
emitter to base junction is reverse biased at all temperatures (as for the circuit of Fig-
ure 4.11) the following analysis can be used

Ico R
-— Vee = —30V

R = 1K

2N527

Figure 4.11

The transistor power dissipation will be
P= IC()VCE = IC()(VCC - ICORL) = Ico Vec — 1002 R. (400)
The rate of change of power dissipation with temperature will be

g_g_ (]P o (uco
dT ~ dleo 4T

where § = 0.08 is the fractional increase in Ico with temperature. The condition for
run-away occurs when dP/dT = 1/K or,

(Vee — 2IcouRy) 8Icon = 1/K (4qq)
where Icou is the value of Ico at the run-away point. Solving for Icow gives

Vee = V(Vee)? — (8Rw)/(3K)
4R.

In this equation the solution using the negative sign gives the value of Icou, while the
solution using the positive sign gives the value of Ico after run-away has occurred. It is
seen from the equation that the value of Ico after run-away can never be greater than
Vee/2Ruw so that the collector voltage after run-away can never be less than one half of
the supply voltage Vcc. If the term under the square root sign in the above equation is
zero or negative, thermal run-away cannot occur under any conditions. Also, if thermal
run-away does occur it must occur when the collector voltage is greater than 0.75Vcc,
since, when the term: under the square root sign is zero, Icox Rr equals 0.25 Vce. As R
goes to 0, the solution for Icox using the negative sign is indeterminant, i.e., equal to
0/0. In this case Equation (7mm) is used and

1
& K Vee
Since no Ry exists, the current after thermal runaway is theoretically infinite, and the
transistor will be destroyed unless some other current limiting is provided. Once the
value of Icox is determined from Equation (4rr) or (4ss) the corresponding junction
temperature can be determined from a graph such as Figure 1.25. The heating due to
Icox is found by substituting Icox for Ico in equation (400). Finally, the ambient tem-

= (Ve — 2IcoRv) 81co (4pp)

(4rr)

ICOM

(4ss)

Icon =

Rem--. — — —— _____— _—____—— ——— —
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perature at which run-away occurs can be calculated from Equation (4nn).

In circuits which have appreciable resistance in the base circuit such as the circuit
of Figure 4.12 the base to emitter junction will be reverse biased only over a limited
temperature range. When the temperature is increased to the point where the base to
emitter junction ceases to be reverse biased emitter current will flow and the dissipation
will increase rapidly. The solution for this case is given by

Ic

VB=+|V -— Vcc=_30v
Rg 2K Ri=1K
2N527
Figure 4.12
Ieow = (Vee — 2Riheely) = V(Voe — 2Rihee]y)* — (8R.)/(3K) . (4tt)
4R h¢.
where I, = Vi/Ra. When R approaches 0.
1
Icoy = :
oo hre 8§ K Ve (4uu)

In the analysis of run-away in linear amplifiers it is convenient to classify linear
amplifiers into preamplifiers and power amplifiers. Preamplifiers are operated at low
signal levels and consequently the bias voltage and current are very low particularly in
stages where good noise performance is important. In capacitor coupled stages a large
collector resistance is used to increase gain and a large emitter resistance is used to
improve bias stability. Accordingly, thermal run-away conditions are seldom met in
preamplifier circuits.

In contrast, power amplifiers invariably require transistors to operate at power
levels which are near the run-away condition. The conditions are aggravated by the
use of biasing networks of marginal stability which are required for power efficiency
and by the use of transformer coupling to the load which reduces the effective collector
series resistance. Since thermal run-away in power stages is likely to result in destruc-
tion of the transistors, it is wise to use worst case design principles to ensure that
thermal run-away cannot occur. The worst case conditions are with hee > 00, Vg = 0,
Ri. = 0, and Ico = Ico™ . If these conditions are applied to a transistor in the general
bias circuit shown in Figure 4.13 the total transistor dissipation is given by:

VegE-30v
Rg
vg:2v 2Ns27
3.3K
RESIK

Figure 4.13

P =Veele = (Vec — Vi — IcoRp) (Ico =+ - Vs _%ICORB ) (4vv)
E
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Equating dP/dT with 1/K and solving for Icou as before,

(Vee — RiVs) = V(Vee — RiVe)? — (R2)/(3K)
4Ra

(4ww)

Icow =

where
Re + 2Ra 8ReRs
R=—T=" Ry=—= &8
"~ Re+ Ra T Re+Re

As before, the solution of equation (4ww) using the negative sign gives the value of
Icou, while the solution using the positive sign gives the final value of I¢ after run-away
has occurred. If the quantity under the square root sign is zero or negative, run-away
cannot occur under any conditions.

In class B power amplifiers the maximum transistor power dissipation occurs when
the power output is at 40% of its maximum value at which point the power dissipation
in each transistor is 20% of the maximum power output. In class A power amplifiers
on the other hand, the maximum transistor dissipation occurs when there is no applied
signal. The maximum power dissipation is obtained by substituting Icox in equation
(4vv) and the maximum junction temperature is obtained from equation (4nn).

In the design of power amplifiers the usual procedure is to design the circuit to
meet the requirements for gain, power output, distortion, and bias stability as described
in the other sections of this manual. The circuit is then analyzed to determine the
conditions under which run-away can occur to determine if these conditions meet the
operating requirements. As a practical example, consider the analysis of the class-A
output stage of the Three Transistor Reflex Receiver shown in Chapter 15. The tran-
sistor is the 2N241A for which K = 250°C/watt and Ice™* = 16ua at 25°C and 25
volts. Calculating the circuit values corresponding to Figure 4.13 and equation (4ww)

Vee=9v, Rg=1009Q
(1000) (4700) — 8950

1000) (9)
Vo= (1000)(9) _ ;g Rp = (1000) (4700)
= Jo00 + 4700 — 8V ® = 1000 + 4700
_ 100 4 2(825) _ g9 R, — _8(100) (825 _ -.5q
'T T100 + 825 T 7100 + 825 !
Calculating Icox from equation (7ss)
Teoxi = 6”—’33+8-47 = 1.61 ma or 2.02 ma

Since the quantity under the square root is positive, thermal run-away can occur. The
two solutions give the value of Icox (1.61 ma) and the value of Ico after run-away has
occurred (2.02 ma). The fact that these two currents are very nearly equal indicates
that the change in power dissipation when run-away occurs will not be very large.
Using the value Icou/Ico™* = 100 the junction temperature at run-away from Figure
1.25 is about 92°C. The dissipation at run-away, calculated from equation (4vv), is
about 187 milliwatts. The rise in junction temperature due to this power dissipation
is (0.25) (187) = 46.7°C. The ambient temperature at run-away is then calculated to be
92 — 46.7 = 45.3°C. The above value of maximum transistor power dissipation is
calculated under the assumption that the series collector resistance is zero. In the cir-
cuit under consideration the transformer primary will have a small dc resistance (Rr)
which will reduce the transistor power dissipation by approximately (Ic)’Rr where Ic is
given by the second term in equation (4vv). Assuming that the dc resistance of the
transformer is 20 ohms the reduction in power dissipation for the case just considered
will be 18.8 milliwatts and the ambient temperature at run-away will be increased
to 50.0°C.

.. - ———— - = ————————— —_——— ——
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DC AMPLIFIERS
TRANSISTOR REQUIREMENTS

In the previous section of this chapter it was shown that the variation of transistor
dc parameters with temperature and life produced a corresponding change in the
transistor bias conditions. Thus the transistor base current and/or voltage must be
changed to return the collector voltage and current to their original value. It is this
drift (the input necessary to return the output to its original value) that usually limits
the minimum detectable dc signal. Feedback does not reduce the drift in a dc ampli-
fier since the gain is also reduced proportionally.

Drift is reduced by compensation; and the most effective method found to date is
the use of a second transistor in the emitter coupled circuit of Figure 4.14. The circuit
will amplify single ended inputs (by setting e,. = 0) or it will amplify the difference
of isolated inputs (en — e,:). One feature of the circuit is that it tends to amplify
only the difference of the two input signals and reject the signal common to both
inputs. This property has been given the name of common mode rejection; it is defined
as the amplifier gain with a differential input divided by the amplifier gain with both
inputs tied together. It is usually given in db.

I Vee

EMITTER COUPLED DIFFERENTIAL AMPLIFIER
Figure 4.14

Inspection of Figure 4.14 shows that both single and differential outputs are avail-
able. The single ended output presents more of a drift problem; however, the drift
can be minimized by using multistage amplifiers with common mode feedback and a
constant current emitter supply.

The transistor parameters which contribute to the drift are:

1. Leakage current. For silicon planar transistors, the leakage current can be as
low as 1 na at 100°C (Ves = 10V). Leakage current becomes a secondary
drift factor unless the source resistance is very large.

2. DC current gain. Since In = Ic/hex + 1, a change in current gain results in a
change in base current, which, multiplied by the source impedance, produces
an equivalent voltage drift. The drift contribution of the her variations can be
reduced by the matching of the transistor current gains, by operating at low bias
currents, and by using low source impedances. Planar transistors are available
which have a current gain of 100 or more at collector currents of 10 and 100 zA.
The current gains of two transistors can be matched to better than 10%.

e BT e e——— 1 1 1



4 BIASING AND D.C. AMPLIFIERS

3. Base emitter voltage. The base emitter voltages tend to cancel one another in
the differential amplifier. However, the difference of the base emitter voltages
is in series with the signal and cannot be distinguished from it. It is important
not only to match the base emitter voltages, but to keep the transistors at the
same temperature since the Ve temperature coefficient is 2.5 mv/°C.

A method of maintaining the transistors of the differential amplifier at the same tem-
perature is by mounting the transistor pellets on isolated islands of a header as shown
in Figure 4.15. The degree of Va: matching and the calculated temperature coeflicient
of one such transistor is shown in Figure 4.16, Notice that an initial Vsz match of
2.5 mv and a temperature coeficient of 3 uv/°C for the match are typical. Figure 4.17
shows how well the base emitter voltages and the current gains track with life. The
percentile curves are shown for the severe life tests of 500 mw operating life and
300°C storage.

T0-5 PACKAGE
(a)

FLAT PACKAGE
(b)

e

DIFFERENTIAL AMPLIFIER PACKAGE
Figure 4.15

o R ’T T —A[— ]—1
4
3 |

ES 95th PERCENTILE

il 5-’_“<.l — Tttt ]
S 50th PERCENTILE
| w>>- I [
at O f + '
238 5th PERCENTILE
L R T N

-55 -25 0 +25 450  +75 4100  +i25
Ta-°C
{0) Vg MATCH VS. TEMPERATURE FOR 2N2480
DIFFERENTIAL AMPLIFIER

Figure 4.16 (a)
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Table 4.2 shows some of the important parameters and the degree of matching for
three typical differential amplifier transistors which are commercially available,

Thus, with the excellent initial matching and tracking of silicon planar transistors
with temperature and life, it is possible for most applications to design high perform-
ance dc amplifiers without resorting to chopped stabilization techniques.

G.E. G.E. [ G.E.
TYPE NUMBER 2N2480 2N2652A | 2N2920
Vezo min( volts) | 40 60 | 60
ICBO max (na) ' [
at 25°C
(Ve > 30V) 50 2 | 2
hFE min [
at Ic = 10 pa - - 150
at Ic = 100 pa 20 35 225
at Ic = 1 ma 30 50 | 300
hrr match, max [
atIc = 10 pa - - —
at Ic = 100 ua 20% 10% 10%
atl¢c =1 ma 20% 10% —
Ve match, max
at I¢ = 10 pa = - 5mv
at Ic = 100 ua 10 mv 3mv 3myv
at Ic = 1 ma 10 mv 3 myv 5 my
AVyg Temp
Coefficient, max 15 uv/°C 10 pve/C 10 uv®/C

TYPICAL DIFFERENTIAL AMPLIFIER CHARACTERISTICS
Table 4.2

SINGLE STAGE DIFFERENTIAL AMPLIFIER

The circuit of Figure 4.14 has been analyzed in detail in the literature.®* The
single ended output voltage, Eq, for a differential input is given by®

(eez—€g1) + (Veer — Virz) + Rgzlco: — Ra Icor— ( Rp + Rm) Ve
hera Res

Rz2 + Rxl Rgl Rx2
hFE2 hn:x hn—n hn:z Rl-:l-:

—Icoz Ria
Ra + Re: +

(4xx)
The differential output voltage®

Ee: — Ean = K[(egl — eg2) + (Veee — Vie1) + (Rgi Icon — Rez — Icoz) +
(*Ru — Ry + Rei — Rez)VEE] + Icor Rui — Ico: Rz (4yy)
hFl’:l hl"EZ REE
where

Rui 4+ Ree
K= R R Ra R
Re Re 82 g1 g1 82
! + : +hFE2 + hl'"l'll hFEl hFE2 REE

BER= . — = — . ——
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If the transistors and external resistors are equal, the differential gain

Adl — Enz -_— Em — 2Rl.
T en — € Re + R, 1 R;)“ (4zz)
hee Rer \hee
where Rz = Rg + ri, and rg is the base-emitter junction dynamic impedance
nKT/qle. For the case where R,/hry << R, the gain becomes for a differential output
Agae = 2R}:L (4&1218)
If Ree > > Rg, the input resistance for a differential input is
Rin = (hex + 1) Re (4bbb)

For a differential input and single ended output, or a single ended input and
differential output, the gain is one half of that given by equations (4zz) and (4aaa).
For a single ended input (e, = 0) the input resistance

Run = (hess 4+ 1) 2 Res + (hP:; 0 (4cce)
The common mode gain for a differential output is given by (e = e, = €,)
Eoz _— Em e K Rl.l Ru‘.' Rl.'.' Rul:l
Acdo = = — 4ddd
¢ €g (Rm + Rl.z) REE hl-‘l-f'.' ]1[-'!-:1 ( e )

In the derivation of equation (4aaa) it was not assumed that the R, << hee Re.

If the circuit is perfectly balanced and the transistors are exactly alike, then the
common mode gain is zero. If the source impedance and external resistances are equal,
but the current gains are different, equation (4ddd) becomes

Eo: — Ea K ( 1 1 )
Acgo = )= — 4eee
! €eg 2 R \heee hew ( )

and the common mode rejection then becomes

Differential Gain 2 Res hees hees
MR = = = fff
= Common Mode Gain Ry (heen — hege) (4ftf)

For a single ended output the common mode gain is

- R
“*7 Rur + 2 Rex (4hhh)

if 2 Rex heet > > R,
The common mode rejection becomes for Rex > > Rey

2 REE

CMR =
’ Re:r + Ree

(4iii)

Thus to reduce the common mode gain and improve the comnon mode rejection,
for both the single ended and differential output, Rex should be as large as possible.
As Rgg is increased, the operating currents must be decreased or Vg must be in-
creased. Another solution is to replace Rex and Ver by a constant current source as
shown in Figure 4.18. For R, = R., Isx = Vie/2 Ry, and the diodes Dy and D. com-
pensate for the Vg variation of the transistor with temperature.

Because the temperature coefficient of a forward biased junction is a strong func-
tion of dc current for silicon (see Chapter 17), it is important that some care be
exerted in selecting the transistors, the diodes, and current levels if an optimum com-
pensation is desired. If the transistor is diffused and non-gold doped, the diodes should
be the same and the current through the diodes should be selected to be equal to Igs.
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o
(=]

Fmmmmm e m e A

CONSTANT CURRENT SOURCE
Figure 4.18

The resistance shown in dashed lines is the output impedance of the circuit and is
approximately the hoy of the transistor. At low collector currents it is at least several
megohms.

The common mode rejection as given in equations (4fff) and (4iii) assumed that
only the current gains were not equal. The mis-matching of resistors also contribute
to the common mode: rejection; however, such a discussion is beyond the scope of this
manual. For such a discussion the reader is referred to reference 4.

Examination of equation (4aaa) shows that the differential gain is proportional to
Ri/Re if Rg/hre << Re. Thus an upper limit on gain and an upper limit on source
impedance are set by the inequality. The gain or source impedance can be increased
by increasing the current gain of the transistor. Figures 4.19 and 4.20 show circuits
where the gain is increased by using additional npn and pnp transistors respectively. In
the Darlington configuration of Figure 4.19, it is important that Q," and Q.’ have good
current gain hold up at very low currents, have low collector capacitance, and low
leakage. Rr of equations (4yy) and (4zz) becomes 2 re: 4+ Re: where rei = 9 KT/q Igi.

‘ Vee
Ry LRLZ

Eos Eo2

DARLINGTON SINGLE STAGE DIFFERENTIAL AMPLIFIER
Figure 4.19
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o Veg
NPN-PNP SINGLE STAGE DIFFERENTIAL AMPLIFIER
Figure 4.20

The current gain becomes hrri her’, where the current gains are measured at the respec-
tive bias currents of the two transistors. Since the base currents In, and In. have been
reduced by the gain of Q," and Q.’ respectively, the drift due to current gain variation
is considered reduced.

