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FOREWORD

During the past year and a half, many new processes and develop-
ments in semiconductors have been introduced. The Sixth Edition
of the General Electric Transistor Manual has been completely
rewritten and expanded by over 100 pages to include these
many improvements.

New processes and developments have been responsible for the
creation of totally new product lines. These new lines include the
General Electric Family of Silicon Planar Epitaxial Passivated
Transistors (PEP), the NPNP Silicon Controlled Switch, PEP
Controlled Conductance Diodes with ultra fast switching speeds,
and many other new transistor and diode types. These new devices,
with their unique characteristics have opened up many new areas
of applications and have ultimately produced higher reliability,
less complex circuitry and lower cost.

At the same time, General Electric has been actively engaged in a
major program to increase reliability in semiconductor devices by
several orders of magnitude. The MINUTEMAN Product Improve-
ment Program is designed to accomplish the reliability objective of
0.001% failure rate per 1,000 hours. While this product improve-
ment program is directed specifically to the MINUTEMAN types,
process improvements developed and confirmed in this activity
are fed into other product manufacturing lines. This assures con-
stantly improved devices for circuit applications where reliability
is of utmost importance.

The addition of all these latest improvements to your Sixth Edition
General Electric Transistor Manual will assure its continued use-
fulness as your handy reference guide.

H. Brainard Fancher

General Manager

Semiconductor Products Department
Syracuse, New York

VIII



SEMICONDUCTOR THEORY

CHAPTER

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 “glean 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, digital com-
putors, 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, the mesa transistor, and the high-speed
diode can perform 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 thou-
sands upon thousands of milliwatts of power; special transistors and diodes such as the
unijunction 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
cooling equipment, and expensive power supply components can today be designed
and built to operate inherently cooler within a substantially smaller space, and with
less imposing power components, by designing with semiconductors. In almost all
areas of electronics the semiconductors have brought immense increases in efficiency
and in reliability.

In the short span of years since the advent of the transistor a variety of semi-
conductor devices have been developed. Symbols representing these devices are shown

s e~}
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in Figure 1.1. Numerous individual types are today commercially available from each
category to answer the needs of the professional electronic equipment designer, the
radio amateur, and the experimenter. It goes without saying that with time more and
newer devices will be added.

i " 3 c a, 5 52
B8 Bl B2 E
3 E BI
NPN TETRODE
NPN PNP (REVERANSISTOR | FIELD EFFECT | UNIJUNCTION
TRANSISTOR TRANSISTOR ARROW_ FOR TRANSISTOR TRANSISTOR
PNP DEVICE)
6. 7. 8. 9, 10.
A A A OA OA
NPNEPC ¢ x c »* Oc Oa
TRANSISTOR TUNNEL BACKWARD DIODE, ZENER OR SYMMETRICAL
(REVERSE ARROWS DIODE SIGNAL DIODE, BREAKDOWN ZENER
FOR PNPN DEVICE) OR RECTIFIER DIODE DIODE
" ) A —ANODE B —BASE 12.
8 —BREAKDOWN DEVICE {9 AND I0) E —EMITTER A
B,-BASE ONE G - GATE
Gp | Bp~BASE TWO Ga— ANODE
¢ —CATHODE (7,8,9.11 AND 12 ONLY) GATE
C —COLLECTOR (I,2,3 AND 4 ONLY) Ge CATHODE
G
h: 2 % SEE GE TUNNEL DIODE MANUAL, P 5
U | ANUAL, P16 —I7
SILICON FOR ADDITIONAL SYMBOL INFORMATION SILICON
CONTROLLED CONTROLLED
SWITCH RECTIFIER

STANDARD SYMBOLS FOR SEMICONDUCTOR DEVICES
Figure 1.1

For the most part this chapter is concerned with the terminology and theory of
semiconductors as both pertain to diodes and junction transistors. The variety of semi-
conductor devices available preclude a complete and exhaustive treatment of theory
and characteristics for all types. Such devices as the silicon controlled rectifier and the
tunnel diode are well covered in other General Electric Manuals;* treatment of the
unijunction transistor will be found in Chapter 13 of this manual. Other pertinent
literature will be found in Chapter 21.

Although a complete understanding of the physical concepts and operational theory
of the transistor and diode are not necessary to design and construct successful tran-
sistor circuits, they can be helpful. The professional electronics engineer, the radio
amateur, and the serious experimenter can all obtain practical and rewarding benefits
from a general understanding of the basic physics and theory of semiconductors. Such

*See Reference List

.



I  SEMICONDUCTOR THEORY

understanding will often aid in solving special circuit problems, will help in under-
standing and using 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.

SEMICONDUCTORS

Semiconductor technology is usually referred to as solid-state. This suggests, of
course, that the matter used in the fabrication of the various devices is a solid, as
opposed 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
must, if electrical conduction is to take place?” With some thought the answer becomes
obvious: 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
complicated “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, so-called because
they lie between the metals and the insulators in their ability to conduct electricity.
There are many semiconductors, but none quite as popular at the present time as
germanium and silicon, both of which are hard, brittle crystals by nature. In their
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 Chart 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 10%-10"
Chart 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 Chart 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. 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.

e S SeeN—————
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BOHR MODELS OF GERMANIUM AND SILICON ATOMS
Figure 1.2

Germanium is shown to possess a positively charged nucleus of 432 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
functions at a definite and distinct energy level. 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 weaker 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,
as it is rare for inner orbital electrons — those existing at energy levels below the
valence band — to break loose and enter into transistor action. 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.

The most important characteristic of most atoms is their valency, the ability of the
valence band electrons of one atom to bond together with the valence bands of other
atoms. This important and basic atomic action can be visualized as shown in Figure 1.3.

*Mass of electron = 9.108 X 10-2¢% gram.

_.————————————————————————— — —_ - __ _ ______ ____|
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Figure 1.3

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 or electron-pair bond is said to
exist. This simple concept when applied to germanium and silicon crystals will natu-
rally result in a more involved action, one the reader may find at first difficult to
visualize.

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 equadistant 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
of Figure 1.4 may be had by construction of a three dimensional diamond lattice model
using the technique shown in Figure 1.5). Figure 1.4 could just as well represent a
silicon lattice since the silicon atom also contains four electrons in its outer valence
band. With all valence electrons in covalent bondage no excess electrons 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.

But such perfect single crystals are not possible in practice. Even in highly purified
crystals, charge carriers are present to freely move about, 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 such as grains and grain boundaries as found in polycrystalline
structures. Polycrystals do not readily allow charge carriers to freely flow and are
impractical to reproduce with any regularity. Futhermore, surface structure varies
considerably from crystal to crystal and makes reproduction of transistors to definite
specifications difficult.

L — — _ ——— — ——————
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CONDUCTION

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. The conductivity can be increased by either heating the crystal or by adding
other types of materials (impurities) to the crystal when it is formed.

Heating the crystal will cause vibration of the atoms which form the crystal. 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. When the parent atom
loses an electron it will assume a positive charge equal in magnitude to the charge of
the electron. Once an atom has lost an electron it can acquire an electron from one of
its neighboring atoms. This neighboring atom may in turn acquire an electron from one
of its neighbors. Thus it is evident that each free electron which results from the break-
ing of a covalent bond will produce an electron deficiency which can move through
the crystal as readily as the free electron itself. It is convenient to consider these elec-
tron deficiencies as particles which have positive charges and which are called holes.
Each time an electron is generated by breaking a covalent bond a hole is generated at
the same time. This process is known as the thermal generation of hole-electron pairs.
The average time either carrier exists as a free carrier is known as lifetime. If a hole
and a free electron collide, the electron will fill the electron deficiency which the hole
represents and both the hole and electron will cease to exist as free charge carriers.
This process is known as recombination.

Conductivity can also be increased by adding impurities to the semiconductor
crystal when it is formed. These impurities may be donors, such as arsenic which
“donates” extra free electrons to the crystal since each arsenic atom contains five elec-
trons in its valence band; or acceptors, such as aluminum which “accepts” electrons
from the crystal to produce free holes since each aluminum atom contains only three
electrons in its valence band. A donor atom, which has five valence electrons, takes
the place of a semiconductor atom in the crystal structure. Four of the five valence
electrons are used to form covalent bonds with the neighboring semiconductor atoms.
The fifth electron is easily freed from the atom and can move through the crystal.
The donor atom assumes a positive charge, but remains fixed in the crystal. A semi-
conductor which contains donor atoms is called an n-type semiconductor since con-
duction occurs by virtue of free electrons (negative charge). A two dimensional model
of n-type semiconductor is shown in Figure 1.6.
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SEMICONDUCTOR THEORY I

An acceptor atom, which has three valence electrons, can also take the place of a
semiconductor atom in the crystal structure. All three of the valence electrons are used
to form covalent bonds with the neighboring atoms. The fourth electron which is
needed can be acquired from a neighboring atom, thus giving the acceptor atom a
negative charge and producing a free hole in the crystal. A semiconductor which con-
tains acceptor atoms is called a p-type semiconductor since conduction occurs by virtue
of free holes in the crystal (positive charge). A two dimensional model of p-type semi-
conductor is shown in Figure 1.7.
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To summarize, solid-state conduction takes place by means of free holes and free
electrons (carriers) in semiconductor crystals. These holes or electrons 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 adding controlled
amounts of donor or acceptor impurities. A variety of such impurities are shown in
Chart 2. On the other hand, thermally generated hole-electron pairs cannot be con-
trolled other than by varying the temperature of the crystal.

SPACE CHARGE NEUTRALITY

One of the most important principles involved in the operation of semiconductor
devices is the principle of space charge neutrality. In simple terms, this principle states
that the total number of positive charges (holes plus donor atoms) in any region of a
semiconductor must equal the total number of negative charges (electrons plus acceptor
atoms) in the same region provided that there are no large differences in voltage within
the region. Use of this principle can frequently result in a simpler and more accurate
interpretation of the operation of semiconductor devices. For example, in explaining
the characteristics of an n-type semiconductor it is usually stated that the function of
the donor atoms is to produce free electrons in the crystal. However, using the prin-
ciple of space charge neutrality it is more accurate to say that the function of the donor
atoms is to provide positive charges within the crystal which permit an equal number
of free electrons to flow through the crystal.

=



I  SEMICONDUCTOR THEORY

GROUP IN NUMBER

ELEMENT PERIODIC VALENCE APPLICATIONS IN
(SYMBOL) TABLE ELECTRONS SEMICONDUCTOR DEVICES
acceptor elements, form p-type
boron (B) semiconductors, each atom

substitutes for a Ge or Si atom
III 3 in the semiconductor crystal
and can take on or accept an
extra electron thus producing a
hole

aluminum (Al)
gallium (Ga)
indium (In)

basic semiconductor materials,
germanium (Ge) v 4 used in crystal form with con-
silicon (Si) trolled amounts of donor or
acceptor impurities

donor elements, form n-type
semiconductors, each atom
substitutes for a Ge or Si atom
in the semiconductor crystal
and can give up or donate an
extra electron to the crystal

phosphorus (P)
arsenic (As) \'% 5
antimony (Sb)

MATERIALS USED IN THE CONSTRUCTION OF TRANSISTORS
AND OTHER SEMICONDUCTOR DEVICES

Chart 2

DIFFUSION AND DRIFT

Carriers can move through a semiconductor by two different mechanisms: diffusion
or drift. Diffusion occurs whenever there is a difference in the concentration of the
carriers in any adjacent regions of the crystal. The carriers have a random motion
owing to the temperature of the crystal so that carriers will move in a random fashion
from one region to another. However, more carriers will move from the region of
higher concentration to the region of lower concentration than will move in the oppo-
site direction. This is shown in Figure 1.8.