A complimentary circuit arrangement is used in Figure 4.20 to increase the gain.®
The breakdown diodes D and D: are chosen to have a positive temperature coefficient
which cancels the base-emitter coefficients of Q" and Q.. The current gain of the
transistor pair Q, and Q,’ is

hee = hes (1 + hm'li“') (4iii)

Thus to increase the gain, R, should be made large to reduce I,. In the limit, it
becomes infinite so that the base current of the pnp transistor becomes the collector
current of the npn transistor, and the need for high current gain at low collector cur-
rents for the npn is also required. The input impedance of this circuit is also high since
the collector current of the pnp transistors flows through the external emitter resistors.

TWO STAGE DIFFERENTIAL AMPLIFIER

A basic two stage npn differential amplifier is shown in Figure 4.21. The emitters
of the first and second stages have been returned respectively to terminals A and B
since there are quite a number of possible terminations as shown in Figure 4.22. Some
of the possible terminations when no common mode feedback is desired are shown in
Figure 4.22(a) while some of the common mode feedback circuits are shown in Figure
4.22(b). Which of the terminations in Figure 4.22(a) are used depends upon the
circuit applications, i.e., whether or not common mode signals exist, the magnitude
of the input, etc.
The differential gain of the two stage amplifier is
Addo - vﬂl —_ vfr.' _ 2 h{ea Rl,:& (4kkk)
e — €2 R
where Rex = Rei + re and it is assumed that current gains and resistors on either side
are equal, i.e., hrea = h¢es, Ret = R.: etc. Another assumption is that the input im-
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pedance seen at the base of Q; and Q. is larger than the source impedance, R,. Voltage
gains of several thousand are possible since transistors with current gains of 100-400 at
currents of 10-100uA are commercially available.

For most applications which require a single ended output, the circuit provides
sufficient gain — one half of that given by (4kkk) — so that succeeding stages can be

Ri3=Rp4=5K
Ry, =R_2=5IK
Rei =Re2=0.5K
Vge =18V

Igy

(SEE FIGURE 4.22 FOR CIRCUIT CONNECTIONS TO POINTS A AND B)

BASIC NPN TWO STAGE DIFFERENTIAL AMPLIFIER

Figure 4.21
iA %A A iB B %B
N Vee
Vee (OR GROUND)
Vee -
{al) {02) {a3) (a5) {a6) (a7)
“A" TERMINATIONS "B" TERMINATIONS

(o) TERMINATIONS FOR NO FEEDBACK CASE

8 A B B
A ggs
I @2
REFERENCE
AMPLIFIER |
B
| 2Re R6
|
R6 <
= 014 GDD'
Li_
8 Vee l Vee Vee
(b1) (b2) (b3)

(b} TERMINATIONS FOR COMMON MODE FEEDBACK

EMITTER TERMINATIONS FOR POINTS A AND B
OF TWO STAGE DIFFERENTIAL AMPLIFIERS (FIG. 4.21)

Figure 4.22
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single ended. For example, the emitter-base junction of a single ended third stage
reflects back to the input a drift of only 1-2 uv/°C. With a single ended output, the
causes of drift are the power supply variations (especially the minus supply) and the
variation of the emitter bias currents with temperature. The temperature drift of the
bias circuits can be reduced significantly by the common mode feedback circuit of
Figure 4.22(bl). This can best be explained by referring to the complete circuit dia-
gram given by Figure 4.23.

IRl Vee= 18V
Veg=-12V
Rel =Rg225100
R =R 2% 5IK
Qs Ry3 *R_4 551K
REFERENCE Rg =5.IK
AMPLIFIER Re =3.5K
Qs =RA28

Q;-Qz=G.E. 2N2652
Q3-Qq:G.E. 2N2652

TWO STAGE DIFFERENTIAL AMPLIFIER
WITH COMMON MODE FEEDBACK

Figure 4.23

The voltage drop across Rs due to the emitter currents of Qs and Q, is compared
to the reference diode plus emitter-base voltage of the reference amplifier, Qs This
latter voltage, Vg, is extremely stable with temperature and with life (a detailed
explanation of the reference amplifier is given in Chapter 10). The error between Vx
and the voltage drop across Rs is converted into a current Iz by Qs This current is
essentially the collector currents of the first stage of the differential amplifier, which
in turn determines the emitter current of Qs and Q.. If the RA2 series of reference
amplifiers is used, the external zener current, I, is not required, and the bias currents
of Qv and Q. must be 250 uA. If the RA3 series is used, then a 5 ma external zener
current must be supplied and Q. and Q. must be biased at 50 xA for optimum
performance.

If the temperature coefficient of the reference amplifier is % /°C and the reference
voltage is Vg, then the single ended output voltage temperature gradient is

AV _ AV, _ Var Ru:

AT — AT 100 (2Ra> (4l
Thus for an RA2B and with the values of resistances given in Figure 4.23, the drift
contribution due to the reference amplifier is only .25 m V/°C at the single ended
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output or 0.25 uv/°C at the input if the amplifier gain is a thousand.

Because the voltage at point B in Figure 4.21 or 4.23 is proportional only to a
common mode input voltage but does not change for a differential input, it can be
amplified and fed back to the input so that the common mode gain is reduced but the
differential gain is not affected. The feedback occurs via Rs, Rs, the reference amplifier,
Q. and Q,, and the base-emitter circuit of Qs and Q.. The reference amplifier provides
the circuit gain since Qs and Q: operate in the grounded base mode in this loop. The
common mode loop gain is calenlated by opening the circuit at some point, such as
X-Y in Figure 4.23, with point Y terminated in an impedance equal to the input im-
pedance of the reference amplifier. The loop gain is then the ratio of the current which
flows in this terminating impedance to a current injected into point X. The common
mode loop gain is

hires Ria R
Gea= fer N1 Ne 4
¢ 2 [Rs R + Rin (Rs + Rq)] (4mmm )
or
@©e Em Rui Re Rin (4nnn)

= 2 [Rs Re + Rin (Rs + Rﬂ)]

where gm, hres, and Ria are respectively the transconductance, ac current gain, and
input resistance of the reference amplifier.

Without the common mode feedback (point X in Figure 4.23 returned to a dc
voltage which biases the circuit properly) the common mode gain for a single ended
output is approximately

Avs = Rui Rue hoe (4000)
4R
where
R« R
Re = Re o ttin |
: TR + R

and ho, is the output admittance of the reference amplifier.
With common mode feedback, the common mode gain for a single ended output
becomes
AI‘IO
1+4+Ge’
In practice, the common mode gain obtained may not be as low as that given by
equation (4ppp) because of a mis-match in h.e of Q, and Q.. Even so, common mode
gains as low as 3 X 107 and common mode rejections in excess of 100 db are easily
obtained for the single ended output case.
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CHAPTER

An understanding of the manner in which each circuit in a radio receiver operates
is almost all that is required to achieve an understanding of how a receiver operates.
The remaining residue of information needed to complete understanding is the order
in which the circuits are connected. For the example chosen, the order is so obvious
and simple that it could conceivably be deduced from an understanding of the circuits
alone. Naturally other examples, such as radio transmitters, various test equipment, etc.,
could have been used.

More elaborate systems cannot be understood solely in terms of circuit operation.
In general, as systems become more complex, understanding must be based more and
more on the way in which circuits are interconnected and less attention need be given
to the fine details of circuit operation. The particular circuit is only important to
understanding as far as the function (amplify, oscillate, shape, etc.) it performs and
not on how it performs that function.

The classical approach to electronic equipment has been to teach circuit theory
and operation as fundamental and, if time permits, to use a simple block diagram to
show how the circuits are interconnected. As a result, most of us are oriented in such
a manner that we allot a disproportionate importance to circuitry and tend to consider
organization as being of nominal importance.

Digital systems are representative of a class of systems where an understanding of
the organization of circuitry is of far greater importance than an understanding of
the circuit details. That is, a complete and thorough study of each individual circuit
in a digital system will give virtually no clue to the operation of the system. A typical
diagram of a portion of the system will contain “black” boxes labelled AND, OR,
FLIP-FLOP, etc. It is totally immaterial to an understanding of the system whether
the functions are synthesized with relays, vacuum tubes, magnetic cores, cryotrons,
hydraulic valves, transistors, etc. Which of these devices will be used is determined
by such things as size, cost, weight, power, and speed. Furthermore, quite different
digital equipments can be built using identical circuits.

The purpose of this section is to discuss some of the concepts and techniques
utilized in digital work in order to aid the circuit designer in visualizing some of the
constraints and conditions placed upon switching circuits by the intended usage.

SWITCHING ALGEBRA

Consider the switch arrangement in Figure 5.1(a). If either switch A, or switch
B, or both are operated, then the output will be the input voltage E. More than
one switch may be operated to cause an output equal to the input as the only require-
ment is that at least one of the switches be thrown to obtain an output at F. This
type of switch arrangement is called an OR gate. Figure 5.1(b) is one way of symbol-
izing any circuit which performs an OR function. Such a box need not be made up
of mechanical switches only, but may be synthesized in many ways.

If a table is made of the possible combinations of switches A and B and the value
of the output F for each of these combinations it would appear as shown in Figure
5.2(a). Since a switch has only two possible conditions or states, either closed or open,
and the network can either have a closed or open path between input and output,
it is common to use the symbol “0” to represent an open condition and a “1” to repre-

e = ——— - _
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SWITCH A
[/ —
F= A —y F=
SWITCH B [—0 OR
A OR B B — AOR B
-~
E VOLTS (OUTPUT)

i I3

(o) MECHANICAL SWITCH (b) BLOCK DIAGRAM

ARRANGEMENT FOR REPRESENTATION FOR
OBTAINING THE OR THE OR FUNCTION USEFUL
FUNCTION. FOR ELECTRONIC CIRCUITS.

THE OR FUNCTION
Figure 5.1

sent the closed condition. This use of “0” and “1” is different from that normally
encountered in that these symbols do not represent numbers. They are simply used
as a short hand for indicating the prescnce or absence of a conducting path. In a
similar manner, the symbol “+” is used to indicate OR rather than the usual “plus”
of ordinary arithmetic. The table of Figure 5.2(b), using these conventions, is some-
times called a truth table as well as d table of combinations. This is borrowed from
abstract logic where “0” and “1” represent “false” and “true” respectively and
F = A + B would be interpreted as “statement F is true if either statement A or
statement B (or both) is true.”

A B F A B |F=A+B
OPEN OPEN O voLTS (] ] ]
CLOSED | OPEN E voLTS ! ] |
OPEN CLOSED | E voOLTS (o] | 1
CLOSED | CLOSED | E vOLTS | | 1

(a) (b)

TABLE OF COMBINATIONS FOR THE
SIMPLE OR GATE

Figure 5.2

Consider now the case of scries switches as shown in Figure 5.3(a). There will
be a conducting path between input and output if, and only if, both A and B are
closed. The symbol “*” is used to indicate the AND and again care should be used
to prevent confusing this symbol with ordinary algebraic multiplication.

With the above concepts in mind, it is quite possible to set up an “algebra” to
describe various switching arrangements. Keeping in mind that “0” represents an
open path and “1” represents a conducting path we may write the first six results of
Table 5.1 from the truth tables of Figures 5.2(b) and 5.3(c).

Notice, in Table 5.1, that 1 + 1 = 1 does not appear at all like ordinary algebra.
If we read “a conducting path or a conducting path is a conducting path,” however,
and visualize short circuits in place of the two switches in Figure 5.1(a), it is a mean-
ingful and logical statement.
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SWITCH SWITCH

A 8
F= A — Fe
o—o/A—@/A—o AND

+ A AND B 8 — A AND B

E VOLTS (OUTPUT)

(a) MECHANICAL SWITCH {b) BLOCK DIAGRAM
ARRANGEMENT FOR REPRESENTATION OF
OBTAINING THE AND THE AND FUNCTION USEFUL
FUNCTION. FOR ELECTRONIC CIRCUITS.

A | B [FasB
¢} ¢} ¢}
1 [¢] o)
¢} i ¢}
| | 1

{c) TABLE OF COMBINATIONS
FOR THE AND FUNCTION.

SIMPLE AND FUNCTION
Figure 5.3

SIMPLE RELATIONS

l. 0+0 =0 5. 01=0 9. A+A=A 13.0+A=A

2. 0020 6. O+l1=I 10. AcA= A 14.0°A =0

3. 01+1=1 7.0=1 Il. A+A =0 15. 1 +A=|

4. l-l=| 8. T=0 12.8+A =] 16. I*A=A
LAWS

COMMUTATIVE ASSOCIATIVE DISTRIBUTIVE

i7. A+B =B+A 19.(A+B)+C=A+(B+C) 2i A«(B+C)=AB+A-C

18. A-B =B-A 20.(A-B)sC=A+(B+C)

SIMPLIFICATION RULES

22. A+AB=A 25 (A-8) =A+B (NAND) | pemorcaN'S
23. A+A-B:=A+B 26.(A+B) =A-B (NOR) [ THEOREM

24. A-(A+B)=A

USEFUL RELATIONSHIPS
Table 5.1

Since “0” and “1” are the only two possible values we may have, it follows that
“not 0” (written 0) must be “1” and “not 1” (written 1) must be “0.” Negation in
this manner is sometimes called INVERT or simply NOT. A would be a switch which
was closed whenever A was open and open whenever A was closed.

Table 5.1 tabulates some of the more useful rules for this form of algebra. Most
of these can be demonstrated with simple switch arrangements or by use of a table
of combination or both.
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To illustrate the usefulness of the relations given in Table 5.1, refer to Figure
5.2(b). F is “1” whenever we have the combination “A AND not B, OR not A
AND B, OR A AND B.” Thatis, F=A * B + A * B 4+ A * B. To simplify we
first use (21) from Table 5.1 to obtain F = A » B+ B+ (A + A). By using first (12)
and then (16) from the table we arriveat F = A*B 4 Bel=A B 4+ B. Finally,
from application of (23) we obtain F = A 4 B. Figure 5.4 shows the black box
arrangement for each of these steps.

Sy

‘;:J . laB

(a) F=A+B IN UNSIMPLIFIED FORM

A [ AB
- L
g F=A-B+B-(AtA)=A-B+B
+ =A+B
B ——
A —f * [B(a+hA
- + (A+A)
A — AtA=1

(b) FIRST STEP IN SIMPLIFICATION

A AB

s J}

F=A-B+B=A+B

+

B —

(¢) SECOND REDUCTION DUE TO A+A =1

‘; + — F=A+B
(d) SIMPLEST FORM
DIFFERENT WAYS OF OBTAINING THE SAME FUNCTION
Figure 5.4

One of the basic problems in digital design is obtaining the minimum number of
circuits to synthesize a given function and hence much of the work in this area is
devoted to simplification techniques. It is beyond the scope of this book to describe
the many simplification methods which have been developed and, therefore, only the
Karnaugh Map will be discussed.

The following example is given to illustrate the ideas discussed above as applied to
a real problem.

Consider a simplified hot air heating system using oil as a fuel. It is desirable to
control the fan for circulating the air and the motor-ignition system for turning on the
furnace automatically.

124



N [ OCGIC 5

The first condition that must be met is that the furnace is to be turned on when
the temperature in the building falls below a certain value. A thermostat remotely
located with respect to the furnace can be used to provide a variable T which will
have the value 0 when the temperatare is too low and the value 1 when the tempera-
ture is above that desired.

A second condition is that the fan should not operate until the furnace is warm
enough to heat the air. This lower temperature limit can be obtained from a thermo-
stat connected to the furnace itself. Let this variable be designated L and have the
value 1 when the temperature of the furnace is sufficiently high, and 0 otherwise.

A third variable might be introduced for preventing overheating of the furnace.
Let this variable, H, be 0 as long as the temperature of the furnace is not excessive,
and 1 otherwise. Naturally if H is 1 then L must be 1 also.

There are three variables (T, L, and H) involved and two functions, the fan F
and the motor-ignition M, which must be controlled. Table 5.2 is a listing of all
possible combinations.

VARIABLES JFUNCTIONS
T L H F M
o] o] o] o] I
o] o] | NOT POSSIBLE
o] 1 o] | |
o] | | | o]
| o] o] o] o]
| o] i NOT POSSIBLE
I | o] i o]
| | | I o]

TRUTH TABLE FOR SIMPLE FURNACE SYSTEM
Table 5.2

Ignoring those combinations which cannot happen (i.e. the furnace at an exces-
sively high temperature, H = 1, but not hot enough to turn on the fan, L = 0) it can
be seen that M = 1 when

M=T+L«H4+T+L+H

From Table 5.1, relation 21, this expression may be factored to obtain
M=Te«H+(L+1L).

Since relation 12 gives L + L = 1, M may be written as
M=T+H+1=T+H

where the last step is obtained by applying relation 16 from Table 5.1.

In a similar manner we may obtain

F=TeLeH4+TeLeH4+TeL+H4+T+L+H
=TeLe(H+H)+TeLe (H+ H)
=TeLe14+TeLel=T*L4+TeL
=Le(T+T)=Le1=L

This arrangement of switches is shown in Figure 5.5. Although this example is

very simple, it does illustrate the simplification which is possible by the application
of a very few rules.

e ————— 25
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DIRECTION OF

INCREASING
THERMOSTAT TEMPERATURE
L
s
ROOM FURNACE FAN
THERMOSTAT THERMOSTAT MOTOR
o—¢
A.C.
POWER
MOTOR
IGNITION
e, &

FINAL SIMPLIFIED CONTROL CIRCUITRY
FOR BASIC FURNACE

Figure 5.5

THE KARNAUGH MAP

It is sometimes convenient to arrange the truth table in a somewhat different way.
Consider the four-variable table of Figure 5.6(a). Glancing at this table it can be
seen that there are four rows where CD = 00 (C = 0 and D = 0), four rows where
CD = 10, four rows where CD = 01, and finally four rows where CD = 11. Not
quite so obvious is the fact that the same statements could be made about any two
variables such as AB, BC, AC, etc.

Now consider a change in switch values. Let us say that CD goes from CD = 00
to CD = 11. This implies that two variables, C and D, must change. A similar case

VARIABLES 00
AJBJ]Cc|]O|F
ololololt 0 ¢b o
i loflolol]r \ /
o|l1|o|ol]t "
Lpriofoflf (b} A CYCLIC SEQUENCE WHERE
o|lo| 1| o]t ONLY ONE VARIABLE AT A TIME
asco=oo | V1ol 1 [ofts CHANGES AT EACH STEP
x=fsg —> |0 [t [ 1| o]fs G
[ I O I AB
o|lo| o1 |fs co 00 Ol 1l 10
tlolo] 1 ]t
o | s ] e 00| fo [fz |fs |
Pl yo ]t ]t e
0 o | | fiz Ol | fs 10 " °
| o] | | fis
f
o X : e 1| fiz | fia | fis | fis
T T I B ol e ' t |1
f;=0 OR | DEPENDING ON \
THE VALUE DESIRED ABCD=0110
FOR F AT THE ith ROW x=fg
(0) A FOUR VARIABLE TABLE {c) A MAP OF ALL POSSIBLE
OF COMBINATIONS COMBINATIONS OF ABCD
ARRANGED IN CYCLIC
ORDER
CONSTRUCTING A KARNAUGH MAP
Figure 5.6
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occurs for CD = 10 to CD = 01 where C must go from C = 1 to C = 0 and D must
change from D = 0 to D = 1. It is desirable to choose a sequence of combinations
where only one variable at a time changes. Such a sequence is CD = 00, 01, 11, 10,
00,01..... etc. This is illustrated in Figure 5.6(b). This same sequence is used for
both AB and CD in the map shown in Figure 5.6(c). Consider the square marked
with an X. This square is in the position AB = 01 and CD = 10 or it corresponds to
the combination ABCD = 0110 in the truth table of Figure 5.5(a). Reference to the
truth table reveals that F should have the value fs for this combination of variables.
Hence the value fo should be placed in the box indicated by an X. The map, called a
Karnaugh map, is thus a somewhat more compact way of writing a truth table.

The Karnaugh map is of great value in simplification of switching functions. This
comes about because any two adjacent squares differ by only one variable. Consider
the three variable map of Figure 5.7(a). Here the values for the f; have been flled in.
F is true when

F=A+B+C4+A+*B+C+A*B*eC4+A*B+C

Consider the first two terms A B » C and A* B ¢« C. These terms correspond to the
case where AB = 00 and C = 0 for the first term and AB = 01 and C = 0 for the
second. The only variable which is different for these two terms is B. AC = 00 for
both terms. As a matter of fact, wherever A = 0 and C = 0 on the map, F is 1 and
we may replace the first two terms of the expression for F with AC. Similarly the last
two terms occur when A = 1 and B = 0 regardless of the value of C and hence they
can be replaced with AB. F becomes

F=A+C+A+B

F
AB
coN\ 00, O il o
ooli1/2] 0| o |Vu
e e e
B i 80 | s,
e\ oo o/ n o o110 (ft | 1O
¥ - 1 B-D
ol d_[ | oM mfo it [1)]o
L 4
i{oflo o[l |\ oo,
i } .
A-B

(a) THREE VARIABLE MAP (b) FOUR VARIABLE MAP

SIMPLIFICATION ON KARNAUGH MAPS
Figure 5.7

Of course, the above expression could have been obtained by using the relations
in Table 5.1 and juggling the expression for F until it had simplified. It is not always
easy to see which of the expressions to use, however, and the map does give a
convenient way of visualizing simplifications. It is also interesting to note that the
square where AB = 00 and C = 0 and the square where AB = 10 and C = 0 are
actually “adjacent” in that B is the only variable that is different in these two positions.
Hence we could also write

F=AC+A+B4+B-C

The last term, B « C, is however redundant and therefore not necessary since the
1’s covered by B +C are also covered byA+C + A+ B. The important point is that the
map may be pictured as folded to form a cylinder with the first and last columns
adjacent at the seam.

L=e e —— - — — - — by
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In a similar manner, a group of four 1’s which are adjacent can be combined. This
is indicated in the four variable map shown in Figure 5.6(b). The center group of
units are covered by B+ D (B =1, D = 1) and the corner units by B« D (B = 0,
D = 0) so that

F=B*D+B+D

On this four variable map the upper and lower rows are considered adjacent as
well as the left and right columns of the map.

NUMBER SYSTEMS

The ordinary, every day number system has the base, or radix, 10. There are ten
digits, 0 through 9, which are used to express any quantity desired depending on the
order in which they are placed. A decimal number N, such as 2904 is really a con-
traction for

N = (2 X 10°) + (9 X 10°) + (0 X 10") + (4 x 10°)

Suppose, however, that instead of the ten digits, O through 9, with which we are
familiar, only 8 digits, or 5 digits, or 3 digits, or even only 2 digits had been invented.
How would counting be established? A possible way of counting is shown in Table 5.3

and in each case the method is identical in nature to that followed in the ordinary
decimal system.

BASE | 10 8 5 3 2
NAME | DECIMAL | OCTAL | QUINARY | TERTIARY | BINARY
o o o o o
i | | | |
2 2 2 2 10
3 3 3 10 "
4 4 4 1" 100
5 5 10 12 101
6 6 " 20 1o
7 7 12 21 1"
8 10 13 22 1000
COMPARISON 9 I 14 30 1001
OF VARIOUS 10 12 20 3 1010
COUNTING SYSTEMS 1 13 21 32 1011
12 14 22 100 1100
Table 5.3 13 15 23 101 1ol
14 16 24 102 no
15 7 30 1o "
16 20 3l m 10000

Notice that in the decimal system, the least significant digit goes from O through 9
and then begins the procedure all over again. A unit before the least significant digit
indicates that one cycle of 0 through 9 has been completed. In a similar manner, the
least significant digits in the octal system, cycle through digits 0 through 7 and then
repeat. A digit before the least significant bit indicates how many cycles have already
been used.

Using a subscript to indicate the particular number system being used, we may
convert from any number system back to the decimal system. For example

(1111). = [(1 X 2°) + (1 X 2°) + (1 X 2') + (1 X 2°)]w0
=[B84+44+2+1lio=(15)0

or

(23)s = [(2 X 5") + (3 X 5°)]io=[10 + 310 = (13)w

yimy —_______  — _ —— —— —_—___________ ____]
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The ordinary procedures of everyday arithmetic, namely: addition, subtraction,
multiplication, and division, can be carried out in the same manner as for the common
decimal system. Naturally, a new multiplication and addition table must be used for
each system. Fortunately, as the number of digits becomes smaller the tables become
simpler. Table 5.4 and Table 5.5 contain the addition and multiplication tables,
respectively, for the decimal, quinary and binary systems.

COMPARISON OF
ADDITION TABLES
FOR SEVERAL
NUMBER SYSTEMS

Tahle 5.4

COMPARISON OF
MULTIPLICATION
TABLES FOR
SEVERAL NUMBER
SYSTEMS

Table 5.5

+lofl1r [2]3]afs e [7 8o
olof1 |2 |3 |4 |5 |6 |7 |89
11|23 |a|s5 (e |7 |8 |9 |10
22 |3 |4 |5 |6 |7 |8 |9 |[tw|n
3|3|a |5 |6 |7 |8 |9 10|
4a|als (e |78 |9 [10|n]|rr|3
5|15 |6 [7 (8|9 [10|u|i2|13]a
e6|le |7 |8 (9 |10 iz|13]1a]is
778 |9 [0 nuji2|i||is]| e
s |8 |9 [w0|un| 2|45 16] 17
9 lo o]tz 3|45 17| 18
(a) DECIMAL ADDITION
+lof1 |2 |3 ]a + o
oo 1 ]2 [3[a oo
t]lr ]2 |3 |40 Ll e
2]2 |3 |a |10 0
O R I L L (c) BINARY ADDITION
alafwo|n|iz| 3
(b) QUINARY ADDITION
x|Jol i1 Ja[sJals]e [7]s]e
oflofofo oo oo oo o
tlol |2 |3 |a |5 |6 |7 |8 |9
2|lo|2 |4 |6 |8 |10|12|]|16]18
3| o3 |6 |9 |12|15|18|21|24]27
4l o| 4|8 |12|16|20|24]|28(32]36
5| o |5 |10|15|2|25|30|35|40]as
6| o6 |12]|18|24 |30 3642|4854
7]l o | 7|1a|2 |28|35|a2 43| 56| 63
8| o8 |16|24|32 40|48 | 56| 64|72
9] o) 9 |18|27 |36 45| 54| 63| 72| 8
(a) DECIMAL  MULTIPLICATION
xJo |12 |3 |a x| o]
olo|ofo o |o oo o
it o |2 |3 |a 1o |
2 0 2 4 I i3 (¢) BINARY
3o | 3| n|ia]22 MULTIPLICATION
a|lo|a|13|22|m

(b) QUINARY MULTIPLICATION
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It is very obvious that, of all the systems here suggested, the binary system is the
simplest. Because there are only two digits, 0 and 1, the multiplication and addition
tables are much less complex than for the decimal system. Again, the fact that there
are only two digits means that any device with only two distinct states can be used
to represent binary numbers. The simplest such device is a mechanical switch which
is either in a closed position or an open position. It follows that binary numbers can
be represented by very simple devices. A four place binary number such as 1101 can
be represented by four switches, three of which are closed and one is open.

ARITHMETIC OPERATIONS

In general, arithmetic operations are carried out just as in ordinary decimal arith-
metic. These can best be described by comparative examples. The first two examples
are written in considerable detail to clarify the carry and borrow operation while the
last two examples assume the carry and borrow is understood.

Addition
Carry Note (1) Carry Note  (1111)
46 101110
+28 + 10110
74 1000100
Subtraction
Borrow (1) Borrow (1)
42 101010
—18 — 10010
T 24 011000
Multiplication
42 101010
21 10101
42 101010
84 000000
882 101010
000000
101010
1101110010
Division
3.75 11.11
16 v 60.00 10000 V111100.00
48 10000
120 11100
12 10000
80 11000
80 10000
10000
10000

Division obviously can produce answers which are fractional. The binary point
need cause no confusion, however, if it is kept in mind that a decimal number 3.75
means

(3.75)10: (3 X 100)m+ (7 X 10-1)10+ (5 X 10_2)10-
By direct analogy then, a binary number 11.11 means
(1111)a = (1 X 20+ (1 X 200+ (1 X 27%) 4+ (1 X 27%).

oy ——-b= - ——————— — ———————————— |
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MEMORY ELEMENTS

Just as there are many types of switching elements, so there are many types of
memory elements which may be used. Briefly, a memory element is an element whose
present state depends on what has happened in the past. A simple delay line can be
used as a memory element for the output at any given moment depends on what the
input was at some previous time. Magnetic materials are frequently used as memory
elements as the direction of magnetization at the present moment is determined by
the direction of current flow through a coil. This current flow may have occurred quite
some time ago and thus the memory is not limited in time as a delay line is. In elec-
tronic circuitry, a standard bistable flip-flop with some means of triggering to cause a
change of state can be employed as a memory element.

A relay is used as a memory element in Figure 5.8 as this is a very simple and
versatile element familiar to almost everyone associated with electronics. Switch S
is used to turn on the lamp and switch R is used to turn the lamp off. Whenever S
is closed, the lamp will light and relay A will be activated through either a normally
closed relay contact (A) or the normally closed (R) switch. Of course, once the relay
is operated, normally open contact A provides an alternative path for the current
which flows through the relay and the lamp. Therefore, even if switch S is released,
the lamp will stay lit.

A s TR JLamP JrRecara
olofo o o
oo} 0 o
o| t]o I '
ol 1| | I
1 jofo l I
1o | I o
[ 1 |
[ I I ! o
LAMP RELAY A _
SR SR As
A 00 Ol Il 10 A 00 ot ||/ 10
T T ‘l
0l 0|0 |{TT] Tis olo|o |d_ITDlsr
E e <=|—=~ L4+
I Y oo |
A— arR—
s
A\%
ﬁo/]/glx
| &
o [
e i
€ VOLTS : LAMP=A+S
0
Az AR + SR + AS =

A SIMPLE MEMORY ELEMENT UTILIZING A RELAY
Figure 5.8
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Once relay A is operated, the normally closed contact (A) is open and thus only
the normally closed position of R (R) provides a return path for current. Closing R
(or opening R) removes exitation from relay A, thereby turning off the lamp provided
S is off. Thus the relay acts as a memory element for the lamp enabling the circuit
to “remember” which switch, S or R, was last operated.

There are many variations of memory element of which the above was chosen
because of its extreme simplicity. Practical circuits are discussed in the chapter on
digital circuits. This section will discuss very briefly some common applications of
memory elements.

Figure 5.9(a) is a symbol frequently used for memory elements. The output line
is labelled Q and in some circuits, such as the Eccles-Jordan flip-flop, the complement,
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COUNTING WITH BINARY ELEMENTS
Figure 5.9

or “not Q" (Q), is also available. The P signal is usually a “clock” or chain of uniformly
separated pulses which enable the memory element to change state. In effect, the P
pulses are ANDed with each of the input lines R and S so that the element can respond
to the input lines only at discrete intervals of time coinciding with the presence of a
clock pulse.
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Sometimes a square wave is used as the clock in which case it is frequently con-
venient to use an RC differentiating network to cause the flip-flop to respond to either
the leading or trailing edge (never both) of the clock signal P. This is also indicated
in Figure 5.9(b).

The R line, commonly called a reset, is used to set the memory element to a zero
(Q— 0 when R = 1). The S line is used to cause the memory element to assume a
“one” state (Q— 1 when S = 1). Due to the internal ANDing of the P line with both
R and S, neither input can have an effect until a clock pulse appears. It is also true
that it is quite meaningless to make R and S both unity and then apply a clock pulse
as this is logically equivalent to asking the Q line to become 0 and 1 simultaneously.

Figure 5.9(¢) shows a particular way of connecting three such memory elements.
Assuming that the P inputs do use differentiating RC networks and that the elements
are sensitive only to positive going pulses on the P lines, then quite obviously whenever
A changes from 0 to 1, an active pulse will be applied to input Px on element B and
this pulse will cause flip-flop B to go to whatever state is being asked for by the con-
trol lines Ra and Sp. The same remark applies to the connection from B to Pe.

The outputs of each element are fed back to the inputs. Whenever, for example,
the A line is a 1, then the reset line Ry is also a one so that the next pulse at Px must
set A = 0. When Ais al, A is 0 and hence the set line Sx would not be energized
under this condition. Since A can never be equal to A, there can never be a case where
both R, and S, are one (or zero) simultaneously, thus avoiding an illogical possibility.

The manner of interconnection on each of the flip-flops is such that they will
change state each time a positive going signal enters a P line. Assume that the elements
are all in the zero state (A = B = C = 0). The first signal pulse into Px will cause A
to change state so that A = 1. Thl§ means that A must change from A = 1to A = 0.
Since this would cause a negative going pulse into Ps, the B element will not be
affected and the state of the flip-flops CBA is 001. By following this analysis for a
number of pulses, the truth table of Figure 5.9(d) may be obtained. If these combina-
tions are compared with the binary column of Table 5.3, it can be seen that each
combination represents a binary number equivalent to the number of signal pulse
which have entered P.. (Recall that zero’s to the left of a number are not meaningful ).
An arrangement such as that in Figure 5.9(c) is frequently referred to as a counter.
With only three memory elements, such a counter can only count from 0 to 7 and then
must repeat itself. By adding more stages, the counter can be used to count as high
as desired.

A slightly different arrangement of elements is given in Figure 5.10(a). In addi-
tion, to memory elements, small delay units, D, are also used. In many practical cases,
there is an inherent delay from the instant a signal is applied to an R or S line to the
moment this signal becomes effective (or recognized) inside the memory element.
In these cases, the external delay elements may be eliminated. In any event, the total
delay time must be less than the interval between clock pulses. The purpose of the
delay elements is only to prevent the input lines, R and S, from changing while a
clock pulse is actually present. It can be seen that all elements receive the same clock
pulse and a possibility for confusion exists if the inputs to B are changing, for example,
at the instant Pp is energized.