Drift of carriers occurs whenever there is a difference in voltage between one
region of the semiconductor and another. The voltage difference produces a force
on the carriers causing the holes to move toward the more negative voltage and the
electrons to move toward the more positive voltage. The mechanism of drift is illus-
trated in Figure 1.9 for both n-type and p-type semiconductors. For the n-type material,
the electrons enter the semiconductor at the lower electrode, move upwards through
the semiconductor and leave through the upper electrode, passing then through the
wire to the positive terminal of the battery. Note that in accordance with the principle
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HIGH CONCENTRATION OF CHARGES
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Figure 1.8

of space charge neutrality, the total number of electrons in the semiconductor is deter-
mined by the total number of acceptor atoms in the crystal. For the case of the p-type
semiconductor, hole-electron pairs are generated at the upper terminal. The electrons
flow through the wire to the positive terminal of the battery and the holes move down-
ward through the semiconductor and recombine with electrons at the lower terminal.
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CONDUCTION IN N-TYPE AND P-TYPE SEMICONDUCTORS
Figure 1.9
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DIODES

If a p-type region and an n-type region are formed in the same crystal structure,
we have a device known as a diode. The boundary between the two regions is called
a junction, the terminal connected to the p-region is called the anode, and the ter-
minal connected to the n-region is called the cathode. A diode is shown in Figure
1.10 for two conditions of applied voltage. In Figure 1.10(A) the anode is at a negative
voltage with respect to the cathode and the diode is said to be reverse biased. The
holes in the p-region are attracted toward the anode terminal (away from the junction)
and the electrons in the n-region are attracted toward the cathode terminal (away from
the junction). Consequently, no carriers can flow across the junction and no current
will flow through the diode. Actually a small leakage current will flow because of the
few hole-electron pairs which are thermally generated in the vicinity of the junction.
Note that there is a region near the junction where there are no carriers (depletion
layer). The charges of the donor and acceptor atoms in the depletion layer generate a
voltage which is equal and opposite to the voltage which is applied between the anode
and cathode terminals. As the applied voltage is increased, a point will be reached
where the electrons crossing the junction (leakage current) can acquire enough energy
to produce additional hole-electron pairs on collision with the semiconductor atoms
(avalanche multiplication). The voltage at which this occurs is called the avalanche
voltage or breakdown voltage of the junction. If the voltage is increased above the
breakdown voltage, large currents can flow through the junction and, unless limited by
the external circuitry, this current can result in destruction of the diode.

< ANODE >
1-+0 I T T g
+ + @ + O +
+ + «+—— P REGION > ¢ + ¢ +y ¢
L5 +
L @@ g @@ <«——JUNCTION g: Iig L ; 2 é_
+ = — ©of——N REGION > 4 LI ’
. - @ - @ -
J“ CATHODE *L

(A) REVERSE BIAS (B) FORWARD BIAS

CONDUCTION IN A PN JUNCTION DIODE
Figure 1.10

In Figure 1.10(B) the anode of the diode is at a positive voltage with respect to the
cathode and the rectifier is said to be forward biased. In this case, the holes in the
p-region will flow across the junction and recombine with electrons in the n-region.
Similarly, the electrons in the n-region will flow across the junction and recombine
with the holes in the p-region. The net result will be a large current through the diode
for only a small applied voltage.

TRANSISTORS

An NPN transistor is formed by a thin p-region between two n-regions as shown
in Figure 1.11. The center p-region is called the base and in practical transistors is
generally less than .001 inch wide. One junction is called the emitter junction and the
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other junction is called the collector junction. In most applications the transistor is
used in the common emitter configuration as shown in Figure 1.11 where the current
through the output or load (R.) flows between the emitter and collector and the control
or input signal (Vse) is applied between the emitter and base. In the normal mode of
operation, the collector junction is reverse biased by the supply voltage V¢c and the
emitter junction is forward biased by the applied base voltage Vee. As in the case of
the diode, electrons flow across the forward biased emitter junction into the base
region. These electrons are said to be emitted or injected by the emitter into the base.
They diffuse through the base region and flow across the collector junction and then
through the external collector circuit. Transistor action is therefore one of injection,
diffusion, and collection.

COLLECTOR
I
| re "
L | N- TYPE COLLECTOR REGION
- - - //—— COLLECTOR JUNCTION
— - -
| P-TYPE BASE REGION
GASE 4, T § _.//— EMITTER JUNCTION
e '+ e = //— N- TYPE EMITTER REGION
- - C 1+
ke = vcc (DONOR AND ACCEPTOR ATOMS
T VBE 'y ARE NOT SHOWN)
Ig
EMITTER

CONDUCTION IN AN NPN JUNCTION TRANSISTOR
(COMMON EMITTER CONFIGURATION)

Figure 1.11

If the principle of space charge neutrality is used in the analysis of the transistor,
it is evident that the collector current is controlled by means of the positive charge
(hole concentration) in the base region. As the base voltage Vg is increased the posi-
tive charge in the base region will be increased, which in turn will permit an equivalent
increase in the number of electrons flowing between the emitter and collector across
the base region. In an ideal transistor it would only be necessary to allow base current
to flow for a short time to establish the desired positive charge. The base circuit could
then be opened and the desired collector current would flow indefinitely. The collector
current could be stopped by applying a negative voltage to the base and allowing the
positive charge to flow out of the base region. In actual transistors, however, this can
not be done because of several basic limitations. Some of the holes in the base region
will flow across the emitter junction and some will combine with the electrons in the
base region. For this reason, it is necessary to supply a current to the base to make up
for these losses. The ratio of the collector current to the base current is known as
the current gain of the transistor hrs = Io/Is. For a-c signals the current gain is
B = h¢e = i./is. The ratio of the a-c collector current to a-c emitter current is desig-
nated by « = hp, = i./i..

When a transistor is used at higher frequencies, the fundamental limitation is the
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time it takes for carriers to diffuse across the base region from the emitter to the col-
lector. Obviously, the time can be reduced by decreasing the width of the base region.
The frequency capabilities of the transistor are usually expressed in terms of the
alpha cutoff frequency (f.0,). This is defined as the frequency at which « decreases to
0.707 of its low frequency value. The alpha cutoff frequency may be related to the
base charge characteristic and the base width by the equations:

_ Qs _ W _ 019
TE - I_E - 21)_ = fh(h
where T is the emitter time constant, Qs is the base charge required for an emitter
current Iy, W is the base width, and D is the diffusion constant which depends on the
semiconductor material in the base region.

The operation of the transistor has been described in terms of the common emitter
configuration. The term grounded emitter is frequently used instead of common
emitter, but both terms mean only that the emitter is common to both the input circuit
and output circuit. It is possible and often advantageous to use transistors in the
common base or common collector configuration. The different configurations are shown
in Figure 1.12 together with their comparative characteristics in class A amplifiers.

CIRCUIT CONFIGURATION CHARACTERISTICS®
moderate input impedance (1.3K)
COMMON moderate output impedance (50 K)
EMITTER R_ high current gain (35)
(CE) high voltage gain (—270)
highest power gain (40 db)
lowest input impedance (35Q)
COMMON highest output impedance (1 M)
BASE RL low current gain (—0.98)
(CB) high voltage gain (380)
moderate power gain (26 db)
COMMON highest input impedance (350 K)
COLLECTOR lowest output impedance (500 @)
(CQ) high current gain (—36)
(EMITTER RL unity voltage gain (1.00)
FOLLOWER) lowest power gain (15 db)

*Numerical values are typical for the 2N525 at audio frequencies with a bias of
5 volts and 1 ma., a load resistance of 10K, and a source (generator) resistance

of 1K

TRANSISTOR CIRCUIT CONFIGURATIONS
Figure 1.12
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TRANSISTOR CONSTRUCTION
TECHNIQUES

CHAPTER

The knowledge of many sciences is required to build transistors. Physicists use the
mathematics of atomic physics for design. Metallurgists study semiconductor alloys and
crystal characteristics to provide data for the physicist. Chemists contribute in every
facet of manufacturing through chemical reactions which etch, clean and stabilize
transistor surfaces. Mechanical engineers design intricate machines for precise handling
of microminiature parts. Electronic engineers test transistors and develop new uses for
them. Statisticians design meaningful life test procedures to determine reliability. Their
interpretation of life test and quality control data leads to better manufacturing
procedures.

The concerted effort of this sort of group has resulted in many different construc-
tion techniques. All these techniques attempt to accomplish the same goal — namely to
construct two parallel junctions as close together as possible. Therefore, these tech-
niques have in common the fundamental problems of growing suitable crystals, form-
ing junctions in them, attaching leads to the structure and encapsulating the resulting
transistor. The remainder of this chapter discusses these problems.

METAL PREPARATION

Depending on the type of semiconductor device being made, the structure of the
semiconductor material varies from nearly perfect single crystal to polycrystalline. The
theory of transistors and rectifiers, however, is based on the properties of single crystals.
Defects in a single crystal produce generally undesirable effects.

Germanium and silicon metal for use in transistor manufacture must be so purified
that the impurity concentration is less than one part in 10". Donor and acceptors are
then added in the desired amounts and the material is then grown into a single crystal.
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The initial purification of germanium and silicon typically involves reactions which
produce the chemical compounds germanium and silicon tetrachloride or dioxide.
These compounds can be processed to give metallic germanium or silicon of relatively
high purity. The metal so prepared is further purified by a process called zone refining.
This technique makes use of the fact that many impurities are more soluble when the
metal is in its liquid state, thus enabling purification to result by progressive solidifica-
tion from one end of a bar of metal.

In practical zone refining a narrow molten zone is caused to traverse the length of
a bar. A cross-sectional view of a simplified zone refining furnace is shown in Figure
2.1. High purity metal freezes out of the molten zone as the impurities remain in
solution. By repeating the process a number of times, the required purity level can be
reached. During the process it is important that the metal be protected from the intro-
duction of impurities. This is done by using graphite or quartz parts to hold the metal,
and by maintaining an inert atmosphere or vacuum around it. The heating necessary to
produce a narrow molten zone is generally accomplished by induction heating, i.e., by
coils carrying radio frequency energy and encircling the metal bar in which they
generate heat.