In order to understand the operation of this arrangement, consider the case where
all elements are in the zero state (A = B = C = 0), and Sx = Rx = 0. Let S1 become
1 just long enough for one clock pulse to enter element A and cause the flip-flop to
go to the one state. Thereafter, let Su return to 0. When Sa returns to zero, let Ra
become 1 long enough to catch a clock pulse and thereafter let Rx go to 0 and remain
there. This sequence of events is depicted graphically in Figure 5.10(b).
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Before the first clock pulse, the setting of the three elements were all zero (ABC =
000). After the first pulse, but before the second pulse, we have ABC = 100. Between
the second and third pulse ABC = 010, between the third and fourth ABC = 001,
and after the fourth pulse ABC = 000. The effect is that a 1 has been propagated
from left-to-right in Figure 5.10(a), advancing one step with each clock pulse. Such
an arrangement of memory elements is commonly termed a shift register. When the
output (in this case C and C) is tied back to the input (in this example Sa and Ra),
the arrangement is termed a circulating register or a ring counter.
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(b) TIMING CHART FOR THE SHIFT REGISTER

SHIFT REGISTER
Figure 5.10

CIRCUIT IMPLICATIONS

In order to discuss the areas which have a bearing on the design of circuitry, a
problem common to many digital computers will be illustrated. Suppose that it is
desirable to design a “black box” which will add two binary numbers together and
have as an output the sum of the two numbers. A coarse diagram is given in Figure
5.11 which indicates one possible way in which this task might be performed.
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The two numbers, A and B, are each stored in shift registers in the manner indi-
cated so that the least significant bits of the numbers will be first into the box labelled
Adder. The Adder must do two things. It must produce a bit for the result register
and must also determine whether or not a carry would result that should be applied
to the next set of bits from A and B. The result register is used to accept and store
the sum as it is developed by the Adder. It should be kept firmly in mind that only
one bit of each number is present at any one time at the input to the Adder.

sare | snan” | S50 | M | ol

VALUE | VALUE ¢ c R

A B p N
o. [0 o 0 o Y
I.]10 0 | 0 I
2. |0 [ 0 o I
3.|0 ! | ! Y
4. |1 Y o o !
5.1 0 | | 0
6. |1 ! 0 | 0
7 | | | |

Table 5.6

Table 5.6 lists all possible combinations of carry and bit values for A and B which
can occur at the input of the Adder. In line 3, for example, bit A is a 0, B is a 1, and
the previous addition had produced a carry. Since
04 141=(10),

the result R must be 0 and the new carry should be 1. In line 7, all three bits are 1

and since 1 4+ 1 4+ 1 = (11)s, the result should be R = 1 and Cx = 1.

From Table 5.6, it is seen that
R=A*B*C,+A*B+*C,+A*B-C,+A*B+C,
Cx=A*B+A+C,+B+C,

== ———— — - Bkl



Elfceom — — - _— — — — —— — — ——____

The complete logic arrangement of the Adder is shown in Figure 5.12, Instead of
delaying the carry with a delay line, a memory element in the form of a flip-flop is
used to store the new carry. This allows the carry to change with the same clock pulses
used to shift the registers thus avoiding the nced for a delay and clock with very
tight tolerances.

The Cp line of the C flip-flop in Figure 5.12 is attached to four AND gates while
the complement line Cp is attached to two AND gates. To the circuit designer this
means that the flip-flops must be designed so as to be capable of driving these gates
without undue loading. If all flip-flops are to be identical (to save on engineering
effort) rather than individually designed for each trivial variance in use, then one
must also be able to make a shift register with them. In the counter shown in Figure
5.9(c), the flip-flops must be capable of driving the P line as well as an input S line.
Although the AND circuits need drive only one input on an OR gate, the OR gate in
Figure 5.12 must be capable of driving at least an S line on a flip-flop and an INVERT
circuit. It follows that no circuit should be designed to operate only without a load.
Every circuit has at least one load and frequently has more than one.

It is customary to consider the current required to drive one input on a logic gate
(OR or AND) as a unit load. The maximum current available from any circuit for
driving other circuits is divided by the current required by a unit load. The resulting
number is the number of logic gates that the circuit can drive and is called the “fan-
out” capability of the circuit. In general, the fan-out should be three or greater
although special cases may not require this.

A study of Figure 5.12 reveals that the AND gates can be divided in two groups
according to the number of inputs. Four of the gates have 3 inputs and three have
2 inputs. One of the OR gates has 4 inputs and the other has 3 inputs. The number
of inputs is called the “fan-in” of a circuit. Frequently the circuits are built as
3 input, 5 input, and 9 input gates. If a 4 input AND is needed, for example, a 5 input
AND is used with one of its inputs tied to a voltage which represents the 1 level as
A*BeC+*D¢*1=Ac¢B-¢+C-e* D. Thus the number of different types of circuits
which must be manufactured for a given machine is minimized.

Beside fan-in and fan-out considerations, there is one rather subtle point that is
not directly apparent from Figure 5.12. Current flow can be either into or out of a
circuit. The output of the 3 input OR gate in Figure 5.12, for example, indicates an I
which flows into the circuit and an I. which flows out of the circuit. A current out of
the output of a circuit, I, is considered as flowing in a positive direction whereas I, is
considered as flowing in a negative direction.

In a similar fashion an input may be driven either by “pulling” current out or
“pushing” current in as shown by I, and I, respectively. A current entering the input
is considered as a positive flowing current while a current leaving the input is con-
sidered as a negative flowing current. Since it is desirable that circuits be capable of
driving each other and in particular that any logic circuit be capable of driving another
circuit like itself, it is necessary that all currents be positive or that all currents be
negative, A set of circuits for which this is true is called a compatible set.

A compatible set is called complete if it is possible to generate any arbitrary
switching function whatever and includes a general-purpose compatible memory
element. The AND, OR, INVERT circuits with the R-S flip-flop of Figure 5.12 form
a complete set. Actually, it is possible to eliminate either the AND or the OR gate
(but not both) from this set without affecting its completeness. In general, the circuit
designer must produce a complete set if his efforts are to be usable.
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SWITCHING CHARACTERISTICS

CHAPTER

Semiconductor transistors and diodes have rapidly become the most useful, versa-
tile, and widely used devices in switching applications. Among the many devices which
are used and will continue to be used in this area, only semiconductors have so broad
a combination of desirable features. Among these are low power consumption, high
speed, small size, no filament power, low cost, good fan-out, and remarkably long life.
Any number of devices may have superior qualities in any one area but not in all
these areas. A relay, for example, has much greater fan-out capabilities (many relays
may be operated by a single relay contact) but is poor in speed, power, and life com-
pared to a transistor. Relays will be life tested many hours for several million opera-
tions without failure to qualify as highly reliable while a good transistor switch can
make a million or more operations in one second without impairing its useful life.
Furthermore, problems of contact bounce and arcing are non-existent with either
transistors or diodes.

THE BASIC SWITCH

Any device which has, or can be made to have, two distinct states may be con-
sidered for possible application in digital equipment. This property need not always
resemble a mechanical switch in being open or closed. For example, a device which
can be made to oscillate on one of two distinct frequencies, or a device which operates
as an oscillator on a single frequency but which can be made to have one of two
distinct phases, or even a device that can be made to oscillate or not oscillate could be
used. Frequently switches are made of two components such as a light-emitting diode
and a photo-diode where the photo-diode is necessary to detect the presence or
absence of a light from the light emitter. In short, there are many ways of producing
an analog of the simple mechanical switch.

The most common usage for transistors and diodes is as a direct analog of the
mechanical switch. That is, the diode and transistor are made to have a high resistance
(open) state and a low resistance (closed) state.

THE BASIC DIODE SWITCH

A diode can be changed from a low resistance state to a high resistance state by
the simple expedient of altering the bias conditions across the diode junction. Figure
6.1 gives the voltage-current characteristic for a PN junction and from this it can be
seen that a very small voltage in the forward direction can cause an appreciable
current flow (low resistance) while a voltage in the reverse direction (but to the right
of the avalanche region) will produce only a small leakage current (high resistance).

This figure is somewhat misleading in that it is not drawn to scale. A typical value
for leakage current for the 1N3605 at room temperature is 15 nano-amperes at a
reverse voltage of 50 volts which corresponds to an “open” circuit resistance of more
than 3000 megohms. On the other hand, a forward bias of 0.8 volts will typically
produce a current of 80 milliamperes at room temperature which corresponds to 10
ohms for the “closed” circuit resistance. Thus a diode can be a very good switch.

THE BASIC TRANSISTOR SWITCH

A generalized volt-current characteristic for an NPN transistor is shown in Figure
6.2. That portion of the load line between point A and point B lies in what is com-
monly referred to as the active-region of the transistor. This region is bounded on the
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left by the line formed by the superposition of the base current lines with a slope of
1/rsar and on the bottom by the In = 0 base current line. Thus point A is on one

boundary of the active region and point B is on the other,
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Point A occurs at a low current, In, and a relatively high voltage implying a high
resistance or “open” condition. In a properly designed circuit, I will approach Ico.
This current can be extremely small in a modern transistor of the silicon planar type.
The 2N914, for example, has a guaranteed maximum of 25 nano-amperes at 20V at
room temperature which implies a resistance of about 800 megohms. Typically the
value is about four times this or 3200 megohms. Germanium devices, however, have
appreciably higher leakage currents. The 2N404, for example, has a guaranteed maxi-
mum leakage of 5 micro-amperes at 12 volts at room temperature implying a resistance
of only 2.4 megohms. In this one respect silicon is a better choice for a switch. It will
be seen, however, that other factors are important also.

Point B occurs at a relatively low voltage and high current point implying low
resistance. The ratio of V, to I¢s in Figure 6.2 is often called the saturation resistance.
The 2N914, with Ic = 10 Is, has a typical value of V., = 0.35 volts at Ic = 200 ma
which is equivalent to about 1.75 ohms for rsar. Actually raar is a somewhat mislead-
ing parameter as will be shown.

The high value of “off” resistance and low value of “on” resistance associated
with a transistor make the device valuable for switching applications on a par with the
diode. The transistor has one very important advantage over the diode in that its
state is easily controllable from the base lead. This is because a relatively small cur-
rent in the base can control a large current in the collector. The diode can only be
switched by altering its bias. This switching “gain” makes the transistor a more versa-
tile device. By analogy, a mechanical switch is to a diode what a relay is to a transistor.

STATIC PARAMETERS

The parameters of interest may be separated into static and transient groupings.
This is, of course, somewhat arbitrary in that the same parameters may influence both
aspects of device behavior, but it is convenient for purposes of discussion.

POWER

Examination of the load line of Figure 6.2 reveals that a considerable portion of
the line is in an area where the power dissipation is excessive. This is a common
characteristic of many switching circuits. Since the device is operated either “on”
(point B) or “off” (point A), the device will not dwell for any appreciable time in
the region of excessive power and therefore the average power will not be influenced
appreciably at moderate switching rates by this transient excursion into normally
forbidden regions. At high switching rates, however, the average power will definitely
be influenced by this condition.

Consider Figure 6.3 where a typical waveform has been linearized. It is assumed
periodic in form and the transitions are assumed to be ramp functions. The power
dissipated in the collector circuit is

1 T .
P:'— 1
Tj:) ei dt

Evaluating this integral we have as a result

— 2to{{+tr +tl) (3 torr +__tr +t1)
P = \% + AV — Vs A Lleff " ir MY _ AV A =2 LS
Is Vs ( Is 8 I) ( V Al

where
AV=E —IoR— Vs
Al =Is—1Io
T =te 4+ tore + te + ton

If Vs = 0 and Io = O are assumed, then the power dissipated in one cycle is due
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only to the transient during switching and not to the power dissipated when fully
on or fully off. Under these conditions the power becomes
6 T

If the on-time and off-time are reduced to zero, then T = t. + t, and this represents
a limiting case for a given voltage and current swing. The transistor simply cannot
operate at a higher repetition rate than this and still maintain a full swing. Fortunately,
most transistors have sufficiently high power handling capabilities that this is not a
serious problem for many applications. For example, if E = 6 volts and Is = 10 milli-
amperes, only 10 milliwatts will be dissipated at this ultimate rate.

It is interesting to note that the limiting repetition rate is determined only by the
rise-time, t. and fall-time t, of the device and circuit itself.
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LINEARIZED SWITCH WAVEFORM
FOR POWER CALCULATIONS

Figure 6.3

For cases where power is very critical, the dissipation in the base should be added
to that of the collector. Normally this is quite small compared to the collector power
but, especially in heavily saturating circuitry, this is not necessarily so. The base
power is given by

Pe=1In Vs — [AVn Is —+ Vi AI}.] [2&((-;‘-’;‘:4-&_]_*_ AV, AI.,[S tore _:;It" +t':|

where

Vs = base voltage when transistor is on

Is = base current when transistor is on

AV, = “on” base voltage minus “off” base voltage or the total change in base

voltage from on to off

Al = change in base current from on to off

Ps = power dissipated in the base
and the switching times are the same as for the collector. If the device is actually
reverse biased in the off condition, then AV, and AI, will be larger than Vg and Iy. All
equations are taken for the NPN configuration.

The limiting factor in transistor (or diode) power dissipation is the temperature
of the junction. In a sense, the power dissipated is immaterial as long as the junction
temperature does not exceed its maximum rated value. Figure 6.4 is a typical curve
of the maximum permissible power as a function of ambient temperature. At room
temperature (25°C) the maximum rated power is P. This implies that at a tempera-
ture of 25°C and P watts, the junction temperature is at its maximum permissible value,
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At an ambient temperature T,, the maximum power that may be dissipated is zero
which also implies that the junction temperature is at its maximum permissible value.
As a matter of fact, at each point along the sloping portion of the curve the junction
temperature is at its maximum value.

POWER_

~N

N EFFECT OF A
HEAT SINK

P‘_n- _____
+ AMBIENT
25°¢C T 1 TEMPERATURE
TYPICAL POWER DERATING CURVE
Figure 6.4

Two problems arise in practice. In the first case, the power dissipated in the tran-
sistor, Pr, is known and it is desired to know the maximum ambient temperature, Ta,
which may be permitted. This may be determined graphically as indicated by the
dotted lines starting at Pr and T, in Figure 6.4 or the ratio

Pr _ P
T, —Tsx T;—25
may be used. If the ratio is used, then obviously

TA:TJ_I;T(TJ—zs)

The second case is the problem of determining the maximum permissible operating
power if the maximum ambient temperature is known. Again this may be determined
graphically, or using the ratio method we have

Pr="P
T [T;-zsj

The use of a heat sink can increase the power capability of a transistor considerably for
ambient temperatures below T;. It cannot, however, enable operation above that im-
posed by the junction. The dashed curve in Figure 6.4 shows the effect of a heat sink
on the power capability.

It sometimes happens that the manufacturer will specify two power ratings at
two different ambient temperatures. Since the shape of the derating curve is known,
this is generally sufficient to reconstruct the curve. For example, suppose the two
points given are (Py, T:) and (Pa, T.) with T. > Ty, P, > P.. The power along the
sloping portion of the curve is given by

P:(P.Tg—PzT.) (P.—Pz)T

T. —Th T.— T
The maximum junction temperature occurs when P = 0 and hence
T, = PiT.—P. T,
Pr—P.

while the maximum rated power occurs when T = 25°C. Hence
P, Tz—Psz) (Px —Pz)
Puax = —-25 (2—=
( T‘.’ - Tl T2 - Tl
To reconstruct the graph, power remains at Puma.x for all temperatures below 25°C.

From the 25°C point to T a straight line is drawn which starts at (Pmax, 25) and ends
at (0, Ts).
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LEAKAGE CURRENT, lco ’

This current, along with the current gain, determines to a large extent the minimum
off current, Io, as indicated in Figure 6.3(c). The physical nature of Ico is discussed
elsewhere. In this section only the manner in which it influences the circuit designer
will be discussed.
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Figure 6.5

Ico is defined as the dec collector current when the collector junction is reverse
biased and the emitter is open-circuited. Its value is determined by the voltage applied
and the temperature at which it is measured as is indicated in Figure 6.5. As the
curves indicate, Ico essentially varies exponentially with temperature and above the
“knee” of the voltage curve tends to follow an exponential variation with voltage.

The use of normalized values for Ico is simply a convenience. For example, at
25°C and 20V the normalized value of Ico is unity. If the specification sheet reads
Ico = 5 pa at 25°C and 20 volts then all values along the ordinate should be multi-
plied by 5 micro-amperes. Thus at 100°C where the normalized value reads 60, the
actual value would be 80 X 5 microamperes or 300 microamperes.

In order to eliminate the need to take voltage variation into account each time a
circuit is designed, Ico is almost always specified at a voltage near the maximum
rating of the transistor. The circuit designer then assumes Ico constant for voltages
less than this value (in some cases this is nearly true). This means that the designer
is nearly always conservative; the actual Ico is always less than he has assumed and
therefore the design is on the “safe” side. The temperature which determines Ico is the
junction temperature of the device, not the ambient. If the basic measuring circuit is
studied, however, it is seen that the power dissipated in the transistor is the product of
Ico and E. Since Ico is very small the power is very small and the junction temperature
is essentially that of the ambient temperature. Many manufacturers label the Ico versus
temperature curve with ambient rather than junction temperature.

To the designer of switching circuits, Ico is important in that it determines how
close he may approach to a true open circuit condition. As has been shown, this cur-
rent can be very small indeed. Unfortunately, another phenomena enters into this
consideration. Consider the circuit of Figure 6.6 in which the base lead is open rather
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I SWITCHING CHARACTERISTICS 6

than the emitter. Leakage current Ico flows across the reverse biased collector-to-base
diode junction as before. Now, however, this current cannot return to the battery
source unless it flows across the base-to-emitter diode junction. Since polarities are
such that this junction tends to be forward biased, this leakage current is essentially
indistinguishable from a base current supplied externally. The transistor therefore
amplifies this current to produce an additional current, hee Ico, in the collector. The
net result is that a total collector current of (1 + hre) Ico appears.

= Ico+ heel
Ieo :"uIa Ic=Ico+hrelp
7 COLLECTOR
co >+ At = Igo+ heelco

el

1 |ease = =
Is— i AN = (1+hedIco
¥ lemTTER
Ig=Ico

EFFECT OF TRANSISTOR GAIN ON LEAKAGE CURRENT
Figure 6.6

If a finite resistance is placed between the base and the emitter, some of the Ico
current can be shunted through this resistor. This shunted portion of the leakage cur-
rent would not be amplified and therefore a collector current, Io, will low such that
Ico << Io =< (1 + ht.) Ico. This is the I shown in Figure 6.3 and used in the power
calculations.

By reverse-biasing the base to emitter by approximately 0.2 volts, Io can be made
to approach Ico quite closely for germanium transistors. Because of the higher thresh-
olding effect of silicon, Io approaches Ico quite closely at zero bias. It is not always
desirable, however, to return the base to zero bias in some circuits and frequently I, is
specified for some specific forward bias on silicon units. Thus the 2N914 is specified for
a maximum current of 10 microamperes at a collector-to-emitter voltage of 20V, an
ambient temperature of 25°C and a forward bias of 0.25 volts. I under these condi-
tions is only 25 nanoamperes maximum. Because germanium has such low base-emitter
voltages and because leakage current is very much greater than in silicon, it is not very
practical to apply this type of specification to germanium transistors.

If the base to emitter of a transistor is reverse biased, there will be a leakage cur-
rent, Igno, similar in every way to Lco except that it flows from emitter to base. Thus
to reverse bias a transistor, it is necessary to allow for Ico and Ieso to flow out of the
base lead. When Iggo is not specified it is usually assumed to be equal to Ico.

CURRENT GAIN, hrg
The current gain of greatest interest to the designer of switching circuits is the
direct-current gain. This is defined as

hFEZ—IL

Ill

where Is and I¢ is the absolute value of the base current and collector current respec-
tively. The more commonly used parameter, hee, is essentially the ratio of a change in
collector current for a small change in base current.

The value of her is usually measured at a voltage between collector and emitter
which is rather close to the saturation voltage as this represents a minimum value.
Speaking loosely, hrz is not a very strong function of collector-emitter voltage outside
of saturation. It is, however, a rather strong function of junction temperature and of
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Figure 6.7

collector current. Figure 6.7 is a set of typical curves for hrg as a function of Ic for
the 2N914. Each curve is associated with a different temperature.

The most important feature is that over most of the current range, the gain
decreases with decreasing temperature. Obviously, this rule cannot be applied indis-
criminately. The reverse begins to be true beyond 10 milliamperes and 100°C. A
second feature of interest is that the gain has a definite maximum which may be
quite broad (at room temperature for example) or rather sharp (at 125°C). The
collector current at which this maximum occurs is a function of the junction tempera-
ture. It follows that the selection of operating (on) current to be used should take
into consideration the temperature range over which the circuit will be expected
to operate.

It sometimes happens that a decreasing gain with increasing temperature is desira-
ble. Magnetic cores, for example, often require less drive at high temperatures than
at low. Generally, however, this characteristic cannot be controlled sufficiently well
to be useful.

hee should not be confused with forced current gain. Consider Figure 6.2. When
Ic = E/R, Vce = 0 and therefore all collector bias is removed from the transistor.
Actually this cannot quite happen. As shown by point B, further transistor action
ceases at a voltage V., (which is quite small). Hence the collector current is actually
limited to Ies = (E — V,)/R. It is, however, quite possible to force more base current
than necessary for Ic = Ics. This, of course, cannot change Ic appreciably. The ratio
of Ics to Is when In > Ics/hpy is called the forced current gain and it is always less
than the natural gain hrr. The forced current gain is sometimes referred to simply as
the circuit current ratio.

COLLECTOR SATURATION VOLTAGE, Vg sam

The collector saturation voltage, Vcr@am, which has been abbreviated to V, in
Figure 6.2 and in the equations for power, is the parameter that effectively limits how
closely the transistor may approximate a closed switch. Figure 6.8 contains two curves
which show how this parameter varies with the circuit current ratio, collector current,
and temperature.
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Figure 6.8

In the first set of curves the temperature is held constant while the circuit current
ratio is increased (or Is decreased) and the saturation voltage changes linearly. The fact
that the saturation voltage changes with the circuit current ratio makes the concept
of rsam as the reciprocal of the slope of the characteristic curve below V, in Figure 6.2
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6 SWITCHING CHARACTERISTICS |

rather awkward. This is probably the reason rsam has never been widely accepted.
The two curves of Figure 6.8 represent the best method yet devised to describe satura-
tion voltage over a wide range of operating conditions.

The second of the two sets of curves indicate that temperature is not a particularly
strong influence and that the saturation voltage increases with increasing temperature.
This depends very much on the device being used. In some devices the saturation
voltage is almost completely independent of temperature while in others the tempera-
ture coefficient can be negative over all or part of the temperature range.
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BASE-EMITTER SATURATION VOLTAGE, Ve sam

A set of curves similar to the curves for collector saturation are shown in Figure
6.9 for the 2N914. The most characteristic feature is that the slopes of these curves are
opposite to those shown in Figure 6.8. The temperature coefficient is negative and
varies little over the entire range. A common rule of thumb is to allow 2 millivolts
change per degree centigrade in the base-emitter voltage. This rule is surprisingly
good, even for germanium at moderate current levels. At higher current levels this
value tends to be too large.

TRANSIENT RESPONSE CHARACTERISTICS

The factors which influence the transient response of the transistor are basically
associated with the diffusion time of the carriers across the base region, the effect of
capacitances due to the collector-base and base-emitter junctions, the associated para-
sitic capacitances between leads and from case to leads and, just as important, the
operating conditions of the circuit. In predicting transient response it is convenient to
think of the turn-on delay time, ts, the current rise time, t., the storage or turn-off
delay time, ts, and the current fall time, t, as dependent variables whose value depends
upon the operating conditions of the device as well as the capacitances and diffusion
parameters. These latter are also affected by the operating conditions of the circuit.
It follows that the calculations of the time intervals (ta, t., ts, and t;) can be very
complex.

DEFINITION OF TIME INTERVALS AND CURRENTS

The time intervals are defined in Figure 6.10. This set of definitions has become
almost universally accepted for measurements and therefore requires no further expla-
nation beyond pointing out that the 10% and 90% points of the collector waveform
are taken as the points at which measurements are to be made. The collector wave-
form is, of course, the voltage from collector to emitter. For most calculations we
shall use collector current rather than collector voltage as the reference thereby
avoiding some difficulty with what is meant by ‘rise-time, t,. In Figure 6.10(c), the
voltage is falling during t. but, of course, this is due to the fact that the current is
increasing (or rising) during this interval.

TURN-ON DELAY, t,

Consider the circuit of Figure 6.10(a) with the switch in its open position. Under
static conditions there exists only a —10V source connected to the base, B, through
the 100 ohm resistor in series with Rp. Thus the base must be reverse biased at —10V,
plus a very slight voltage drop due to leakage currents, and the transistor is off. The
collector, C, must, therefore, be at +10V minus a very small voltage due to collector
leakage, Io, and the total voltage between collector and base is +20 volts. Any capaci-
tance between base and collector is, therefore, charged to 20 volts, and any capacitance
between base and emitter must be charged to 10 volts as shown in Figure 6.11(a).
Since the transistor is off, it is effectively not in the circuit.

At the instant of switch closure, the voltage at the base cannot change immedi-
ately because of the capacitances associated with the base. This means that effectively
20 volts has been placed across Rn thus making In = 1 ma as indicated in Figure
6.11(b). Until the base-emitter voltage vanishes, there is no way the transistor can
turn-on. As current continues to flow, the transistor base-to-emitter becomes forward
biased and the transistor begins to turn-on. This occurs when Ve approaches about
+0.1 volt for germanium and +0.5 volts for silicon. Beyond this point the base-emitter
diode acts as a clamp so that the voltage cannot continue to rise at the base. Since
0.5 volts is very small compared to 10 volts, the final base-current will be about 0.5

o= _—_—  — — —  — - i
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+10v  (A) TYPICAL CIRCUIT
Ig =Igp, =0.5ma
Ic=10ma

IC/I; heg

WAVEFORM GENERATED
AT A BY SWITCH

WAVEFORM AT B
SHOWING FORWARD BIAS
ON BASE DURING
SATURATION

(D}COLLECTOR WAVEFORM
SHOWING STANDARD
DEFINITIONS OF
RESPONSE TIMES

TRANSIENT RESPONSE
Figure 6.10

ma as indicated in Figure 6.11(c).

The time required to reach the threshold of transistor turn-on may be calculated,
assuming Cg and Cc are simple capacitances whose value is known. This time interval
is not ta since the collector current has not reached its ten percent point at this time.
Calling this time interval ts’ and realizing that tq is the sum of ts’ plus a small portion
of the rise time, At,, we have, for this particular circuit

ta = ta’ 4 At,

Due to the fact that the circuit of Figure 6.11 gives rise to two time constants, it
is not a simple matter to solve explicitly for ts/. For this reason it is customary to
make some reasonable approximation for to/. The change in voltage at the base is
AV, = 10V. Assuming that the collector voltage does not change, the change in
charge, Qcp, on Cc is Qep = Cc AV, and the change in charge on Qg is Cr AVy. The
total charge which has flowed into both capacitors is thus (Cc + Cg) AVs. Since this
occurred in a time ta’, then the average current must have been

AV,

ta’

The average current is very nearly given by the arithmetic mean of the initial current
and final current.

Isavgyr = (Cc + Cg)

~ [IB(O) + Ie gtd')]

o 2

This gives 0.75 ma for Is v although in this example the true value would be closer
to 0.7 ma. Using this value (0.75 ma) for Is . we have

te’ = (Co + cn)[f”ﬁ ] =13.3 (Ce + Cz) X 10°

B (avg.)

Is avenr
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If 0.7 ma (obtained by assuming an exponential decay from 1 to 0.5 ma and aver-
aging) had been used, ts" would have been 14.3 (Cc 4+ Ce) X 10° and the error would
be about seven percent.

+10V
b
. VOLTAGE TO_GROUND
A: =10V
B: ~I10V
C: +10V

-0V

(o) STEADY-STATE 'OFF' CONDITION WITH ALL CURRENTS
DECAYED TO ZERO.+

VOLTAGE TO GROUND

A: +10V
B: —10V
C: +10V

L= Va=Ve . 10-¢10) ., ya
8 “Rg 20K

+10V
VOLTAGE TO GROUND
gh
iK
co_l;___.___' A: + 10V
iy ! B: OV
Cc T 10V
Tg=0.8MA *CT- : C: +10v
+ = P - =
I Cory Ig-rms%-gl-o.s MA
200" —-_————
MA
-10v =

(c) CURRENT FLOW AT THE THRESHOLD 'TURN-ON'

PHYSICAL REASONS FOR ta
Figure 6.11

COLLECTOR AND EMITTER TRANSITION CAPACITANCES

Although these calculations are quite simple and give reasonably good results,
there is a significant drawback inherent in this method. This has to do with the nature
of the capacitances involved. Consider Figure 6.12 where the capacitances Cc and Cg
are depicted as functions of voltage. A swing of ten volts, for example, causes Cc to
change from approximately 4 picofarads at 10 volts to 6 picofarads at 0.1 volts. It is
thus rather difficult to state precisely what value of Cc to use in calculating ta’.

It is frequently mentioned in the literature that Cc is a function of voltage. If this

function is known, then the total change in charge on the capacitor for a change in
voltage from V, to V. is

AQeo =fv"2 Ce (V) dV

[iem o oo = s = - _— —— —— — B}
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This value for the change in charge for a change in voltage Ve — Vi = AV may then
be used to calculate an equivalent linear capacitance, Ce. Thus

(_:(‘ = :\AQ\(;" = C(‘h

and this value may then be used. Unfortunately, this evaluation requires a knowledge
of the proper analytical expression for Ce as a function of Ve.

7" T T -1 o

CAPACITANCE (PF)

' COLLECTOR QUTPUT CAPACITANCE VS COLLECTOR-BASE VOLTAGE
2~ EMITTER TRANSITION CAPACITANCE VS EMITTER-BASE VOLTAGE

| | 2NSg | | | |
i [ | | ta=2secl | || L1
1 £=350k '
|
0 - - 1 4 — —L 4
[e]] | {¢] 100
REVERSE BIAS VOLTAGE (VOLTS)
Figure 6.12

It is generally easier and simpler to use the graph of Figure 6.12 directly. Initially
Ver was at 20V as indicated in Figure 6.11. Using the graph of Figure 6.12, it can
be seen that Cc is about 3.6 picofarads at this voltage. This implies that the charge,
Qc = Cc Ver is 72 picocoulombs. At the edge of turn-on, Veg is 10 volts (Figure
6.11(c)) and Cc is 4 picofarads (Figure 6.12) giving Qc = 40 picocoulombs. Since
3Qc = Qen = 72 — 40 = 32 picocoulombs, we have
AQ¢ 32
AV T 10
and the effective linear capacitance is actually less than the capacitance at each point.
Using the minimum capacitance ( at 20V ) in this case would be somewhat conservative.

The same process may be used for Cy except that in this case the voltage across
Cr: is rednced to zcro (or even slightly reversed) as indicated in Figure 6.11(c).
Thus the total charge to be removed is determined only by the charge at the 10 volt
point. The net result is that the time interval, to, is modified as

td = ((—:c -+ CP) AV. = (Cen 4 (_:F) _AV,

B (avg.) Incaven

Cen = Cc = = 3.2 picofarads

Supposing that Cx is 2 picofarads at 10 volts for some particular transistor (not
a 2N914), then 3Qgx will be 20 picocoulombs for a 10-volt change from 10 volts to
zero volts. Hence the effective capacity, Cg, is 2 pf. Using the previous estimate ta’ =
14.3 (Cc + Cx) X 10° we have t’ = 14.3 (5.2) X 10 = 74.4 nanoseconds.

FORWARD BASE CURRENT, Ix,
When the circuit of Figure 6.10(a) reaches the edge of transistor turn-on, as indi-
cated in Figure 6.11(¢), the base-emitter diode acts as a clamp to hold the base volt-

1 e —————
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age near ground. Under these conditions the value of Ix remains constant throughout
the rise time and “on” time of the device. This constant current is denoted as Is: and
in applications where Ix is not constant it is usually understood that Ik is some sort
of average or effective value in the formulas. It is frequently referred to as the forward
base current.

GAIN BANDWIDTH PRODUCT

The common base current gain, generally denoted as a, is a function of frequency.
One of the better approximations, obtained by solving the diffusion equation (with
some simplifying assumptions regarding boundary counditions) is

a = Sech I:a V1 4+ ij:l

where a = W/L << 1, W= base width, L = diffusion length of carriers in the base,
and T is the carrier life time. Such a formula is rather awkward to use and an approxi-
mation occasionally suggested is

_ ace—ik(w/wa)
I o ] 5
where a, is the low frequency gain, w. is the ‘alpha cutoff’ frequency in radians per
second and determined as that frequency where the magnitude of « is —3 db, or 0.707,
of its low frequency value, and k is an empirically determined constant (about 0.2 - 0.4)

for a particular device. Even this formmla, however, is somewhat awkward to use and
thus the most common approximation is simply

a— o

1+
This final approximation has the same magnitude at all frequencies as the previous
estimate but the predicted phase can be in considerable error.

As w/wa becomes large compared to 1, the magnitude of a becomes |a|=a,
(wa/w), or, rearranging, we have

w!alsauwa:w'r:21rf—r

That is, the product of the frequency w and the magnitude of the gain at this fre-
quency is approximately equal to the product of the low frequency gain and the
alpha cutoff frequency, both of which are constants of the device. The product is
termed the gain-bandwidth product and may be given in terms of radians/second
(wr) or cycles/second (fr) and is widely used as a figure-of-merit for transistors.

The small-signal common-emitter gain, 8, is defined as

a Bo

PT Um0 T IHis(E)

where o = ao/(1 — a,). The frequency at which the magnitude of 8 is —3 db down
(or 0.707 of ) from B, occurs when w = wr/g. and is usually referred to as the “beta
cutoff frequency.” It can be seen that the beta cutoff frequency is considerably lower
than the alpha cutoff frequency. As w becomes larger than wr/g., the magnitude of
g rapidly approaches
w
8] =g, (ﬁ(:Tw) =
or

w ﬁ]swr
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Thus the gain-bandwidth product is the same in the common-emitter configuration as
it is in the common-base configuration.