The purified metal is now ready for doping and growing into a single crystal.
A common method for growing single crystals is the Czochralski method illustrated in
Figure 2.2. In it a crucible maintains molten metal a few degrees above its melting
point. A small piece of single crystal called a seed is lowered into the molten metal and
then slowly withdrawn. If the temperature conditions are properly maintained a single
crystal of the same orientation, i.e., molecular pattern as the seed grows on it until all
the metal is grown into the crystal. Doping materials can be added to the molten metal
in the crucible to produce appropriate doping. The rate at which doping impurities are
transferred from the molten metal to the crystal can be varied by the crystal growing
rate, making it possible to grow transistor structures directly into the single crystal.
This is discussed in detail in the next section.

The floating zone technique for both refining and growing single crystals has
recently been introduced. It is quite similar in principle to zone refining except that
the graphite container for the bar is eliminated, reducing the risk of contamination.
In place of it, clamps at both ends hold the bar in a vertical position in the quartz
tube. The metal in the molten zone is held in place by surface tension. Doping agents
added at one end of the bar can be uniformly distributed through the crystal by a
single cycle of zone refining. This technique has had much success in producing high
quality silicon metal.

JUNCTION FORMATION

A junction is a surface separating two regions of a semiconductor, one with n type
and the other with p type conductivity. Since transistors consist of two closely spaced
junctions, it is necessary to establish highly non-uniform distributions of n and p type
impurities in the semiconductor lattice. The techniques used for establishing these
impurity distributions provide the basis for the different types of transistors being
made today.

Three basic techniques are used, individually or in combination, in establishing
the desired impurity distribution. The first of these is to form an alloy of the semi-
conductor and a material which acts as either a donor or acceptor in the semiconductor
lattice. The most common materials used for this purpose are indium, which is used
for making the emitter and collector regions of germanium alloy transistors such as the
9N43A and the 2N396, and aluminum, which is used for making the emitter region of
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germanium mesa transistors such as the 2N705 and 2N711. In these cases, an alloy
is formed with the metal and some of the n type germanium. Upon freezing, a p type
semiconductor layer is deposited creating a pn junction.

A second method is to change the impurity concentration in the crystal as it is being
grown from the liquid state. Ordinarily, crystals are grown so as to produce some
constant level of impurity throughout. Because of a tendency for most impurities to
remain in the melt rather than deposit in the solid, which is also the basis of zone
refining, the concentration does not remain uniform as the crystal is grown, but in-
creases continuously due to the increasing impurity concentration in the melt. The
concentration of impurities deposited in the solid is affected by the rate at which the
crystal is grown, in the case of some impurities. By a proper selection of impurities
and the inclusion of both p and n type impurities in the melt, pn junctions can be
grown into the crystal by periodically changing the growth rate.

Diffusion is a third method of impurity control. It consists of a gradual movement
of impurity atoms through the semiconductor lattice while the semiconductor remains
a solid. Because this movement is a function of the thermal energy of the impurity
atoms, the rate of movement is temperature sensitive and appreciable movement takes
place at high temperatures. Temperatures used in diffusion range from 500°C to 800°C
for germanium and from 900°C to 1300°C for silicon.
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One diffusion technique is to place the semiconductor in a gas containing the
desired impurity and heating. A variation of this is to coat the surface with a chemical
containing the desired impurity and heating. In both cases, the impurity enters into
the semiconductor from the outside. In another case, the desired diffusion takes place
entirely within the semiconductor body which is grown with abrupt changes in the
impurity concentration. In each of the above cases, diffusion takes place from the
region of the high impurity concentration to the region of low concentration.

Diffusion generally involves times of several hours, rather than seconds as in the
case of rate growing techniques. This makes it easier to obtain good process control.
In addition, diffusion makes it possible to vary the impurity concentration over a wide
range. This is in sharp contrast to both rate growing and alloying, and together with
its good process control makes diffusion a highly attractive technique for the manu-
facture of transistors.

ALLOY TRANSISTORS

The alloy transistor is made by alloying metal into opposite sides of a thin piece
of semiconductor to form an emitter and collector region. In order to achieve uniformity
of the transistor characteristics, the pellet thickness, the quantity of metal to be alloyed,
the area of contact of the metal to the semiconductor and the alloying temperature
must be carefully controlled. Each of these variables affects the base width of the
transistor, which in turn affects most electrical characteristics. Because of the large
number of variables, thin base widths cannot be achieved consistently; therefore, a
practical lower limit exists for the base width and with it an upper limit on the oper-
ating frequency is also established. One measure of the maximum operating frequency
is furn; this is the frequency at which the current gain of the transistor is 3 db below
its low frequency value, commonly referred to as the alpha cutoff frequency. Typical
values of f.n, for alloy transistors range from 1 mc for the 2N43 to 8 mc for the 2N396.

On the other hand, the emitter and collector regions of an alloy transistor are quite
thin and have a high electrical conductivity. Because of this alloy transistors have a
very low saturation resistance. The saturation resistance is a measure of how nearly
the transistor can be made to appear as a short circuit when it is turned on in switch-
ing circuits, and in most transistors it is made up primarily of the parasitic resistance
of the emitter and collector bodies. A typical value for the 2N396 is 1.6 ohms at 50 ma.

The microalloy transistor is a variation of the alloy transistor. In order to achieve
a thin base width without making the transistor unduly fragile, electrochemical etching
techniques are used to provide a very thin region in the middle of an otherwise rela-
tively thick pellet. Metal is then deposited on each side of this thin region and alloyed
with a very small amount of germanium. Electrically, the characteristics are those of
an alloy transistor with a thin base. Mechanically, the transistor is less fragile than it
would be if the entire pellet were the same thickness as the base region.

A variation of the microalloy transistor is the microalloy diffused transistor. In this
case, a diffused layer is established over the entire pellet surface prior to etching the
thin region in the middle of the pellet. The etching is then done predominantly on
one side so as to remove the diffused layer from the region of the collector contact.
The other side of the pellet is etched only slightly so that the emitter is adjacent to
the diffused region. Both the microalloy and microalloy diffused transistors represent
improvements in frequency response over conventional alloy transistors. Typical of
these processes are the microalloy 2N393 with fae, of 40 me and the microalloy diffused
transistor 2N502 with f,r, of 200 me.
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GROWN JUNCTION TRANSISTORS

Grown junction transistors differ from alloy transistors in that the junctions are
created during the growth of the crystal rather than by alloying after the crystal is
grown, This results in significant differences in geometry and electrical characteristics.
One technique of growing junctions into the crystal is to vary the rate of growth and
utilize the variation of segregation coefficient with growth rate. In germanium, a very
slow growth speed is used to produce p regions while rapid growth is used to produce
n regions, thus creating a series of n and p regions; thirty or more pairs of junctions
can be produced in a single crystal in this manner. While both npn and pnp transistors
can be produced by rate growing, the npn structures are inherently more attractive
and rate growing is not used for making pnp transistors. (In silicon, rate growing is not
used because it does not produce transistors competitive with those produced from
grown diffused crystals. Grown diffused transistors are discussed on the next page.)

After the crystal is grown each pair of junctions is sawed from the wafer and diced
into several hundred individual pellets. Each pellet is thus an npn transistor, requiring
only leads and proper mounting. (See Figure 2.5.)

n

RATE GROWN PELLET
Figure 2.5
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The geometry of this device is such that mechanical strength is not a function of
the base width. It is simple to produce a base width as small as desired, but it is
difficult to control this consistently, as thermal conditions are not uniform throughout
the crystal during growth. Furthermore, it is difficult to achieve a high concentration of
p type impurities in the base region. For these reasons, rate grown transistors have a
lower limit on the base width, and, therefore, a limited frequency range. The 2N78
and 2N187 are typical rate grown transistors, both of which have an fue» of 9 mc.

It is necessary to make a contact to the base region of this transistor without signifi-
cantly altering the original structure. Any portion of the base lead which overlaps the
collector or emitter regions reduces the breakdown voltage and adds capacitance to
these junctions.

Another transistor with similar geometry is the grown diffused transistor. This tran-
sistor utilizes a combination of impurity segregation during growth and diffusion.
The segregation and diffusion coefficients are such that npn silicon and pnp germanium
transistors are produced by this process. In the case of silicon, a lightly doped n type
crystal is dipped into molten silicon containing n and p type impurities. A highly
conducting n type region is grown which also contains a considerable quantity of p type
impurities. After a short time at elevated temperatures these p type impurities diffuse
from the newly grown layer into the lightly doped n type material, thus creating a p
type base region between a heavily doped n type emitter region and a lightly doped n
type collector region. This technique provides better control of the base width and a
higher concentration of impurities in the base than can be achieved by rate growing.
Such transistors will therefore operate at higher frequencies even though the base
lead overlap still limits the performance. The 2N338 is a typical grown diffused tran-
sistor with an fun, of 20 mc.

All grown junction transistors are mounted and supported by contacts to their
emitter and collector regions. Various methods have been used; the most reliable is
the use of a ceramic disc which has metallized regions to which the emitter and
collector regions are alloyed. This is known as fixed-bed construction. The rigid disc
prevents stresses in the semiconductor material which arise from vibration of the

header leads.

GERMANIUM MESA TRANSISTORS

The limitations characteristic of alloy and grown junction transistors can be over-
come by use of mesa construction, shown in Figure 2.6 below.
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The mechanical reliability is not affected by the thickness of the base region because
it is diffused into the pellet from the surface. The use of diffusion results in excellent
control of the base width. In addition, resistivity of the base and collector regions can
be varied at will over a wide range to obtain optimum device characteristics.

The metal stripes are evaporated onto the surface of the diffused pellet. One stripe
is gold which provides a non-rectifying contact to the base region; the other stripe is
aluminum which forms a rectifying contact and thus serves as an emitter. Most of the
diffused layer outside the stripes is removed by etching so as to reduce the collector
junction capacitance and give better collector diode characteristics. The fabrication is
completed by mounting the pellet onto a header and bonding small gold wires to the
metal stripes. The thermal impedance between the junctions and the header is low
since the pellet is mounted directly on the header. High speed switching transistors
with an excellent reliability record have been made with this process.

The conventional mesa transistor utilizes a collector resistivity which is a com-
promise between a high resistivity for a high BVcro and low capacitance on one hand,
and a low resistivity for a low saturation voltage on the other hand. The need for
compromise can be largely eliminated by using a combination of high and low resis-
tivity material in a single pellet. This is achieved by growing a high resistivity film
onto a low resistivity pellet.

Such films are called epitaxial films because the atoms are aligned in a continuation
of the original crystalline structure, resulting in one single crystal pellet. The base
region is then diffused into the thin film and the rest of the fabrication is the same as
for the conventional mesa. Epitaxial transistors represent a substantial improvement
over the conventional mesas in that a higher BVcso, lower capacitance, and lower
saturation voltage can be achieved simultaneously. These improved characteristics in
turn permit higher switching speeds and operation at higher current levels. The 2N994
is an epitaxial transistor which is similar to the non-epitaxial 2N705. C,» is 30% smaller,
however, and Vesan is 50% smaller. In addition, the 2N994 provides a 400% in-
crease in current handling capability together with a 50% reduction in switching time.

SILICON PLANAR TRANSISTORS

This transistor is made by diffusing the emitter as well as the base. A diffused
emitter is desirable because of the same control and ability to select the desired im-
purity level that makes a diffused base desirable. In addition, no mesa forming etch
is used. These differences result from the fact that silicon dioxide can be formed on the
surface of silicon pellets to act as a mask to prevent the diffusion of impurities into the
silicon. The base and emitter regions are formed by selectivity removing portions of
the silicon dioxide to permit diffusion into the silicon. The two regions are formed
sequentially; oxidation and selective removal of the oxide take place prior to each
diffusion. Aluminum is deposited on both the base and emitter regions to provide low
resistance, mechanically reliable contacts.

The oxide covers the junctions of the completed transistors, thereby preventing
ambient gases from reaching the junction. This results in a passivated device with
excellent electrical stability.

This protective oxide can also be formed on epitaxial films. The resulting improve-
ments in BVewo, Cov, Veeanm and current handling capability are similar to those
achieved with germanium epitaxial transistors.
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ENCAPSULATION

The term encapsulation is used here to describe the processing from the completion
of the transistor structure to the final sealed unit. The primary purpose of encapsulation
is to ensure reliability. This is accomplished by protecting the transistor from mechani-
cal damage and providing a seal against harmtul impurities. Encapsulation also governs
thermal ratings and the stability of electrical characteristics.

The transistor structure is prepared for encapsulation by etching to dissolve the
surface metal which may have acquired impurities during manufacture. Following
etching, a controlled atmosphere prevents subsequent surface contamination. The
transistor now is raised to a high temperature, is evacuated to eliminate moisture and
is refilled with a controlled atmosphere. Then the cap, into which a getter may be
placed, is welded on.

In some respects the design of the case, through its contribution to transistor reli-
ability, is as important as that of the transistor structure. Mechanically, users expect to
drop transistors, snap them into clips or bend their leads without any damage. Ther-
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THE TRANSISTOR SPECIFICATION SHEET i —

The published transistor specification sheet is fully as important as the device it
describes since it provides the description necessary for sensible use of the subject
transistor.

Four general categories of information are presented. These are

1. a statement of broad device capabilities and intended service
2. absolute maximum ratings

3. electrical characteristics

4, generic or family electrical characteristics

Let’s study each of these categories in some detail and use the specification sheet for
2N2193 through 2N2195 as a guide.

1. GENERAL DEVICE CAPABILITIES

The lead paragraph found at the top of the sheet furnishes the user with a concise
statement of the most likely applications and salient electrical characteristics of the
device. It is useful in first comparison of devices as one selects the proper device for a
particular application.

2. ABSOLUTE MAXIMUM RATINGS

Absolute maximum ratings specify those electrical, mechanical, and thermal ratings
of a semiconductor device which, as limiting values, define the maximum stresses
beyond which either initial performance or service life is impaired.

VOLTAGE

The voltages specified in the Absolute Maximum Ratings portion of the sheet are
breakdown voltages with reverse voltage applied to one selected junction, or across
two junctions with one junction reverse biased and the second junction in some speci-
fied state of bias. Single junction breakdown either between collector and base or

between emitter and base has the form shown in Figure 3.1.
CURRENT
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Figure 3.1
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I THE TRANSISTOR SPECIFICATION SHEET

The solid portion of the curve is the active, normally used portion of a diode or
any compound junction device. The dotted portion exhibits large dramatic changes in
reverse current for small changes in applied voltage. This region of abrupt change is
called the breakdown region. If breakdown occurs at relatively low voltage, the mecha-
nism is through tunneling or “zener” breakdown. The means of conduction is through
electrons which have “tunneled” from valence to conduction energy levels, A more
complete explanation of tunneling is contained in the Tunnel Diode Manual.*

At higher voltage levels conduction is initiated and supported by solid ionization.
When the junction is reverse biased, minority current flow (leakage current) is made
up of holes from the N-type material and electrons from the P-type material. The
high field gradient supplies carriers with sufficient energy to dislodge other valence
electrons, raising their energy level to the conduction band resulting in a chain genera-
tion of hole-electron pairs. This process is called avalanche. While theory predicts an
abrupt, sharp (sometimes called hard) characteristic in the breakdown region, a soft or
gradual breakdown often occurs. Another possibility is the existence of a negative
resistance “hook.” The hook usually occurs when zener breakdown is the predominant
mechanism. Figure 3.2 graphically illustrates these possibilities. In practice, silicon,
because of lower leakage current, exhibits a sharper knee than does germanium.

VOLTAGE ¢
s L e REsiSTIVE T Leakace current
f\ ~/\ COMPONENT
NEGATIVE {~
RESISTANCE SChE
P-N JUNCTION
REVERSE BIASED

CURRENT
AVALANCHE
CURRENT

TYPICAL VARIATIONS IN BREAKDOWN
CHARACTERISTIC OF A P-N JUNCTION

Figure 3.2

The family of the 2N2193 to 2N2195 silicon devices are measured for individual
junction breakdown voltages at a current of 100 microamperes. Vepo, the collector-base
diode breakdown voltage— with emitter open circuited or floating — is shown to be a
minimum of 80 volts for the 2N2193 and 2N2193A.

Veno, the emitter-base breakdown voltage — with collector open circuited or floating
— is specified at 8 volts minimum for the 2N2193 and 2N2193A.

The breakdown voltage between collector and emitter is a more complex process.
The collector-base junction in any configuration involving breakdown is always reverse
biased. On the other hand, the condition applied to the emitter-base diode depends
upon the nature of base lead connection. The most stringent requirement is realized
by allowing the base to float. The next most stringent requirement is connecting the

*See references at end of Chapter 1.
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base to the emitter through a resistor. A more lenient measurement is with base and
emitter shorted. Finally, the condition yielding the highest breakdown voltage is that
which applies reverse bias to the emitter-base junction. The symbols for the breakdown
voltage, collector to emitter, under the foregoing base connection conditions are Veeo,
Veen, Vers, and Venx respectively. On some specification sheets the letter B, signifying
breakdown, precedes the voltage designation, i.e., BVcro.

The generic shape of breakdown characteristics differs among transistors fabricated
by different processes. Figure 3.3 is typical of the planar epitaxial 2N2193. Note that
the BVero curve exhibits little current flow {Icko) until breakdown is initiated. At break-
down a region of negative resistance appears and disappears at increased collector
voltage. The region of negative resistance is not suitable for measurement and specifi-
cation because of instability. The low current positive resistance region below (in volt-
age) the breakdown region is so low as to cause instrumentation difficulties. It is
desirable, therefore, to measure breakdown voltage at a current, in the breakdown
region, where the slope is positive. This current for the 2N2193 family is 25 ma.

Since BVeer and BVerx as well as BVewo exhibit a negative resistance region, they
must also be measured in a region of positive resistance. The voltage thus measured is
always less than voltage needed to establish breakdown. For this reason it has been
suggested that these voltages be named differently than breakdown voltages. One
proposal is to designate them as “sustaining” voltages with the prefix letter L substi-
tuted for B, i.e., LVcrr. The nomenclature Verr s has also been used.
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TYPICAL PLANAR EPITAXIAL COLLECTOR
BREAKDOWN CHARACTERISTICS

Figure 3.3

BVego(SUST
COLLECTOR VOLTAGE Vee

The behavior of alloy devices is sufficiently different to warrant separate considera-
tion. Figure 3.4 illustrates a typical family of breakdown characteristics. Since leakage
currents are appreciable in this class of devices they form an important part of break-
down consideration. In the specification of BVceo, consideration must be given to le
multiplication. In this connection I... is approximately he: X I... This product may
exceed 100 pa (the usual BVcpo sensing current) at voltages well below breakdown.
For this reason it is common to specify breakdown at a collector current of 600 ua.
Figure 3.4 shows the realistic increase in voltage resulting from the use of a 600 pa
sensing current. The earlier statement that BVceo is a very conservative rating is par-
ticularly true of germanium alloy devices. It is primarily applicable to circuits with
little or no stabilization.
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BVecis is measured with the base shorted to the emitter. It is an attempt to indicate
more accurately the voltage range in which the transistor is useful. In practice, using
a properly stabilized circuit, such as those described in Chapter 7, the emitter junction
is normally forward biased to give the required base current. As temperature is in-
creased, the resulting increase in .. and hyy requires that the base current decrease if
a constant, i.e., stabilized, emitter current is to be maintained. In order that base
current decrease, the forward bias voltage must decrease. A properly designed biasing
circuit performs this function. If temperature continues to increase the biasing circuit
will have to reverse bias the emitter junction to control the emitter current. This is
illustrated by Figure 7.1 which shows that Va: = 0 when I. = 0.5 ma at 70°C for
the 2N525. Vi = 0 is identically the same condition as a base to emitter short as far
as analysis is concerned. Therefore, the BVegs rating indicates what voltage can be
applied to the transistor when the base and emitter voltages are equal, regardless of
the circuit or environmental conditions responsible for making them equal. Figure 3.4
indicates a negative resistance region associated with Ices. At sufficiently high currents
the negative resistance disappears. The 600 na sensing current intersects Icrs in the
negative resistance region in this example. Oscillations may occur depending on the
circuit stray capacitance and the circuit load line. In fact, “avalanche” transistor
oscillators are operated in just this mode.

Conventional circuit designs must avoid these oscillations. If the collector voltage
does not exceed V. (Figure 3.4) there is no danger of oscillation. V. is the voltage
at which the negative resistance disappears at high current.

To avoid the problems of negative resistance associated with BVcus, BVcer was
introduced. The base is connected to the emitter through a specified resistor. This
condition falls between BVero and BVers and for most germanium alloy transistors
avoids creating a negative resistance region. For most low power transistors the resistor
is 10,0009. The significance of BVcix requires careful interpretation. At low voltages
the resistor tends to minimize the collector current as shown by equation (5q), in
Chapter 5. Near breakdown the resistor becomes less effective permitting the collector
current to increase rapidly.

Both the value of the base resistor and the voltage to which it is returned are
important. If the resistor is connected to a forward biasing voltage the resulting base
drive may saturate the transistor giving the illusion of a collector to emitter short.
Returning the base resistor to the emitter voltage is the standard BV test condition.
If the resistor is returned to a voltage which reverse hiases the emitter junction, the
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collector current will approach I.,. For example, many computer circuits use an emitter
reverse bias of about 0.5 volts to keep the collector current at cut-off. The available
power supplies and desired circuit functions determine the value of base resistance.
It may range from 100 to 100,000 ohms with equally satisfactory performance pro-
vided the reverse bias voltage is maintained.

In discussing the collector to emitter breakdown so far, in each case the collector
current is I., multiplied by a circuit dependent term. In other words all these collector
to emitter breakdowns are related to the collector junction breakdown. They all
depend on avalanche current multiplication.

Another phenomenon associated with collector to emitter breakdown is that of
reach-through or punch-through. Silicon devices as typified by grown diffused, double
diffused, planar, mesa, and planar epitaxial structures (see Chapter 2) do not exhibit
this characteristic. The phenomenon of reach-through is most prevalent in alloy devices
having thin base regions, and lighter base region doping than collector region doping.
As reverse voltage is increased the depletion layer spreads more in the base than in the
collector and eventually “reaches” into the emitter. An abrupt increase in current
results.