For switching applications it is usually assumed that g is approximately hrg. This
is due to the fact that 8 (as a small-signal parameter) changes at different operating
points and hrgr is a sort of average value over the entire switching range. Thus the
frequency dependent relation for In and I becomes

Ic — hl-'l-: Is

‘= 14 heg -2

g

or, rewriting,

jole+ 2" Ie=wrls

hl"l’:

Examining this last statement, it can be scen that this corresponds to the sinusoidal
solution of the differential equation

_(1_ . wTr . — .
q& (i) + heg (ie) = wr iv

I=igt ig

LoV eV _aq
v=igR TR TCRTT
q=CV T=RC T = CONSTANT

e L 08 rye rdin . 9 (o). 9O
Ic-cd—' Cd—'(lgR) Tdt 0 (cv) 31

{a) BASIC CIRCUIT AND FUNDAMENTAL RELATIONS

DIFFERENTIAL SOLUTION
CURRENT: I=J’-‘;—ifi+in iR =I(I-€7)
VOLTAGE: Tsc ek v=IR(1-€™
CHARGE: -9+ 4 g= IT(1-€7)

(b) TIME SOLUTION FOR BASIC CONCEPTS OF
CHARGE, VOLTAGE, AND CURRENT

DEVELOPMENT OF EQUIVALENT CONCEPTS
Figure 6.13
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The solution for i, if i» = Im (a constant), is very simply

—ort
ie = heg L (l — ¢ hre >

which is a well known form given by simple RC circuits. Indced, if the very simple
circuit of Figure 6.13 is considered, we have several possible forms for expressing the
basic differential equation. Provided

— hn:
T =
wTr
I=hreln =1

the circuit of Figure 6.13 exactly represents the equivalent circuit for the approximate
transistor relation

I- — heg In
C = q w
1 4 jheg wp

I
—8,

RC « DEE
wr

(a) SIMPLE EQUIVALENT CIRCUIT WITH
CHARGE IN COLLECTOR

Ip

L Eq.cl R lhﬁi%'h¥q.u’q'l‘:

[

.
(b) SIMPLE EQUIVALENT CIRCUIT WITH
CHARGE REFERRED TO BASE

SIMPLE EQUIVALENT CIRCUIT WITH
CHARGE REFERRED TO BASE

Figure 6.14

If a circuit is desired which will distinguish I and heg; this can be done by using a
current generator as shown in Figure 6.14.

The current solution of Figure 6.13 indicates that ix is directly equivalent to the
collector current, Ic. The voltage and the charge are related to the collector current
by constants, Thus

V=IRor I = v

Q=Icrorle= (Tl

It is immaterial at this point from what viewpoint (current, voltage, or charge)
the device is viewed, as the viewpoints can be shown to be equivalent. Thus the
transistor may be considercd as: a current-controlled device, in which the current in

=l ———————— = - = — B§
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the base controls the collector current; a voltage-controlled device in which the junc-
tion voltages are considered the controlling factors; or a charge-controlled device in
which the charge within the transistor controls the device (and base current is needed
only to replenish charge which has ‘leaked’ away) —just as one may consider the simple
circuit of Figure 6.13 as having ir controlled by the input current I, or controlled by
the voltage across the capacitor, or controlled by the charge in the capacitor. As devel-
oped, however, the charge concept appears to offer some slight advantage in reducing
the number of required parameters needed to describe switching behavior, as well
as providing a mental concept of the device which can aid intuition.

CHARGE CONTROL CONCEPTS

The emitter and collector junctions of a transistor when in the cutoff condition
are reversed biased; in this condition only leakage currents flow across the junctions,
the base charge is negligible, and the junction depletion layers are wide because of
the reverse bias applied as shown in Figure 6.15(a). In Figure 6.10 (a), this condition
exists in the transistor when the switch is open; Ve is equal to —10 volts and Ves is
equal to 20 volts. Immediately after the switch is closed, no collector current flows
since the emitter junction is reverse biased, thus the initial base current which flows
supplies charge to the emitter and collector junction depletion layers and soon causes
the emitter junction to become forward biased and begin emitting as shown in Figure
6.15(b). The quantity of charge which has been supplied to the emitter junction
depletion region is called Q and is a function of the reverse bias voltage which was
applied to the junction prior to the application of the turn-on signal. The charge
supplied to the collector depletion region during this time is denoted Qcp and is a
function of the reverse bias on the emitter, and the collector supply voltage being
switched. Looking again at Figure 6.10(a), the condition illustrated in Figure 6.15(b)
exists when Ve equals about 0.3 volts and Ves equals about 10 volts.

With the emitter junction now forward biased, the transistor enters the active
region. Collector current begins to flow and the voltage at the collector begins to drop
because of the presence of the collector load resistor, Ry, shown in Figure 6.10(a).
During this time a gradient of charge is established in the base region of the tran-
sistor. The slope of this charge gradient is proportional to the collector current which
is flowing. If the base current supplied is greater than the rate of recombination of
charge in the base region, the gradient will continue to rise until an equilibrium
condition is reached. If equilibrium is reached before the collector junction is for-
ward biased, the transistor will not saturate. Since the recombination rate of charge
in the base is I¢/hre (or Im), the collector current will rise to her I if the device
does not saturate. If, on the other hand, the collector current causes the collector-base
junction to become forward biased before equilibrium is reached, the device will
saturate. The existing condition within the transistor at the edge of saturation is
depicted in Figure 6.15(c). The time required to move from the edge of cutoff to the
edge of saturation is the rise time. Charge quantities involved are the base gradient of
charge Qu, which is a function of collector current flowing, and Qc, which is a function
of Ves. Qc is the charge required to cause the collector junction to narrow and becomes
forward biased. Since measurement of Qs and Qc is frequently accomplished by
measuring the two quantities together and then separating them as shown in Chapter
18, the sum of Qa and Qc is frequently used and is called Qu*. At the edge of satura-
tion the Vag is about 0.3 volt and Ven is 0 volts if the bulk resistance of the collector
body is neglected. Since equilibrium is not established with respect to the base current,
charge in excess of that required to saturate the transistor is introduced into the base
region. The base gradient of charge remains constant since the collector current is at a
maximum for the circuit; the excess charge, Qsx, is a function of the current which is

ey — ]



I SVWITCHING CHARACTERISTICS 6

permitted to flow into the base in excess of that required to saturate the transistor.
This current is called Isx. Distribution of Qgsx in the transistor is shown in Figure
6.15(d).

In the alloy type transistor, essentially all of the stored charge is in the base region.
In devices where the collector bulk region has high minority carrier lifetime, excess
carriers can also be stored in the collector. These carriers reach the collector from the
base since the collector junction is now forward biased and base majority carriers are
free to flow into the collector region during saturation. These stored carriers have no
effect during turn-on time. Storage time, however, is the time required to remove these
stored carriers as well as those stored in the base. Both the mesa and planar devices
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6 SWITCHING CHARACTERISTICS

exhibit collector minority carrier storage. The epitaxial process used in General Electric
transistors 2N781, 2N914, 2N994 and the 2N2193 minimizes collector storage while
not adversely effecting collector breakdown voltage or other desirable characteristics
of the transistor. Incidentally, it may be possible to meet the electrical specification of
a given registration without using cpitaxial techniques. Component manufacturer’s
data should be consulted for process information.

From the various charge quantities introduced, a number of time constants can be
described that relate the charge quantities to the currents flowing; these time constants
are defined in the following equations

e O

Ins

— On
Te — ICS
— Onx
™7 Tax

4 is called the active region lifetime, r. is called the collector time constant, and
v is the effective lifetime in the saturated region. In some literature 7 has been called
ro. Where collector minority carrier storage exists the measurement method for 7
shown in Chapter 18 does not only measure Qnx/Isx but includes much of the collec-
tor stored charge; as such, this parameter is still a valuable tool in rating the storage
characteristics of various transistors since a low 7, value indicates a low storage time.
The time constants defined are constant over large regions of device usage and are
normally specificd as device constants.

To determine the transient response using the charge approach, the required charge
for the time in question is divided by the current available to supply that charge; thus,
the basic equations are

Gy = Qr + Qcn
IHI

t, = On + Q¢ — Te Ic + Q¢
IB] Im

it :ﬁ =T ﬁ, and

1“2 B2

t = Qs + Q¢ — T I 4+ Q¢

InZ I"Z

The simplicity of these equations is readily seen. Their accuracy is dependent upon
the assumption made in the equations that Is and In: truly are constant. Refinements
in these equations arise from the fact that some of the charge in the base recombines
on its own and must be accounted for in determining transient speed.

APPLICATION OF STORED CHARGE CONCEPTS

In calculating that portion of the delay time before the current begins to rise td', it

was found necessary to employ the approximation
Of = Ok 4+ Qcp
I B (avg.)

in order to obtain a reasonably simple solution. Qg is essentially the total charge
which must be removed from the base emitter junction to turn on the device. Qcn,
however, is but a portion of the total charge stored at the base collector junction.
During actual rise time, the remaining portion of this charge must be removed. Letting
Qzc be the total charge duc to this capacitive effect, it is wise to separate Q¢ into
two components, Q&, and Qc. Qcp is then the charge removed during ta' and Qc is

G ————— - _—— _— — — =]



I VW ITCHING CHARACTERISTICS 6

the charge removed during the rise time. It is rather obvious that the calculation for
ta’ lends itself nicely to charge concepts.

RISE-TIME, t,

Basically, only one mathematical relationship is involved in the remaining discus-
sion. This will be briefly examined before dealing with the full solutions.

The equation,

t t t
j; in dt :j; (:1—? dt +j; ?ﬂ dt,

which may also be written in differential form as

d On + Ql"

dt Ta
is the fundamental governing equation in most practical approaches for determining
the switching time intervals. This equation represents a first order approximation and
should never be regarded as more than this.

The first term on the right hand side is simply the rate of change of Qs with time
(coulombs per second ) and essentially represents the capacitive element in the equiva-
lent circuit. The second term (often called the recombination term) is associated with
resistance in the equivalent circuit and accounts for loss (leakage) of charge with
time through the shunt resistance. r. is the RC time constant of the equivalent circuit
and is often referred to as the recombination time constant. Initially, Qs and the collec-
tor current are zero. At the end of the rise-time, Qs and the collector current are at
their final value. Two cases immediately present themselves. In the first case, the tran-
sistor does not enter saturation and the collector current stabilizes at Ic = hye In,
while in the second case the transistor enters saturation and the collector current is
Ios < hee Isi where the s in the subscript merely indicates saturation. Ins, defined as
Los/hr, is merely that base current which is just sufficient to bring the transistor to the
edge of saturation. Thus Ini = Ins 4+ Inx where Iux is the excess base drive above that
necessary to saturate the device.

As indicated in Figure 6.14(D), Qs is related to Ic by the constant wr. Thus the
final value of Qs in the unsaturated case is Qr = Ic/wr = Ic 7c while in the saturating
case the final value for Qs is given by Qs = Ics/wr = Ies rc. Since Ie = hrr Im and
Ios = hre Ins, then Qg is related to In or Ias as well. Thus Qu = Im hre 7¢ = I 7a.

For Iy = In: where I, is a constant, the solution to the basic equation is

—t
Qn = Ac¢ v + B .
where A and B are arbitrary constants determined by the boundary conditions. For
example, at t == 0 we expect Qn to be zero if the device is off and ready to be turned
on. The above equations immediately reduce to A + B = 0 at t = 0. At t = oo, the
exponentional term has vanished and hence Qu must be at its final value, Qr. This
makes B = Qr and we have

i =

QB:—QFE:_"-I-OFZQF (1—6:_")

Naturally, if the device does not saturate, Qr = 7.l and we then have
=t
Qs = 72 I (l—e")
This equation may be solved for t as follows,

tr =7, In——"2 L

7o Im — Qs(t)

To find the rise time it is necessary to determine t., the time at which Qx reaches 0.1
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6 SWITCHING CHARACTERISTICS —=—___— — |

7o Int and te, the time at which Qn reaches 0.9 7, In:. The rise time from the 10 to 90
percent points is simply t, — t. and we have

I !
t=r.l th) L -— 1 1 Pt =mnln9=22+
T Ta Iln — 09 Ta Im T Ta Im — 0.1 Ta Im ™ "
The rise time from zero to 90 percent is simply t, = r. In 10 2.3 7.. Thus the

turn-on time is

Tox = Qr + Oen 4+ 237,

B (avg.)
and the total turn on delay is given by
ta= Q@+ Qe gy,
B (avg.)

For the saturating case a more complicated situation arises. Qu is limited to Qgs, the
charge required to just reach the edge of saturation. Qss, of course, is simply equal to
7a Ins and hence if the 10 to 90 percent points of r, Iss are taken, the solution becomes
Ini — 0.1 Ins
Im —_ 0.9 IBS

Frequently approximations are made in solving for t in order to simplify the mathe-
matics. For example, for t << r,, d Qu/dt is the only factor of importance and we have

1 On AQkx
I 1= 4
? dt A

At — AQI! _ Ons — Ins

i In " I
where At is simply the time interval of interest and AQ the total change in charge.
For At = t., Qs must go from zero to Quss and hence AQn = Qss and t. = Qus/In.
As can be seen from Figure 6.16, for t appreciably less than 7., it is necessary that
Qs be appreciably less than 7, In.. This occurs, of course, in the saturating case.

te=r.In

or

beelgf——— 1 —— — ——=—=

/! EXPONENTIAL CURVE
Ic=hrell-€Y7a)1g

/
/ _ QgglgsTa  Qp=IgTa (1-€1 %)
v LM
© heeles | heels
1 te Ta
|

!
|
|
. Ja

COLLECTOR CURRENT

TIME —>

APPROXIMATE SOLUTION FOR RISE-TIME
Figure 6.16

A second approximation, which attempts to correct somewhat for the recombina-
tion term is sometimes used. Essentially, the original differential equation is written as

dQB O
dt

Ta

=Im —

The final value of Qg is Qus = Ins t.. Assuming that Qg is roughly linear with

jag=—_ - —————— — — - — - —-"— |
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time, we have Qs = Iss t for 0 << t <C t.. It follows that

te s 42 .
f d Qu dt =fo“ d QB — Qns = I te — I« to - [Im . Qns] t,
o dt o 274 274

Qs — Ons — Ta Ins
IBl — ORS Illl - 0.5 IB.\' Ill - 0.5 IH.\'

27,

or

te =

Although the logarithmetic solution is the exact solution for the basic equation while
these last two are only approximate solutions, it should be kept in mind that the basic
equation itself is only an approximation.

The three solutions obtained for t. should be compared.

t == 7a II“-*(Oto 100% ) (6a)
11
Ins
P =T, - —(0 to 100 6
b 05 I 0 100%) (6b)
In — 0.1 L
pE= Tl 10% t
te = 7aln In_o.gln,.]( % to 90% ) (6c)

To alter (6a and 6b) to read from 10% to 90% we need only multiply by the factor
0.8. Thus

L =087, b8 (6d)
In
IHS
t = 0.8 7, 6e
™ In — 0.5 Ins (6e)

Figure 6.17 gives a comparison of the predicted rise-time for each of the three
approximations. The steepness of the curve below In/Ins= 3 indicates that none of the
equations will be in good agreement, whereas above In/Ins = 3 all the curves tend to
converge.

2.6

COMPARISON
OF CALCULATED
SWITCHING TIME

FOR SEVERAL
APPROXIMATIONS 0.6

Figure 6.17 04

0.2 1

RATIO t/ 7T

0.8

o] | 2 3 4 5 '5 ; 8 9 0
RATIO 1g,/Igg
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6 SWITCHING CHARACTERISTICS

COMPLETE SOLUTIONS

The simple solutions obtaincd for rise time in the previous section are not really
adequate in that two very important factors have been ignored. The most important
of these two remaining factors is the effect of Ce on the rise and fall times. During
either of these two intervals, the device is passing through the active region and Ce
acts as a feedback capacitor from output to input. Hence the effects produced by this
parametcr are much greater than one would assume from its capacitive value alone.

To modify the basic charge equation, it is only necessary to realize that at satura-
tion all charge is effectively removed from Ce due to the fact that the collector voltage
approaches very closely that of the base. Thus a charge Q¢ = Ce dV must be removed
during the rise-time. (Note that C¢ is no longer the same as Cen, as the base voltage
is not changing very much during this interval.) Thuns the modified charge equation
becomes

_ d O On d Qe
B S A S

Ie EC
— ~ il | ~ Ve
LU -
" —_—
. d4ac RS
ﬂal = rSle e | .
dt c _V¥Ja heeQg +
RC= Ty ) Ja ) j,'-'—_ E
(@) Qc= - EC Ve
(b) i = Pee@s  dQc . heQp
T Ty, at =" 1
4Qc , 7 d _ heeQg . CcRihee d0g
() 55 = -Cegy [ T RL] Ty dt

EFFECT OF Cc ON SWITCHING WITH
SIMPLIFYING ASSUMPTIONS

Figure 6.18

An equivalent circuit is given in Figure 6.18. A word of caution is in order here.
The base voltage is not changing appreciably during the rise-time and this circnit
indicates that it should. Any derivations, therefore, should assume that only V¢ is
effectively present across Cc while still permitting Ce to rob base current.