The dotted lines in Figure 3.4 indicate the breakdown characteristics of a reach
through limited transistor. Several methods are used to detect reach through. BVcex
(breakdown voltage collector to emitter with base reverse biased) is one practical
method. The base is reverse biased by 1 volt. The collector current Icex is monitored.
If the transistor is avalanche limited BVcgx will approach BVeno. If it is reach-through
limited it will approach BVegs.

Note that Icex before breakdown is less than I... Therefore, if I.. is measured at a
specified test voltage and then the emitter is connected with a reverse bias of 1 volt,
the I., reading will decrease if reach-through is above the test voltage and will increase
if it is below.

“Emitter floating potential” is another test for reach-through. If the voltage on an
open-circuited emitter is monitored while the collector to base voltage is increased, it
will remain within 500 mv of the base voltage until the reach-through voltage is
reached. The emitter voltage then increases at the same rate as the collector voltage.
Vrr is defined as (Ven — 1) where Ven is the voltage at which Vin = 1v.

CURRENT

The absolute maximum collector current, shown as 1 ampere for the 2N2193, is a
pulse current rating. In this case it is the maximum collector current for which hex is
specified. In some cases the current level at which hyyi: drops from its maximum value
by 50% is specified. In all cases judgement concerning adverse life affects is a major
consideration. Also in all cases no other absolute maximum rating can be exceeded in
using this rating. In cases of very short, high current pulses, the power dissipated in
transition from cutoff to saturation must be considered so that thermal ratings are
not exceeded.

TRANSISTOR DISSIPATION

Transistor dissipation ratings are thermal ratings, verified by life test, intended to
limit junction temperature to a safe value. Device dissipation is shown for three cases.
The first indicates the transistor in free air at an ambient temperature of 25°C. The
2N2193 under these conditions is capable of dissipating .8 watt. Further, we must
derate at a rate of 4.6 mw/°C for an ambient temperature above 25°C. This thermal
derating factor can be interpreted as the absolute maximum thermal conductance

34 I —



I THE TRANSISTOR SPECIFICATION SHEET

junction to air, under the specified conditions. If dissipation and thermal conductance
are specified at 25°C case temperature an infinite heat sink is implied and both dissipa-
tion and thermal conductance reach their largest allowable values. For the 2N2193
these are 2.8 watts and 16 mw/°C respectively.

Both free air and infinite heat sink ratings are valuable since they give limit appli-
cation conditions from which intermediate (in thermal conductance) methods of heat
sinking may be estimated.

TEMPERATURE

The 2N2193 family carries a storage temperature rating extending from —65°C
to +300°C. High temperature storage life tests substantiate continued compliance
with the upper temperature extreme. Further, the mechanical design is such that
thermal/mechanical stresses generated by rated temperature extremes cause no elec-
trical characteristic degradation.

Operating junction temperature although stated implicitly by thermal ratings is
also stated explicitly as an absolute maximum junction temperature.

3. ELECTRICAL CHARACTERISTICS

Electrical characteristics are the important properties of a transistor which are
controlled to insure circuit interchangeability and describe electrical parameters.

DC CHARACTERISTICS

The first characteristics shown are the voltage ratings, repeated in the order of the
absolute maximum ratings, but this time showing the conditions of test. Note that
these and subsequent electrical parameters are measured at 25°C ambient temperature
unless otherwise noted. The 2N2193 has the highest rated breakdown voltages of the
series at Veno = 80V, Vewo = 50V, and Vo = 8V.

Forward current transfer ratio, hew, is specified over four decades of collector
current from 100 microamperes to 1 ampere. Such wide range in collector current is
feasible only in transistors having very small leakage currents. Note that hrr measure-
ments at 150, 500 and 1000 ma. are made at a 2% duty cycle and pulse widths less
than or equal to 300 microseconds. This precaution is necessary to avoid exceeding
thermal ratings. Both the 2N2193 and 2N2193A have a specified minimum current gain
at —55°C. A collector current of 10 ma. was chosen as being most useful to the circuit
designer who wishes to predict low temperature circuit performance.

Base saturation, Vae sam, specifies the base input voltage characteristic under the
condition of both junctions being foreward biased. The conditions of measurement
specify a base current of 15 ma. and a collector current of 150 ma. Base-emitter drop
is then 1.3 volts. This parameter is of particular interest in switch designs and is
covered in further detail in Chapter 5 (Equations 5s & 5t).

Collector saturation voltage, Ver «am, is the electrical characteristic describing the
voltage drop from collector to emitter with both base-emitter and collector-base junc-
tions foreward biased. Base and collector currents are stipulated. For the 2N2193
through 2N2195 these are 15 ma. and 150 ma. respectively. The quotient of collector
and base currents is termed “forced Beta.”

The principal difference between “A” and “non-A” versions of the 2N2193 family
lie in their maximum collector saturation voltages. “A” versions exhibit .16 volts
typically and are specified at .25 volts maximum. The “non-A” versions are specified
at .35 volts maximum. It is interesting to note that the 1.05 volt (minimum) difference
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between Vgg am and Ver am is the level of false trigger (noise immunity level) for
DCTL switches. In germanium alloy devices this level is generally less than .3 volt
and is seldom greater than .7 volt in other silicon devices (see Chapter 6). The wide
difference in Vg sam and Veg (am is undesirable if Darlington connection of devices
is desired for saturated switching. The collector saturation characteristic of the com-
pound device demonstrates that the lead section is incapable of saturating the output
section. Modification of the circuit to provide separate connection of the input section
collector directly to the joint collector supply will provide the needed Vie um to
allow output section saturation.

CUTOFF CHARACTERISTICS

Chapter 6 contains a detailed study of transistor leakage currents. This examination
deals with phenomena which predominate in alloy structures. The principal differences
in planar epitaxial devices lie in the relative magnitudes of the leakage current compo-
nents. The complete protection afforded by the passivation layer reduces surface
leakage to a very small value. Further, it reduces the surface thermal component by
decreasing recombination velocity. Figure 6.6(D) shows the variation with temperature
of Icno for units of the 2N2193 family. It is interesting to note that the theoretical
semi-log plot of Icno vs. temperature is a straight line. At high temperatures planar
devices follow predicted behavior quite well. At lower temperatures, the temperature
rate is considerably less than that which would be predicted by the theoretical model.

The 25°C Icuo and liro maximum limits are both 100 nanoamperes. Icuo rises to
25 microamperes at 150°C, typically, and carries a 150°C upper limit of 50 ua.

HIGH FREQUENCY CHARACTERISTICS

The small-signal foreward current transfer ratio, he., is shown as a minimum of 2.5
at 20 me. This parameter is specified for those amplifier applications requiring control
of high frequency hs.. Chapter 15 treats the measurement of high frequency he. in
detail.

SWITCHING CHARACTERISTICS

Chapters 6 and 15 on switching and measurements, respectively, discuss and define
transient response times tq, t., t., and t.. The circuit used to measure t., t., and tr is
shown in Figure 3.5. The specified maximum rise, storage, and fall times are measured
in this circuit. The base of the transistor under test is clamped at approximately —1.5
volts by the diode returned to a —1 volt bus. As the point V,, is raised in potential the
base is unclamped and the transistor moved through the active region to saturation.
As noted in the referenced chapters, the switching times measured are highly circuit
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dependent. By the time this description is published more thorough switching char-
acterization will be made available, which specify tu, t., t., and tr as a function of the
ratio of collector current to foreward base current (forced beta).

GENERIC CHARACTERISTICS

Much information about the behavior of semiconductor devices is conveyed by
showing typical behavior. This information is presented graphically and differs from
other electrical specifications by not bearing the high statistical assurance associated
with maximum and minimum limits. Statistical confidence is assigned the generic
characteristics of some devices by showing 5th, 50th, and 95th percentile points of a
given characteristic. This sort of specification is found as part of very thoroughly
characterized devices such as the 2N335 and 2N396.
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The specification sheet for the 2N2193 family includes collector family data for
the 2N2193, 2N2194 and 2N2195 and associated “A” versions. The hyperbola of con-
stant 2.8 watt 25°C dissipation is shown in Figure 3.6 to demark the area of permissible
static operation as defined by previously discussed thermal limitations. In addition, a
triangular area bounded by the collector current and collector voltage axes and a line
noted as “region defined by specification” is specified. This area is one that defines
the safe boundary for transient operation and should at no time be exceeded.

Semiconductor manufacturers go to great lengths in constructing their product
specification sheets because they realize the value of offering the designer adequate
information. If the device described therein is to be of use to the design engineer, is to
be used properly for optimum performance and reliability by the designer within the
limits specified by the manufacturer, the specification sheet must be accurate, com-
plete, and reliable. This requires precise and time consuming measurements, coupled
with costly hours of anlysis and preparation of the final specification sheet. The tran-
sistor specification sheet is, without doubt, the most important work tool the electronics
circuit designer has at his disposal. When understood by the designer and used intelli-
gently, many labor hours can be saved.

EXPLANATION OF PARAMETER SYMBOLS
SYMBOL ELEMENTS

A Ampere (a.c., r.m.s or d.c.), ambient, anode electrode

a - Ampere (peak or instantaneous)

B.b Base electrode, breakdown

Cyc Capacitance, collector electrode, cathode electrode

a (Delta) A small change in the value of the indicated variable
E, e Emitter electrode

F,f Frequency, forward transfer ratio

G, g Gain, acceleration of gravity, gate electrode

h General symbol for hybrid parameter

Li Current, input, intrinsic region of device

I.i Reference electrode

K, k Un;peciﬁed (general) measurement electrode

L Inductance

N,n n-region of device

0,0 Output, open circuit

P,p Power, P-region of device

Q Charge

R r R(;sis'tance, reverse transfer ratio

i Temperature

t_ Time -
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A% Voltage (max., avg. or r.m.s)

v Volt (peak or instantaneous)

W Watt (Max., avg. or r.m.s)

w Watt (peak or instantaneous)

X Unspecified (general) parameter

Y General symbol for an admittance parameter

(5] (Theta) Thermal resistance

Z,z General symbol for impedance, impedance parameter

DECIMAL MULTIPLIERS

Prefix  Abbreviation Multiplier Prefix  Abbreviation Multiplier
tera T 10* milli m 10
giga G 10° micro m 10-°
mega M or Meg 10° nano n 10™°
kilo Kor k 10° pico p 10

PARAMETER SYMBOLS

BVcao *DC breakdown voltage collector to base junction reverse biased,
emitter open-circuited (value of Ic should be specified).

BVe¢eo *DC breakdown voltage, collector to emitter, with base open-
circuited. This may be a function of both “m” (the charge carrier
multiplication factor) and the hy, of the transistor. Specify Ic.

BVcer *DC breakdown voltage, similar to BVcro except a resistor value “R”
between base and emitter.

BVces #*DC breakdown voltage, similar to BVcro but base shorted to emitter.

BVcey +*DC breakdown voltage, similar to BVceo but emitter to base junc-
tion reverse biased.

BVcex *DC breakdown voltage, similar to BVceo but emitter to base junc-
tion reverse biased through a specified circuit.

BVeso *DC breakdown voltage, emitter to base junction reverse biased,
collector open-circuited. Specify I.

BVe DC breakdown voltage, reverse biased diode.

C. Barrier capacitance.

Ce» *(Common base) capacitance emitter to base, collector open.

Ciy Input capacitance.

Co» #(Common base) collector to base Output capacitance measured

Coe *(Common emitter) collector to emitter.) across the output terminals.
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f Frequency at which measurement is performed.

fren (fau) (Common base) small-signal short-circuit forward current transfer
ratio cut-off frequency.

fure (Fae) (Common emitter) small-signal short-circuit forward current trans-
fer ratio cut-off frequency.

dvaz](fone) Maximum frequency of oscillation.

f. Gain bandwidth product frequency at which the small signal, com-
mon emitter, short-circuit, forward current, transfer ratio (hs.) is
unity or zero db.

—g Negative Conductance.
G #(Common base) small-signal power gain.
Gre #*(Common emitter) large-signal power gain.
Gpe #(Common emitter) small-signal power gain.
G, (CONV) *(Common emitter) conversion gain.
he (Common base)
h (Common collector
i B ) Small-signal short-circuit forward
current transfer ratio, output ac
hee (Common emitter) short-circuited.
hey (General)
hrg #(Common emitter) static value of forward current transfer ratio,
Ie
hm; = I—(‘
hes (inv.) Inverted hyx (emitter and collector leads switched)
hiv, hie, (Common base, common emitter, common collector, general) small-
hie, hyy signal input impedance, output ac short-circuited.
hie (Common emitter) static value of the input resistance.
hi. (real) (Common emitter) real part of the small-signal value of the short-
circuit input impedance at high frequency.
hon, hoe, (Common base, common emitter, common collector, general) small-
hae, hay signal, output admittance, input ac open-circuited.
hes, Dre, (Common base, common emitter, common collector, general) small-
hre, ity signal, reverse voltage transfer ratio, input ac open-circuited.
Li Region of a device which is intrinsic and in which neither holes nor

electrons predominate.
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Is, Ic, I DC currents into base, collector, or emitter terminal.

L. Base current {rms)

in Base current ( instantaneous)

Inx DC base current with both the emitter and collector junctions

reverse biased.

I Collector current (rms)
i Collector current (instantaneous)
Icso (Ico) *DC collector current when collector junction is reverse biased and

emitter is open-circuited.

Icro #*DC collector current with collector junction reverse biased and base
open-circuited.

Icur #*DC collector current with collector junction reverse biased and a
resistor of value “R” between base and emitter.

Icus *DC collector current with collector junction reverse biased and base
shorted to emitter.

| G *DC collector current with collector junction reverse biased and with
a specified base-emitter voltage.

Tcex #DC collector current with collector junction reverse biased and with
a specified base-emitter circuit connection.

I, Emitter current (rms)
ia Emitter current (instantaneous)
Iino (Ixo) *DC emitter current when emitter junction is reverse biased and

collector is open-circuited.

Ics #*DC emitter current with emitter junction reverse biased and base
shorted to collector.

I: *DC forward current.

i Fo;rd;rent (instzlntax‘;us). N
I Peak Point current.

L./Iv Peak to Valley curr;ra;);.

I—u Reverse Current (DC).

in Reverse Current (instantaneous).
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I Valley Point Current.

L. Conversion loss — ratio of available signal power to the available
intermediate frequency power.

Ls Total series inductance.

;n Region of a device where electrons are the majority carriers.

7 Intrinsic stand-off ratio (unijunction).

NF Noise Figure.

P, p Region of a device where holes are the majority carriers.

p: (peak) Peak collector power dissipation for a specified time duration, duty

cycle and wave shape.

Pc Average continuous collector power dissipation.
Ps Power output.
pt (peak) Peak total power dissipation for a specified time, duration, duty

cycle and wave shape.

Pr Average continuous total power dissipation.

Qss Stored base charge.

n’ Base spreading resistance equals hi. (real) when hi. (imagi-
nary) = 0.

I'sinzo (TrBO) Device resistance between base 1 and base 2, emitter open-circuited

(interbase resistance — unijunction).

TCE(SAT) Device resistance, collector to emitter, under saturation conditions
(saturation resistance, steady state).

RE Rectification Efficiency (voltage).

Rk Circuit resistance between terminals K and J.
Ru. Load resistance.

Is Small signal series resistance.

Ta Operating Temperature (ambient)

T, o —]unction Temperature

e
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Tsra Storage Temperature

Vs Circuit voltage between terminals K and J.

Ve Peak point voltage.

Vr a DC reverse voltage.

Vir DC voltage reach-through (formerly called punch-through Cer).

At collector voltages above reach-through Vigr = Ver —Ves. (Vs
normally defined as 1 volt).

Vv Valley point voltage.

Vi3 Small signal short circuit forward transfer admittance.
Z1y Input impedance.

75} Output impedance.

*Test conditions must be specified.

NOTE: DC voltage and current terminologies (as listed herein) are valid only
when measurements are made under non-oscillating conditions. Care
must be exercised with Avalanche Transistors as they may oscillate
when making these measurements and give erroneous readings.

ABBREVIATED DEFINITIONS OF TERMS

1. Absolute Max. Ratings — the value when so specified is an “absolute limit” and
the device is not guaranteed if it is exceeded.

2. Applied Voltage — voltage applied between a terminal and the reference point.

*3. Constant Current — one that does not produce a parameter value change greater
than the required precision of the measurement when the generator impedance is
halved.

#4, Constant Voltage — one that does not produce a parameter value change greater
than the required precision of the measurement when the genrator impedance is
doubled.

+5. Breakdown Voltage (BV) — that value of applied reverse voltage which remains
essentially constant over a considerable range of current values, or where the incre-
mental resistance = 0 at the lowest current in avalanche devices.

6. Limits — the minimum and maximum values specified.

7. Noise Figure (NF) — at a selected input frequency, the noise figure (usually 10
log of base 10 of ratio) is the ratio of the total noise power per unit bandwidth at a
corresponding output frequency delivered to the output termination, to the portion
thereof engendered at the input frequency by the input termination, (whose noise
temperature is standard 290°K).
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8. Open Circuit — a condition such that halving the magnitude of the terminating
impedance does not produce a change in the parameter measured greater than the
required precision of the measurement.

9. Pulse — a flow of energy of short duration which conveys intelligence.

10. Pulse Average Time (t.) — the time duration from a point on the leading edge
which is 50% of the maximum amplitude to a point on the trailing edge which is 50%
of the maximum amplitude.

11. Pulse Delay Time (t.) — the time interval from a point on the leading edge of
the input pulse which is 10% of its maximum amplitude to a point on the leading edge
of the output pulse which is 10% of its maximum amplitude.

12. Pulse Fall Time (t;) —the time duration during which the amplitude of its
trailing edge decreases from 90 to 10% of the maximum amplitude.

13. Pulse Rise Time (t,) — the time duration during which the amplitude of its lead-
ing edge increases from 10 to 90% of the maximum amplitude.

14. Pulse Storage Time (t.) — the time interval from a point 10% down from the
maximum amplitude on the trailing edge of the input pulse to a point 10% down from
the maximum amplitude on the trailing edge of the output pulse.

15. Pulse Time (t;) — the time interval from a point on the leading edge which is
90% of the maximum amplitude to a point on the trailing edge which is 90% of the
maximum amplitude.

16. Short Circuit — a condition where doubling the magnitude of the terminating
impedance does not produce a change in the parameter being measured that is greater
than the required precision of the measurement.

17. Small Signal — a signal is considered small when halving its magnitude does
not produce a change in the parameter being measured that is greater than the required
precision of the measurement.

18. Spike — an unintended flow of electrical energy of short duration.
19. Supply Voltage (Ves, Vee, Vir) — the potential of the circuit power source.

90. Thermal Equilibrium —a condition where doubling the test time does not
produce a change in the parameter that is greater than the required precision of the
measurement.

91. Therma! Resistance (8) —the temperature rise per unit power dissipation of
the junction above the device case or ambient temperature under conditions of steady-
state operation (where applicable, “case” means device mounting surface).

292. Thermal Response Time (v.) — the time required for the junction temperature
to reach 90% of the final value of junction temperature change caused by a step func-
tion in power dissipation when the device case or ambient temperature is held constant.

923. Thermal Time Constant (y:) — the time required for the junction temperature
to reach 63.2% of the final value of junction temperature change caused by step func-
tion in power dissipation when the device case or ambient temperature is held constant.

24. Base Voltage (Vsi) — the voltage between the base terminal and the reference
point (J).

95. Collector Voltage (Vc,) — the voltage between the collector terminal and the
reference point (J).
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26. Cut-off Current (Ixso, Ixsr, Ixss, Ixav, Ixsx) —the measured value of (K) elec-
trode DC current when it is reverse-biased by a voltage less than the breakdown voltage
and the other electrode(s) is (are) DC open-circuited (Ixso0) or:

1. returned to the reference electrode (J) through a given resistance (Ix;z)
2. DC short circuited to the reference electrode (J) (Ixss)

3. reverse-biased by a specified voltage (Ixsv)

4. under a specified set of conditions different from the above (Ix:x).

27. Depletion Layer Capacitance (C dep) — the transition capacitance of a reverse-
biased PN junction. (Small signal as well as DC conditions to be stated).

28. Diffusion Capacitance (C dif) — the transition capacitance of a forward biased
(with an appreciable current flow) PN junction.

29. Emitter Voltage (Vi) — the voltage between the emitter terminal and the
reference point (J).

30. Floating Potential (Vksr) — the DC voltage between the open circuit terminal
(K) and the reference point (J) when a DC voltage is applied to the third terminal and
the reference terminal.

31. Input Capacitance (Ci;) — the shunt capacitance at the input terminals.

32. Input Terminals — the terminals to which input voltage and current are applied.

33. Inverse Electrical Characteristics [Xxs(INV)] — those characteristics obtained
when the collector and emitter terminals are interchanged.

34. Large-signal Short Circuit Forward-current Transfer Ratio (hr;) — ratio of the
change in output current (AL,) to the corresponding change in input current (AlL).

35. Large-signal Transconductance (Gui) — the ration of the change in output
current (AL} to the corresponding change in input voltage (3V)).

36. Large-signal Power Gain (Gr) — the ratio of the ac output power to the ac
input power under the large signal conditions. Usually expressed in decibels (db).
(ac conditions must be specified).

37. Maximum Frequency of Oscillation (f... or fu..) — the highest frequency at
which a device will oscillate in a particular circuit.

38. Output Capacitance (C,;) — the shunt capacitance at the output terminals.

39. Output Terminals — the terminals at which the output voltage and current may
be measured.

40. Power Gain Cut-off Frequency (f,;) — that frequency at which the power out-
put has dropped 3 db from its value at a reference test frequency (Gi{f) = constant)
with constant input power.

41. Reach Through Voltage (Vur) (formerly referred to as “punch through volt-
age”) — that value of reverse voltage at which the reverse-biased PN junction spreads
sufficiently to electrically contact any other junction or contact, and thus act as a
short circuit.