By using the relationships shown in Figure 6.18, the equation may be rearranged
as follows:

In: _ d On Qll
1+ [hm-: C- Rl.:l dt 7. 4+ he Cc Ro
Ta

The solution to this equation is, after applying the necessary boundary values,

t

Os = In n(l e~ Tathre (_Zc]h.)
which indicates that the effgctive time constant has been increased from 7. to
72 + hre Cc Ry, The effect of Cc has been multiplied by heg. Thus the simple formulas

(g = —— = — — =



I  SWITCHING CHARACTERISTICS 6

previously given are still valid provided the time constant is replaced with the new
value.

We now consider the last effect, namely the effect of a shunt capacitance across
the load. Figure 6.19 is an equivalent circuit of this condition. The basic charge
equation is simply enlarged to include the charge Q., which must be removed from
C:. during the switching interval.

_(‘ Ou Qn d O(~ d Ol,
=" 5.7 +
By inspection, it is evident that Q. will increase the effective time constant in a manner
analogous to the increase in the effective time-constant with Qc. There will, however,
be some interaction between C« and Ci, and it is obvious that an exact solution to this
equation will involve several time constants and, indeed, be transcendental in nature.
It is best, therefore, to make some approximations in order to achieve a solution which
will be solvable for time.

The component of current flowing through Cc is very much less effective in the
collector circuit than it is in the base circuit where it robs some of the driving current
available for turning on the device. From the previous discussion where Cc alone was
considered, it was found that the current taken by Cc was

(1 Qc é(- Rl, lll-'l-: d ()1:
dt Ta dt

Cc  heeCcRL=TeL
=

1—9 Ve
dQ, — dQ Q
—Bll o l > 3k
dt hFEQa -

% A

T,=RC - T JT.‘CLRL '_TE

{a) EQUIVALENT CIRCUIT INCLUDING Cc AND C_

Is,

CcRiheg f‘_’gl
Tt

(b} REDUCED EQUIVALENT CIRCUIT

A:-*L—%,tlln

(c) APPROXIMATION FOR OBTAINING A USEFUL SOLUTION

APPROXIMATE SOLUTION TO THE
COMPLETE SWITCH PROBLEM

Figure 6.19
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6 SWITCHING CHARACTERISTICS

Figure 6.19(b) is a simplification of Figure 6.19(a) in that Cc has been removed
and an equivalent capacitance placed in the base circuit to account for this effect.
The collector circuit contains two components of current which are related by

hw-; On . d Ox, + Ql.

Ta dt C. Re.
After steady state conditions are achieved, the capacitive current disappears and we
obtain
hrn AOH _ A Or.
Ta Cl. Rl,
or
AQL = her Cr Ru AOu
Ta
where AQL is the change in the charge on Ci and AQs is the change in the charge on
C in the base circuit. Since these changes are essentially complete in a time interval
At, an average or equivalent steady current, icL, must have been supplied which may
be written

icL = hm-: Ci. Rs -\Qu _ AOl,

Ta At At
and must correspond to a component of the base current, ine. With is, = ic/hre,
we have
P Cu.R. 30k _ 1 2AQ.

Ta At - hm-; At
This base current must act to rob some of the drive current available for driving the
load during the switching interval only. If the approximations

20y _dOu
At de
AOI. ) d O(‘
At dt

are used, then one may write
in[, (t) = C[. RL (] %ﬂ

Ta

Thus the equivalent circuit of Figure 6.19(b) may be further reduced to that of
Figure 6.19(c). It is now possible to write the expanded charge equation as

Is = d Qn + Qs + (hﬂ-: Ce RL) d Qu + (CL RI,) d Qn
dt Ta Ta dt Ta dt
which has as the general solution

t
Os=1Inr ( [ 7a + hre CcRe + Cr, Rx,)

in which it is immediately seen that the time constant is 7. + hre Ce R. + Cr Re and
the time solution from the 10 to 90 percent points would be
Iii — 0.1 Ius
tr — l B .]
TR L — 0.9 Tns

where _

78 = 7a + hre Cc Re + CL RL

= hn:[ 1 + Cc R, + Ce Rl'] = hye The
wr hye

if ro/hpe = 1/wr. The constant 7gx insert is called the rise-time constant by J. A.
Ekiss and C. D. Simmons.”” The development here, while not quite identical to the

[REg == = == — ———————— ]



I SV ITCHING CHARACTERISTICS 6

work of Simmons and Ekiss, nevertheless has the same result.

Although the time constant 7, has been treated as a constant, in general r. does
vary somewhat with operating conditions. Since 7. is taken as hre/wr and both hrg
and wr are functions of operating point, this is only reasonable. The assumption of
constancy is frequently justified in that the variation of 7. is less than either heg or wr
alone, the variation with operating point is frequently less than the variation from unit
to unit in many types, and the variation is frequently masked to some extent by hrg Cc
which can have an appreciable influence on rise-time.

Storage-Time, t.

Of all the switching time intervals, storage-time has generally been the most
difficult to predict. No one has, as yet, determined a sufficiently general approach for
calculating storage-time with reasonable accuracy, and with a reasonably (useful)
simple solution that will apply to any junction transistor regardless of type or geometry.
The stored charge approach has a simple solution but is reasonably accurate for a
limited number of transistor processes. .

Reverse Drive, lu.

During the storage interval of the transistor, the base voltage remains virtually at
the same value as during the “on” interval. Examination of Figure 6.10(c), for exam-
ple, indicates that immediately after the switch is opened, the base to emitter remains
slightly forward biased. Since point A is no longer held at 410V, this implies a current
flow from base, through Rs and the 1009 resistor, to the —10V supply. This current,
whose magnitude is about 0.5 milliamperes, must flow from the base of the transistor
and is usually referred to as Ip.. It represents a reverse current from the base to shut
the device off. The symbol Is: represents magnitude only and Is = —Iu. during this
interval.

Circuit Conditions and Initial Conditions

During storage-time, the collector voltage and current and the base to emitter
voltage remain constant. Since this is so, the capacitances C¢ and Cg are not effective
since no voltage change implies no capacitive current. Thus the only parameters of
interest for the basic charge equation are the active region charge Qs and the excess
stored charge Qgx. The basic equation becomes

Is = d O_'i + On + io‘.‘x + Orx

dt Ta dt Ty
Before turn-off, the base current was Iz = Is. At the point where I = Ics,
the base current necessary to maintain Ics is Iss = Ics/hr = Qu/7.. The difference

Isi — Iss is Isx, an excess base drive which forces the device into saturation. At this
time Qg has reached its final value and hence d Qs/dt = 0. Thus initially we have

Is: = (3)—! + $Ol‘.\. + QJ‘R;
dt T

Ta D)
or
Ipy — Ins = SLQL'\— + Q“-S = Inx
) dt Th )
which has the simple solution
—t
Qux =Tlclnx(l —5W> (Gf)

Obviously, the value of Qsx is a function of the length of time the device is in
saturation. Assuming the device has been in saturation for a time interval t., then
the accumulated stored charge at the instant of turn-off will be some value Qsx (tx).

For convenience, the storage-time is treated in two parts very similar to the treat-
ment of the delay interval. That is, we have t. = t.’ + At¢ in order to account for the

[=—— o ———— _————————— = _____
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fact that t. is actually measured to the point at which the collector current has fallen
to its ten percent point. Thus t.” is simply that interval before the collector current has
begun to fall. The point at which Qux has been reduced to zero is the end of t.”. It is
furthermore assumed that Qu does not change during t," and therefore d Qg/dt = 0.

During t.’ the basic equation becomes

—Ipe — Ins = (LO& + *Q}&\;
dt ™
which has the solution
Qsx = [an (tx) 4 70 (Ine + Ins)] € :;t —71, (In: 4 Ins) (6g)

Since Qnx = 0 when t = ts, equation (6g) may be set equal to zero and solved for
t." to give

[ )1 O_‘ix (tx)+7b(152’f1“5) 6h
™ 7o (Lns + Lus) ()
For t« > 3 7, equation (6h) reduces to the more familiar form
, In: + I .
tS = In [ L2t —] 6
™ Iss + Ins (61)

since Qux approaches Isx 7, as t. becomes large.

As with the rise time solutions, various approximations are frequently used. The
simplest being t,’ = Qnx/Ipe. Naturally if Qux = =i Isx, this simply becomes t,/ =
Ty IBX/IB"_’.

LIMITATIONS

The above approach has been most successful in describing the alloy type tran-
sistor, but far less successful in mesa and planar devices where minority charge can be
stored not only in the base material but also in the bulk material of the rather high
resistivity collector, Epitaxial construction essentially minimizes this by minimizing
the amount of high resistivity material in the collector. It follows that some devices will
follow very closely the solution for t,” as given above, while other devices will only
approximate this solution and still others will be wildly different.

To some extent the validity of the solution can be extended by considering m, as
strictly a function of Ics. Thus at different current levels there will be different values
for v, Figure 6.20 is an example of , as a function of collector current for a planar
device. From the 7, curve, it is very obvious that =, is reasonably constant only at
very low or very high currents. In the middle range, where the device is used most
widely, 7 is far from constant. If a curve of t. and a curve of hre as functions of
collector current are given, r, may be caleulated for any collector current. If =, is
given directly as a function of collector current, no calculations need be made and the
proper value to use may be tuken directly from the graph.

By using the corrected values of 7, for the proper collector current level, changes
in the drive conditions (Im, In:) act as small perturbations which alter the predicted
result in roughly the proper direction to account for the observed change in storage
time. The simple model, if used with care, can therefore be an effective tool in circuit
analysis despite its weaknesses.

v SPECIFICATION
A time constant 7, is frequently used on spccification sheets. This is a measurement
of storage time, t., under the condition that Ics = Isy = Iz, Assuming that Ias << les

=
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under these conditions (hye >> 1), then

Ts = Tb ]n 2
or
s = 1.44 7,

7» is essentially the same as C. D. Simmons’ Iole Storage Factor K's® used to describe
the behavior of alloy devices.

100
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VARIATION OF ~,, t.', AND hge WITH Ic
Figure 6.20

Method of Grinich and Noyce

Because of the generally unsatisfactory nature of the simple approximation used
above for storage time, a second approach has been suggested for diffused base struc-
tures in which minority carrier lifetime in the collector region is quite large.

In saturation, the collector-base diode becomes forward biased. Figure 6.21 is a
simple sketch of an NPN transistor with a diode connected between base and collector
to represent this forward biased collector-base diode. Thus the transistor is conceived
as essentially unsaturated and the diode accounts for the saturation effect. In trying
to turn off the device, it is necessary that the charge stored in the diode be removed
before turn off can properly start. The recovery time of the diode is essentially the
storage time interval of the transistor.

The standard diode reverse recovery formula as used in this analysis® is

erf ¢ [
T Ie+1.
where t.’ is the storage time or the time required by the diode to become reverse
biased, I is the current (In) in the diode just prior to turn-off, I, is the current (—1Ip)

in the diode during turn-off, and 7 is the minority carrier lifetime in the collector.
Solving for t.” there is obtained

t..':‘r[crf"( I )]J
Ie + 1.

e === ———— ———— ——  _—— _—__—____ly
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Prior to turn-off It = 4Ip and Iz = Ia.. It follows that

Ir=1Ip = hee Ini — Ies

1 + hre
After turn-off commences, In = I, and Iy = —Ig.. Therefore
her In: + Ies
I.=—-Ir =
i 1+ hee

Making the proper substitutions the solution for t,” becomes

o (T — Iae\ )2 5 Inx 2
o G o )
t i [el' (In-.' + In 7| et Ins + In,

While theoretically = should be the lifetime of minority carriers in the collector,
the picture is somewhat confused by the available tables for the error function (erf).
The error functions differ to the extent of a multiplying constant and thus it would
appear that, in effect, r = k +" where k is determined by the particular table being used
and 7" is the lifetime of minority carriers in the collector.

Essentially this approach assumes that the major portion of the storage time lies
in clearing minority carriers from the high resistivity collector material and the excess
base charge is quite insignificant.

TRANSISTOR\J

|
I
| !
' |
T | heellg-Ip) |
8 L |
b| :
!
b — | — = J
hepIg-1I
Ip+ Icg= hepllg-Ip) I,= —fE-B--¢€S

I+ hee

SIMPLE EQUIVALENT CIRCUIT FOR ESTIMATING STORAGE TIME
WHEN APPRECIABLE CHARGE 1S LOCATED IN COLLECTOR

Figure 6.21

CALCULATION OF FALL-TIME, t.

For devices where collector body storage is not an important factor, the parameters
which affect fall-time are the same, or nearly the same, as those affecting the rise-time.
The effect of Cc, Cu, 7., and Ry are all present during the turn-off interval. The basic
charge equation is

IB:dQR—}-Q—B—FdOC—}-dO"
dt Ta dt dt
which can be referred to Qs only, as with rise-time, to obtain
_ dOn l: hre Cc R, | CiL Ry, Oz
In= SO0 [ 4 4 Lefle ]y O

dt Ta
or
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where

77 = 7a + hre Cc R 4+ CL R
which has the simple solution
Qr = 72 (Ine + Ins) e=t/7F — 7, I

At the point where Qs = 0.9 7. Ins the collector current has decreased 10 percent
while at Qs = 0.1 7. Ins the collector current has decreased 90 percent. The difference
in time is t¢ and given by
In: 4+ 0.9 Ins:l

Is. 4 0.1 Ins

If there is any collector storage, or any other factor implied by saturation, the effec-
tive fall time-constant will be greater than the rr calculated. It is frequently the
practice, therefore, to make separate measurements of the effective rise and fall time-
constants.

In cases where collector storage is a very important phenomenon, the fall time-
constant must be measured in order to use the above results. For this reason Simmons®
uses her e as the rise time-constant and hee 7re as the fall time-constant.

te=rrIn

SUMMARY OF RESULTS

Of great importance to a proper appreciation of the problem involved in the pre-
diction of transition times is an understanding that there is no exact solution which
is applicable to every device. Furthermore, solutions obtained from a solution of the
diffusion equation are usually based on an assumed geometry with simple boundary
conditions which are not necessarily the same as the actual device. At any rate, the
need to assume a geometry necessarily implies that the solution may not be valid for
all geometries.

A solution which cannot be solved explicitly for time is of limited use to most
design engineers and certainly even more limited in usefulness to hobbyists, experi-
menters, etc., most of whom do not have large scale digital computers available to
solve any problem numerically. It is necessary to have available techniques for approxi-
mating the answers needed despite the fact that the approximations are limited in
scope and do not always work very well.

Any transistor is a temperature dependent device. This means that any and all
of the parameters involved are affected by temperature. In general, both the turn-on
and turn-off intervals tend to increase with temperature. Turn-off, essentially that
portion due to saturation, is generally affected more than the turn-on time.

Table 6.1 summarizes the most frequently encountered solutions. Obviously
expressions other than those shown may be derived if one chooses a more elaborate
model than the very simple RC circuit.

ANTI-SATURATION TECHNIQUES

Saturation implies the presence of turn-off delay or storage-time, t.. The storage
time is every bit as important as the rise or fall times, which are influenced primarily
by 7a = hee/wr and parasitic capacities. Unfortunately, storage-time is not directly
related to r.. That is, a small value of 7. does not necessarily imply a small value for
mv. The relationship of r, to the time constant developed by Moll®* becomes quite
remote when appreciable minority carrier storage begins to occur in the collector.
Indeed, it is not incorrect to state that the gain-bandwidth product of a device is not
a measure of its storage-time capabilities. Attempts are frequently made to operate
the transistor in such a manner as to avoid saturation entirely. In pulsed systems,
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where the pulse width is very short compared to =, the device may be permitted to
reach saturation without incurring the penalty of long storage-time simply because
the narrowness of the pulse does not permit sufficient time to build up appreciable
storage charge. The forward recovery characteristics of the base to collector diode
governs the rate at which charge is accumulated.

By and large, however, most approaches to the elimination of storage-time arc
simply techniques to eliminate the possibility of saturating the transistor. Some of
the approaches will be discussed in the following paragraphs.

In gencral, the advantages of saturated switch design are: (a) simplicity of circuit
design, (h) well defined voltage lcvels, (¢) fewer parts required than in non-saturating
circuits, (d) low transistor dissipation when conducting, and (e¢) immunity to short
stray voltage signals. Against this must be weighed the probable reduction in circuit
speed since higher trigger power is required to turn off a saturated transistor than one
unsaturated.

1

: AT

]

1

=— Ep Ecc — Ve
DIODE COLLECTOR COLLECTOR CHARACTERISTICS
CLAMPING CIRCUIT TO SHOWING LOAD LINE AND OPERATING

AVOID SATURATION POINTS

COLLECTOR VOLTAGE CLAMP
Figure 6.22

A number of techniques are used to avoid saturation. The simplest is shown in
Figure 6.22. The diode clamps the collector voltage so that it cannot fall below the
base voltage to forward bias the collcctor junction. Response time is not improved
appreciably over the saturated case since Ic is not clamped but rises to heeIs. Typical
variations of Is and her with temperature and life, for a standard transistor, may vary
Ic by as much as 10:1. Care should be taken to ensure that the diode prevents satura-
tion with the highest Ic. When the transistor is turned off Ic must fall below the value
given by (Eecc —En)/Ry, before any change in collector voltage is observed. The time
required can be determined from the fall-time equations in the section on transient
response. The diode can also have a long recovery time from the high currents it has
to handle. This can further increase the delay in turning off. Diodes such as the IN3604
or 1N3606 have recovery times compatible with high speed planar epitaxial transistors.