42. Real Part of Small Signal Short-circuit Input Impedance [hi; (real)] — the
real part of the ratio of ac input voltage to the ac input current with zero ac output
voltage.
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43. Reference Point (electrical) — the terminal that is common to both the input
and output circuits.

44. Saturation Resistance [rx;(SAT)] —the ratio of saturation voltage to the
measurement (K) electrode DC current.

45. Saturation Voltage [Vi;(SAT)] —the DC voltage between the measurement
electrode (K) and the reference electrode (J) for the saturation conditions specified.

46. Small-signal Open-circuit Forward Transfer Impedance (z:,) — the ratio of the
ac output voltage to the ac input current with zero ac output current.

47. Small-signal Open-circuit Input Impedance (z;) — the ratio of the ac input
voltage to the ac input current with zero ac output current.

48. Small-signal Open-circuit Output Admittance (he;) — the ratio of the ac output
current to the ac voltage applied to the output terminals with zero ac input current.

49. Small-signal Open-circuit Qutput Impedance (z,;) — the ratio of the ac voltage
applied to the output terminals to the ac output current with zero ac input current.

50. Small-signal Open-circuit Reverse Transfer Impedance (z.;) — the ratio of the
ac input voltage to the ac output current with zero ac input current.

51. Small-signal Open-circuit Reverse Voltage Transfer Ratio (h.;) — the ratio of
the ac input voltage to the ac output voltage with zero ac input current.

52. Small-signal Power Gain (G,) — the ratio of the ac output power to the ac
input power. Usually expressed in db.

53. Small-signal Short-circuit Forward Current Transfer Ratio (lir;) — the ratio of
the ac output current to the ac input current with zero ac output voltage.

54. Small-signal Short-circuit Forward Current Transfer Ratio Cut-off Frequency
(fur;) — the frequency in cycles per second (cps) at which the absolute value of this
ratio is 0.707 times its value at the test frequency specified (G,(f) = constant).

55. Small-signal Short-circuit Forward Transfer Admittance {yr,) — the ratio of the
ac output current to the ac input voltage with zero ac output voltage.

56. Small-signal Short-circuit Input Impedance (hi;) — the ratio of the ac input
voltage to the ac input current with zero ac output voltage.

57. Forward Voltage (Vrr) — highest value of positive voltage at which the forward
current equals the maximum specified peak point current (Ir = Ir).

58. Peak Point Current (Ir) — value of the static current flowing at the lowest posi-

d
tive voltage at which d—\l =0.

d
59. Peak Point Voltage (V) — the lowest positive voltage at which d_: =0.

. Ip
60. Peak to Valley Ratio f — the ratio of peak point current to valley point current.

61. Valley Point Current (Iv) — the value of the static current flowing at the second

d
lowest positive voltage at which (T:, =0,

d
62. Valley Point Voltage (Vv) — the second lowest positive voltage at which j = 0.

*Test conditions must be specified.
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SMALL SIGNAL
CHARACTERISTICS

CHAPTER

A major area of transistor applications is in various types of low level a-c amplifiers.
One example is a phonograph preamplifier where the output of a phonograph pickup
(generally about 8 millivolts) is amplified to a level suitable for driving a power ampli-
fier (generally 1 volt or more). Other examples of low level or small signal amplifiers
include the IF and RF stages of radio and TV receivers and preamplifiers for servo
systems.

As described in Chapter 5, Large Signal Characteristics, a transistor can have very
nonlinear characteristics when used at low current and voltage levels. For example, if
conduction is to take place in an NPN transistor the base must be positive with respect
to the emitter. Thus, if an a-c signal were applied to the base of an NPN transistor,
conduction would take place only during the positive half cycle of the applied signal
and the amplified signal would be highly distorted. To make possible linear or undis-
torted amplification of small signals, fixed d-c currents and voltages are applied to the
transistor simultaneously with the a-c signal. This is called biasing the transistor, and
the d-c collector current and d-c collector to emitter voltage are referred to as the
bias conditions. When bias conditions are chosen so that the largest a-c signal to be
amplified is small compared to the d-c bias current and voltage, the transistor is said
to be operating in small signal mode.

Transistors used in small signal amplifiers are normally biased at currents between
0.5 and 10 ma. and voltages between 2 and 10 volts. Bias currents and voltages below
this range can cause problems of distortion, while bias currents and voltages above this
range can cause problems of excessive noise and power dissipation.

For the purpose of circuit design, any component, including the transistor, can be
considered as a black-box (B-B) having two input terminals and two output terminals.
With the help of Matrix Theory the circuit designer, knowing the electrical character-
istics of the black-box, can calculate the performance of the amplifier when various
signal sources are applied to its input and various loads are connected to its output.

Although possibly foreboding in name Matrix Theory is, in fact, easy to understand
and apply. The relative ease with which it may be used in circuit analysis, com-
pared to other analysis methods, makes the understanding of it a “must” for the
circuit design engineer. When certain stipulations are made, Matrix Theory is perfectly
applicable to circuits involving active elements like the transistor. Its use is virtually
mandatory in complicated circuits involving feedback, particularly where the preserva-
tion of the sanity of the analyst is considered necessary.

“TRLORCI-[—0O O—f--2778-—-~-—0 O~ ~——-1—0
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SERIES IMPEDANCE SHUNT IMPEDANCE AMPLIFIER

EXAMPLES OF BLACK-BOXES
Figure 4.1
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Basically, the matrix method of analysis involves the black-box concept where the
fundamental components or groups of components of a circuit (inductors, capacitors,
resistors, and active elements) are considered as black-boxes having two input and two
output terminals.

Conventionally the input terminals are on the left side of the box with the corre-
sponding output terminals on the other side. There is also a convention regarding the
input and output potentials and currents shown in Figure 4.2.

iy P
INPUT ] "1 sLack i OUTPUT
TERMINALS Tu BOX leg TERMINALS
(O — —_—
BLACK-BOX SHOWING INPUT AND OUTPUT CONVENTION
Figure 4.2

In a sensible black-box, there is a well-defined relationship between the input
voltage and current and the corresponding quantities at the output. The most often
realized and most easily handled functional relationship is linearity. A pair of linear
equations will then completely represent the black-box. As an example, consider the
following which are equations expressing the input and output voltages in terms of
input and output current

e, = Zui, + Lz (43)
e = Zul + y/e (4b)

Z., Zis, Z., Z» have the dimensions of impedance and are called the “impedance
parameters” of the black-box.

The matrix equation equivalent to (4a) and (4b) is

[e.] = |:Z” Zu:l |:i‘:|or more concisely [e] = [Z] [i] (40)
€: 221 ZT.! i-.’

Z parameters are useful when two or more black-boxes are connected together such
that their input terminals are connected in series and their output terminals are also
in series as shown in Figure 4.3.

i| i2
Iy O——— L ——O w
& T [Z} -Tez
Cre—-- ————)
v viz
El .e + e|’ - ————D) E2= e2+ 92/
'
°"T: [Z ] TGZ’
i i
| 2

BLACK-BOXES WITH SERIES CONNECTIONS
AT INPUT AND OUTPUT

Figure 4.3
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Because of the method of connection i, and i. are the same as for a single B-B. The e’s
are added, as are the e.’s.

[E‘:I = [Z combined] ':i‘:l (4d)
E. I

Z combined is the matrix of the single black-box which is equivalent to the two black-
boxes combined. E, = e; 4+ e/, E: = e: 4 e..

[E] == [e‘ + e"] = [Z] l:‘] + (21 [‘] (de)

E. e, 4 e’ is is

[E] = <[Z] + [Z']> [] (4)
1:

Matrix theory tells us that Z 4 Z’ is obtained by simple summing of the individual
terms of the matrixes, i.e.

E: Zn —+ 7' Z —+ Z. i
- , ) (4g)
E.", Z'_’l + Z-‘l Z'.".’ + Z'.".' i2
Therefore the two original B-B’s may be replaced by one B-B having the parameters

shown in equation (4g).

If two black-boxes are to have their input terminals paralleled and their output
terminals paralleled also, then a different set of original equations is set up.

I =040/ I (iptiy)

BLACK-BOXES IN PARALLEL
Figure 4.4

The currents are now additive, voltages e: and e: are the same for the combination as
for the individual B-B’s. The currents i, and i: have to appear on the left hand side of
the two equations.

_i,J — [YH qu [&] (4}1)
L i Y2 Yo €2

The “y” parameters have the dimensions of conductance and are called the “admittance
parameters.” So far the parallel combination of two black-boxes

I':l = [i' + i',:| = <[y] + [y']) [e’] (4i)

L L. is 4 i €2

[I] — |: yu + YHI Yir + y::’] [61] (4])
Ya 4+ yu Yo 4 y::' €2
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For cascaded black-boxes yet another set of parameters called “a” parameters has
to be established and these are perhaps the most useful of any.

teaClw i s

BLACK-BOXES IN CASCADE
Figure 4.5

Notice in Figure 4.5, e,” is the same as e. since their respective terminals are connected
together. However, i," = —i. but the sign is taken care of by making the basic equation
of this form

€ = an € — ap s e e:
S l.}[]]:[a][ ] (4K)
L == an €2 — anm 1 i —I2

So, the over-all equation for the two cascaded B-B’s shown in Figure 4.5, is

[1]-[ ]
1 -]

For the individual B-B’s the two matrix equations are

I:élil = [a] I: e._,. ] andl:é:il = [a] |: e."."il (4m) (4n)
1 —12 1L —1l2

but e: — e/, and —i» = i)’

[‘?‘] = [a] [e] = [a] X [a'] [ e] (40)
1y 1 —1s

[A] = [a] X [a'] (4p)

and the “a” matrix is called the “multiplier matrix” for obvious reasons.

therefore

Matrix theory tells us that the expansion of [a] X [a'] is done as follows

' '

0 an drz an iz
[a]X[a]ZI: :|X|: . ]

A Aoy am Ay

(an an’ + an azl'), (an an + aw 3:‘.”)

('d;n an’ + am am'),('dm a|'.r' + an a-::')
[ex] — [(al\ an' + an a'.'l:)) (an alz' + an ﬂ:u')] [ eu’,] (4(1)
it (ﬂ?l an’ + asx an ), (ilzx ap’ + aw 32:') —is

S ————— e

therefore
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When inputs are “seriesed” and outputs “paralleled,” a set of parameters called
the “h” parameters is obtained to represent the B-B’s as shown in Figure 4.6.

i i I,=iptis/
te___| [h]
E =(e,+¢e /) o i
ter | [h']

BLACK-BOXES WITH INPUTS IN SERIES
AND OUTPUTS IN PARALLEL

Figure 4.6

For the first B-B

[e] — (] [‘] (4r)
12 €

for the second B-B

[e] = [] [ " ] (45)
12 €q

For the combination

[El} — [614‘61'} — <[ll]+[h’]> [il} (4t)
I:! i2+i-_" €

€« s

Finally the “g” parameters, those used when analyzing B-B configurations wherein
the B-B inputs are “paralleled” and the outputs are “seriesed.”