It is not always obvious in design work that power will be an important considera-
tion. During the on-time the power dissipated in the device is very close to being
hee Is Ep. Although Is and Ei, may be quite fixed in value, heg is not.

A much better way of avoiding saturation is to control Is in such a way that I¢ is
just short of the saturation level. This can be achieved with the circuit of Figure
6.23(a). The diode is connected between a tap on the base drive resistor and the
collector. When the collector falls below the voltage at the tap, the diode conducts
diverting base current into the collector and preventing any further increase in Ic. The
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6 SWITCHING CHARACTERISTICS

voltage drop across R: is approximately IcRq/hrg since the current in R. is Is. Since
the voltage drop across the diode is approximately the same as the input voltage to
the transistor, Vce is approximately IcR./hre. It is seen that if the load decreases (Ic
is reduced) or hre becomes very high, Ver decreases towards saturation. Where the
change in hee is known and the load is relatively fixed, this circuit prevents saturation,

COLLECTOR
CURRENT CLAMP Ve 2_Ece
WITHOUT BIAS SUPPLY R hee ¥RZ
Figure 6.23(a) S O e <eeec

v R2 (Ecc +I5R hep)
g ———— 3 L FE'
R_h.e +R2

COLLECTOR CURRENT
USING BIAS SUPPLY

Figure 6.23(b)

E
~ R2(—£&
= Z(RL hee +13)|F Veg <<Ece

To avoid the dependence of Vcr on Ic and hee, R: may be added as in Figure
6.23(b). By returning Rs to a bias voltage, an additional current is drawn through R..
Now Vg is approximately (Ic/her + L) Re I can be chosen to give a suitable mini-
mum Vcg.

Ecc

COLLECTOR
CURRENT CLAMP
USING SILICON AND
GERMANIUM DIODES

Figure 6.23(c)

Veg ¥ 0.7V at 25°C
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The power consumed by R, can be avoided by using the circuit of Figure 6.23(c¢),
provided a short lifetime transistor is used. Otherwise fall-times may be excessively
long. R is chosen to reverse bias the emitter at the maximum Ico. The silicon diode
replaces R.. Since the silicon diode has a forward voltage drop of approximately 0.7
volt over a considerable range of current, it acts as a constant voltage source making
Ver approximately 0.7 volt. If considerable base drive is used, it may be necessary to
use a high conductance germanium diode to avoid momentary saturation as the voltage
drop across the diode increases to handle the large base drive current.

In applying the same technique to silicon transistors with low saturation resistance,
it is possible to use a single germanium diode between the collector and base. While
this permits Vg to fall below Vge, the collector diode remains essentially non-
conducting since the 0.7 volt forward voltage necessary for conduction cannot be
reached with the germanium diode in the circuit.

Diode requirements are not stringent. The silicon diode need never be back biased,
consequently, any diode will be satisfactory. The germanium diode will have to with-
stand the maximum circuit Ve, conduct the maximum base drive with a low forward
voltage, and switch rapidly under the conditions imposed by the circuit, but these
requirements are generally easily met.

Care should be taken to include the diode leakage currents in designing these
circuits for high temperatures. All the circuits of Figure 6.23 permit large base drive
currents to enhance switching speed, yet they limit both Is and Ic just before saturation
is reached. In this way, the transistor dissipation is made low and uniform among
transistors of differing characteristics.

It is quite possible to design flip-flops which will be non-saturating without the
use of clamping diodes by proper choice of components. The resulting flip-flop is
simpler than that using diodes but it does not permit as large a load variation before
malfunction occurs. Design procedure for an unclamped non-saturating flip-flop can be
found in Transistor Circuit Engineering by R. F. Shea, et al (John Wiley & Sons, Inc).

Ecc

STOREO CHARGE
NEUTRALIZATION
BY CAPACITOR

Figure 6.24

Another circuit which is successful in minimizing storage-time is shown in Figure
6.24. If the input is driven from a voltage source, it is seen that if the input voltage
and capacitor are appropriately chosen, the capacitor charge can be used to neutralize
the stored charge, in this way avoiding the storage-time delay. In practical circuits,
the RC time constant in the base necessary for this action limits the maximum pulse
repetition rate.
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DIGITAL CIRCUITRY

CHAPTER

INTRODUCTION

In a digital computer the numerical values change in discrete steps. An example of
a digital computer is the ordinary desk calculator or adding machine. In an electronic
digital computer numerical values involved in the calculation are represented by the
discrete states of flip-flops and other switching circuits in the computer. Numerical
calculations are carried out in digital computers according to the standard rules of
addition, subtraction, multiplication and division. Digital computers are used primarily
in cases where high accuracy is required such as in standard accounting work. For
example, most desk calculators are capable of giving answers correct to one part in
one million, but a slide rule (analog computer) would have to be about % of a mile
long to be read to the same accuracy.

The transistor’s small size, low power requirements and inherent reliability have
resulted in its extensive use in digital computers. Special characteristics of the transistor
such as low saturation resistance, low input impedance, and complementary NPN and
PNP types, have permitted new types of digital circuits which are simple, efficient and
fast. Computers operating at speeds of 5 megacycles are a commercial reality, and
digital circuits have been proved feasible at 160 megacycles.

This chapter offers the design engineer practical basic circuits and design proce-
dures based on proven techniques and components. Flip-flops are discussed in detail
because of their extensive usc in digital circuits as memory elements.

BASIC CIRCUITS

Methods for using transistors in gate circuits are illustrated in Figure 7.1. The base
of each transistor can be connected through a resistor either to ground or a positive
voltage by operating a switch. In Figure 7.1(A) if both switches are open, both tran-
sistors will be non-conducting except for a small leakage current. If either switch A or
switch B is closed, current will flow through R.. If we define closing a switch as being
synonymous with applying an input then we have an “OR” gate. When either switch is
closed, the base of the transistor sees a positive voltage, therefore, in an “OR” gate the
output should be a positive voltage also. In this circuit it is negative, or “NOT OR”.
The circuit is an “OR” gate with phase inversion. It has been named a “NOR” circuit.
Note that if we define opening a switch as being synonyinous with applying an input,
then we have an “AND” circuit with phase inversion since both switch A and switch B
must be open before the current through Ry, ceases. We see that the same circuit can
be an “AND” or an “OR” gate depending on the polarity of the input.

The circuit in Figure 7.1(B) has identically the same input and output levels but
uses PNP rather than NPN transistors. If we define closing a switch as being an input,
we find that both switches must be closed before the current through Ry, ceases. There-
fore, the inputs which made the NPN circuit an “OR” gate make the PNP circuit an
“AND” gate. Because of this, the phase inversion inherent in transistor gates does not
complicate the overall circuitry.

Figure 7.2(A) and (B) are very similar to Figure 7.1(A) and (B) except that the
transistors are in series rather than in parallel. This change converts “OR” gates into
“AND” gates and vice versa.

Looking at the logic of Figure 7.2, let us define an input as a positive voltage; a
lack of an input as zero voltage. By using the circuit of Figure 7.1(A) with three
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2N708

10K
47K

+I10v

{A) GATE USING NPN TRANSISTORS
IF CLOSING A SWITCH IS AN INPUT, THIS 1S AN "OR" GATE
IF OPENING A SWITCH IS AN INPUT, THIS IS AN "ANO" GATE
NOTE: PHASE INVERSION OF INPUT

+I0Vo \ 4

L.

{B) GATE USING PNP TRANSISTORS
IF CLOSING A SWITCH IS AN INPUT THIS IS AN "ANO" GATE
IF OPENING A SWITCH IS AN INPUT THIS IS AN "OR" GATE
NOTE: PHASE INVERSION OF INPUT

BASIC LOGIC CIRCUITS USING PARALLEL TRANSISTORS
Figure 7.1

(A) GATE USING NPN TRANSISTORS
IF CLOSING A SWITCH IS AN INPUT THIS IS AN "ANO’ GATE
IF OPENING A SWITCH IS AN INPUT THIS IS AN "OR"GATE
NOTE: PHASE INVERSION OF INPUT

O+I10V

(B) GATE USING PNP TRANSISTORS
IF CLOSING A SWITCH IS AN INPUT THIS IS AN "OR" GATE
IF OPENING A SWITCH 1S AN INPUT THIS IS AN "AND"GATE
NOTE: PHASE INVERSION OF INPUT

BASIC LOGIC CIRCUITS USING SERIES TRANSISTORS
Figure 7.2

transistors in parallel, we can perform the “OR” operation but we also get phase
inversion. We can apply the output to an inverter stage which is connected to an
“AND” gate of three series transistors of the cornfiguration shown in Figure 7.2(A).
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1 ory | (T+M+L)
L— *

E L 1ML N0 (T4 +LEeMeIHT ML)
L — —

%3 L LT+

L

TYPICAL LOGIC DIAGRAM
Figure 7.3

An output inverter stage would also be required. This is shown in Figure 7.4(A).
By recognizing that the circuit in Figure 7.1(A) becomes an “AND” gate if the
input signal is inverted, the inverters can be eliminated as shown in Figure 7.4(B).

A 4 2 & O+I0V

I3 ouTPUT
10K
AAYAY,
10K 10K

I L

WOK OTHER

_/Vc(/\,_ o INVERTERS
: . 3
ALL TRANSISTORS -2N2195 , = .
NOR'GATE INVERTER NOT 'AND"GATE INVERTER

(A) INVERTERS COMPENSATE FOR PHASE INVERSION OF GATES

———0+10V
1K K
el OUTPUT
10K 10K 10K 3
I
M L
i 1
= —AN— =
"NOR" GATE - TO OTHER NOT"AND® -
"NOR" GATES GATE
—AMN—————————
10K

(B) PHASE INVERSION UTILIZED TO ACHIEVE "AND" AND "OR" FUNCTIONS FROM THE SAME CIRCUIT

CIRCUITS REPRESENTING (I + M+ L)1+ M+ LD (1 +M+L)=R
Figure 7.4
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If the transistors are made by processes yielding low saturation voltages and high
base resistance, the series base resistors may be eliminated. Without these resistors the
logic would be called direct-coupled transistor logic DCTL. While DCTL offers ex-
treme circuit simplicity, it places severe requirements on transistor parameters and
does not offer the economy, speed or stability offered by other logical circuitry.

The base resistors of Figure 7.4 relax the saturation voltage and base input voltage
requirements. Adding another resistor from each base to a negative bias potential
would enhance temperature stability.

Note that the inputs include both “on” and “off” values of all variables e.g., both
I and T appear. In order that the gates function properly, I and T cannot both be posi-
tive simultaneously but they must be identical and oppositely phased, i.e. when I is
positive T must be zero and vice versa. This can be accomplished by using a phase
inverter to generate I from I. Another approach, more commonly used, is to take I
and T from opposite sides of a symmetrical flip-fop.

0+20V

2N708

O -0V

IF A OR B OR C IS RAISED FROM ZERO TO
12 VOLTS THE TRANSISTOR Witt CONDUCT.

BASIC NOR CIRCUIT
Figure 7.5

“NOR?” logic is a natural extension of the use of resistors in the base circuit. In the
circuit of Figure 7.5, if any of the inputs is made positive, sufficient base current
results to cause the transistor to conduct heavily. The “OR” gating is performed by
the resistors; the transistor amplifying and inverting the signal. The logic of Figure
7.3 can now be accomplished by combining the “NOR” circuit of Figure 7.5 with
the “AND” circuit of Figure 7.2(A). The result is shown in Figure 7.5. In comparing
the circuits in Figures 7.4(A) and 7.6, we see that the “NOR” circuit uses one-fourth
as many transistors and one-half as many resistors as the brute force approach. In fact if
we recall that the equation we are dealing with gives R rather than R, we see that
we can get R by removing the output phase inverter and making use of the inherent
inversion in the “NOR” circuit. In the circuit of Figure 7.5 two supply voltages of
+20 and —10 volts are used. The —10 volt supply is to insure that the transistor is
held off when I.. increases at clevated temperatures. If silicon transistors (such as the
2N708, 2N914, or 2N2193A) are used in NOR logic circuits the hold off supply may
not be necessary. Since Vs is larger for silicon devices and I, is very low a resistor
returned to the emitter reference may result in sufficient circuit stability.

Because of the fact that a generalized Boolean equation can be written as a series
of “OR” gates followed by an “AND” gate as was shown, it follows that such equations
can be written as a series of “NOR” gates followed by a “NOR” gate. The low cost
of the resistors used to perform the logic and the few transistors required make “NOR”
logic attractive.

s ——————— |
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—o+20V
ALL TRANSISTORS
2N708

M—’\/V\rj‘ » INVERTER
L*’V\/\J Qe

z7x% % =
L —0— 10V

(A) NOR LOGIC USING SERIES TRANSISTORS FOR “AND" GATE

-9—O0+20V
K élK

R
—O
OUTPUT

47K
W
27K

——O+H0V

47K

(B) NOR LOGIC USING INVERSION FOR “AND" GATE
Figure 7.6

A detailed “NOR” building block is shown in Figure 7.7. The figure defines the
basic quantities. The circuit can readily be designed with the aid of three basic
equations. The first derives the current Ix under the worst loading conditions at the
collector of a stage.

Vee — Vae — IcouR

I —vee e — lcouhc Ta

¥ R« + NR¢ (Ta)
where Icox is the maximum Ico that is expected at the maximum junction temperature,
The second equation indicates the manner in which Ik is split up at the base of the
transistor.

Ik=1Is + M (Veesm — Veex —+ VB}E{ — VEs) — (Vee — VCEN)+ Tcox (7b)

K
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Ik

DEFINITIONS

Iy *MINIMUM CURRENT THROUGH Ry FOR
TURNING TRANSISTOR ON

Ig =MINIMUM BASE CURRENT FOR
TURNING TRANSISTOR ON

It =BIAS CURRENT TO KEEP TRANSISTOR
OFF AT HIGH TEMPERATURES

M =MAX. NUMBER OF INPUTS PERMITTED

N = MAX. NUMBER OF QUTPUTS PERMITTED

Vgg*MAX. BASE TO EMITTER VOLTAGE WHEN
THE TRANSISTOR IS ON.

= MAX. COLLECTOR TO EMITTER VOLTAGE WHEN

Vee
THE TRANSISTOR IS ON.

CIRCUIT USED FOR DESIGN OF NOR CIRCUITRY
Figure 7.7

where Ve is the minimum expected saturation voltage, Vcey is the maximum expected
saturation voltage and Vs is the reverse bias required to reduce the collector current
to Ico. Ven is a negative voltage. The third equation ensures that Vs will be reached
to turn off the transistor.

ICUM + (\rCHM - Vl‘:l!)>\l (7C)
Rk

Knowing Ir and choosing a convenient bias potential permits calculation of Rr. In
using these equations, first select a transistor type. Assume the maximum possible
supply voltage and collector current consistent with the rating of the transistor and the
maximum anticipated ambient temperature. This will ensure optimization of N and
M. From the transistor specifications, values of Icow, Var, Verx, and In (min) can be
calculated. Iz (min) is the minimum base current required to cause saturation. Rc is
calculated from the assumed collector current. In equation (7a) solve for Ix using the
desired value of N and an arbitrary value for Rk. Substitute the value for Ix in equa-
tion (7b) along with a chosen value for M and solve for 1s. While superficially Is need
only be large enough to bring the transistor into saturation, increasing Is will improve
the rise time.

Circuit speed can be enhanced by using a diode as shown in Figure 7.8(A) to
prevent severe saturation. Excess base current is diverted by the diode into the tran-
sistor collector. By controlling the maximum base current the diode clamps the collector
close to saturation. The voltage across Rg raises the effective clamping voltage. Since
Rs carries Ir plus the base current required to barely saturate the transistor, the voltage

It =
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INPUTS
—AANN—1 OUTPUT
Rp
— ANV
|
It —
—NNV— -

CLAMPING DIODE REDUCES STORAGE
TIME TO INCREASE SPEED
(a)

LAl

Iy =

CAPACITORS REDUCE STORAGE
TIME TO INCREASE SPEED

(B)

METHODS TO INCREASE CIRCUIT SPEED
Figure 7.8

across Re will vary with transistor beta. Best results are obtained with narrow bcta
range transistors and It large compared to the base current.

If a silicon transistor is used, a germanium diode will gencrally elamp well enough
with R = 0. Since the diode carries only excess base current its recovery time is gen-
erally short compured to the transistor’s storage time.

The speed-up capacitor in Figure 7.8(B) helps clean out stored base charge. The
capacitors may cause malfunction unless the stored charge during saturation is care-
fully controlled. The capacitors permit high frequency input transients to appear at
the base of the transistor. If the transistor’s stored charge is too small, the transients
will generate a spurious output. If the stored charge is too large the capacitors cannot
sweep it all out with resulting slower speed. In general, it is impractical to exceed two
inputs to a common base. The capacitors also aggravate crosstalk between collectors.
For this reason it is preferable to use higher frequency transistors without capacitors
when additional speed is required.

Table 7.1 lists the characteristics of common logic systems employing transistors.
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NAME

(Positive signals are defined as 1)

TYPICAL CIRCUIT

D