L= Gt i) iz
e ——— [g] eg—[——q:l
’ |E ) E2= (e2+92/)
Q7 |y

BLACK-BOXES WITH INPUTS IN PARALLEL
AND OUTPUTS IN SERIES

Figure 4.7

For the first B-B

[“J = [g] [e] (4u)
€2 12

for the second B-B

[‘} = [g] [e] (4v)
€2 1:

therefore for the combination
Il .l ‘ll
[ ] = |:l ! ] = <[g]+[g']>|:elj| (4w)
E. (23 + ez’ is

1 1
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Knowing one set of the above established parameters, the others may be worked out,
or more conveniently, obtained from Figure 4.8.

MATRIX INTERRELATIONS

FROM
— [z] [v] [h] (9] | [a]
TO
: Yoo Yo |BA" hp| 1 -gp [0y A°
%2 |'AY AY |hez hzz| 9 Qu |9z ag
2
l::l i g Ya Yu [Tha V(92 A% |1 0y
2l %22 LAY AY |h22 hzz |gn an | a2 agz
22 ~“Zpp I ~hia| A9 g2 |95 —A°

y y
Az Af . 20 hy hy | g2 922 |9 A

[y] ~“Z3 zy y hy  Ah [-gp | =l ay
22 1 hyy hy | 922 922 (012 ap

Az |V -y
222 22 | Yu Y

h h. 922 “9i2 | 92 A°
0 2 =g = o
A9 A9 22 022

[h]

~zp | Yo A =92 9u | =) oy

222 722 |y yn | M2 hee A9 A9 |Gz Op
I -2i2 | &Y yi | ha2 -hi2 o ap -A°
)z | Yoz Y22 | pAh o ab AL CTTRCTY
g
[] Zy A% [Tya I I-hy hy 91 9an I ap
Zy oz | Yoz Y22 | Ab aAb o ay
2 loypp =1 |=aM -hy |
2 A y22 I A 1 g22 a9

21 z2| Y21 Y2 hoy  hp | 921 92

[q]

|22z [zal oy |hee DV | o AT
31 22 Y21 Yo hat hai | 921 92

NOTE: A REPRESENTS THE DETERMINANT (A,=2,,Z,,-25 Z)5)

Figure 4.8
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The restriction placed on the derivation of the various black-box parameters is that
the equations connecting input and output voltages and currents shall be linear. The
parameters may be complex (frequency-dependent) but the relationships must be linear.
A transistor can be considered linear when the signal excursions within it are small
compared to its bias current and voltage conditions. Under these conditions, known as
“Small Signal Operation” the transistor may be thoroughly represented as a black-box
when any one set of parameters, z, y, a, h, or g are obtained.

The matrix chosen to define a transistor by its manufacturers is naturally enough
that involving those parameters which are easiest to measure. Usually, the “h” param-
eters are measured and, more often than not, with the transistor in the common-base
configuration. The reader is referred to Chapter 15 of this manual for practical meas-
urement details. The reason why it is easier to measure the “h” parameters rather than
the others may be seen from their definition.

y io
O- > —— O

e [h] é2
O O

BLACK-BOX REPRESENTING “h” PARAMETER MEASUREMENTS
REFERRED TO IN TEXT

Figure 4.9
(]-n[:]
s e
expanded
er =huii 4 hee (4y)
i» = ha iy + h=e (4z)

From equation (4y)

€1
hiu = -~ whene; =0
h

e .
hi: = = wheniy =0
e

From equation (4z)

Iz
ha = i when e: = 0
L

he = ** wheni, =0
€2
For the transistor, hi, is often called hi, the input impedance. The condition e: = 0 is
the same as saying the output terminals are short-circuited to the signal. In addition,
h:: is called h., the reverse voltage transfer ratio. The condition i, = 0 means open-
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circuit input. h. becomes hy, the forward current transfer ratio with output short-
circuited to signal currents. And finally, h. is h., the output admittance with open-
circuit input. h;, h,, hr and h, usually also have yet another subscript to indicate to
which transistor configuration they refer. For example: hy, is the input impedance of a
transistor with output signal short-circuited when used in the common-base configura-
tion, and h.. is the reverse voltage transfer ratio with the input of a transistor open
circuited when used in the common-collector configuration. It will be noticed that in
defining the h parameters two conditions are stipulated:

1. Output short-circuited with respect to signal.
2. Input open-circuited with respect to signal.

The phrase with respect to signal is necessary in these two conditions, since in any
practical circuit it is necessary to provide for bias currents as in Figure 4.10.

O+

|

! Ri R2

] Ra* "R,+R,
(A) PRACTICAL CIRCUIT (B) EQUIVALENT CIRCUIT

Figure 4.10

“Short-circuited output with respect to signal” would then mean placing a hefty
capacitor across the output terminals in the manner shown. The transistor has a fairly
low input impedance and a high output impedance, at least in the common-base and
common-emitter configurations (measurements are seldom made on a transistor in the
common-collector connection owing to its proneness to instability). It is therefore easy
to provide a high impedance current source for the input to obtain the open-circuit
input condition and a stiff voltage source for the output (i.e. short-circuit). Hence it is
easiest, in practice, to measure the h parameters. The letter h, incidentally, stands for
hybrid, a name which reflects the mixing of input and output voltages and currents in
the two h parameter equations of the black-box.

Once the h parameters of a transistor are known for a particular configuration, the
z, y, a, and g parameters may be obtained from the conversion table in Figure 4.8.
Corresponding 11 parameters of the other configurations may be found by referring
to the table in Figure 4.11 which gives the h parameters in terms of the “T” equivalent
circuit as well.

5 ee———s————————————eee e
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APPROXIMATE CONVERSION FORMULAE

H PARAMETERS AND T EQUIVALENT CIRCUIT

(NUMERICAL VALUES ARE TYPICAL FOR THE 2N525 AT IMA, 5V)

SYMBOLS COMMON COMMON COMMON [t L e
IREl oTHER EMITTER BASE COLLECTOR | (APPROXIMATE)
| hib r
" — 4 — : £
hie| Mie e 1400 OHMS ey hie fp
-4 hibhob re
—BoD _ -h
hre h'2e.,u-bc 3.37 X 10 I+ hyp hrp I=hee (mair
hial Norer B 44 __htb —(+hg) a
fe 2ler |+hfb fc I—a
LIS -6 hob .
hoJ hoze 7| 27 X 10"6MHOS Thes hoc (“alre
| hie hic
ol hy UL 3] OHMS - Qe te + (1-0)r
hib| My e htc e™ b
hoal h hiehoe _ 5x 1074 hye —1— e hoc s
rb| M2 rFec I+ he e id hte fc
h I+h
_ _Ne = . fc =
hfb ho| ,a T+ hee 0.978 hre a
iR hoe -6 _ hoc 1
hob| h22 - 73 Tehfe 0.60 X10-SMHOS hrc :
hio| Ry oo h; —ibe 1400 OHMS o+ —2
ic llc Y e 1+hp b’ 1—a
fe
hre| Mi2c - #pe I=hre : 1.00 “(i—alre
I I
h - N - =
hfe| h2icr2ed (I +h¢e) hrn 45 =
el B e h Pob_ 27 X10-6 MHOS —L_
oC 22cv222c oe T+hip (I—alr,
hte _ 1+htc
- I+hee htb hte 0978
I+hte I=hrp hfe
r —= -t - 167 M
c hoe hob hoc EG
h, h |=br,
r Jre hip— 2 (1+h —=< 12.5 OHMS
» hoe 7 hob fol hoc
h hrb hic
r hia — & (I+h ALY hent —C (]— 4 M
b i€ Toe (1+hte) hob e o {I1=hec) 840 OHMS

- ————————————— = -]

Figure 4.11
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The h parameter equivalent circuit is shown in Figure 4.12 together with the
“T” equivalent circuit of the transistor.

boO

(A) HYBRID EQUIVALENT CIRCUIT
(COMMON BASE CONFIGURATION)

Qlg
—

bO- Ob

(B) “T” EQUIVALENT CIRCUIT
(COMMON BASE CONFIGURATION)

Figure 4.12

The “T” equivalent circuit is of interest since it approximates the actual transistor
structure. Thus r. and r. represent the ohmic resistances of the emitter and collector
junctions respectively while r, represents the ohmic resistance between the base con-
tact and the junctions. The current generator a,. represents the transfer of current from
the emitter junction to the collector junction across the base region. The “T” finds its
greatest use in circuit synthesis particularly when the designer is initially laying out
his circuit. He knows, for example, that the input impedance of a common-emitter
stage is approximately ry plus @ times the total impedance appearing in the emitter
circuit (which includes r.) — such approximations not being so easily arrived at from a
knowledge of hybrid parameters. When it is necessary, however, to analyze the per-
formance of a given circuit with a fair degree of accuracy, four-pole parameters are
extremely useful, in some cases almost indispensable. As might be expected from the
“small signal” restriction, h parameters vary with operating point. Specification sheets

o
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often carry curves of the variation of the small signal parameters with bias current
and voltage. Such curves are shown in Figure 4.13. 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.

[ [
TT1 Mot
0 t v
i Tae25°C T2
w Vee-5V v
]
H hig »
& %
<
3 ™
e \ / .
2 N 74 5|
w Lhhgy \\\ |
H NN =
: e AR =T
AT =
ol LD s
o X o
§ hig b L¥hyy, |
g N T
H N
NN
os N
hob N
\ N
N Y
N [nis LY
0.4
-0 -0.3 =10 -3.0 -0
EMITTER CURRENT XE(MA)
CHARACTERISTICS VS EMITTER CURRENT
=0
— Ta:25°C
8 [ Ieg=IMA
z
¥ 30 =
I I\ Job
w
= hep
>
&
1 \
B AN s
te Mie
e hip —’_/
pg 0O hib
>
= [hie Die = Ahob
I ——1hrp
x
[
E
&
&
&
o
< 03
g o
<
x
5
0.l
-0 -30 ~30.0

-10.0
COLLECTOR VOLTAGE, (Vc)

CHARACTERISTICS VS COLLECTOR VOLTAGE

VARIATION OF “H"” PARAMETERS WITH BIAS CONDITIONS
Figure 4.13
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Suppose, for example, the typical value of h,, is required for the 2N525 at I. — 0.5 ma
and V. = 10 volts. From Figure 4.11 the typical value of hes at 1 ma and 5 volts is
0.6 X 107 mhos. From Figure 4.13 the correction factor at 0.5 ma is 0.6 and the correc-
tion factor at 10 volts is 0.75. Therefore,

hey (0.5 ma, 10 volts) = 0.6 X 10~ X 0.6 X 0.75
= 0.27 % 10™° mhos.
Once the h parameters are known for the particular bias conditions and configuration

being used, the performance of the transistor in an amplifier circuit can be found for
any value of source or load impedance.

(4aa)

Figure 4.14 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.

PROPERTIES OF THE TERMINATED FOUR- TERMINAL NETWORK

z y h g a
2 h
21 & 41y Y2t A +hyy vy 922 +1) a2y +a,
i = 5
222+ 2y A +yun h22+y| A% 4+qizy | a2z +ap2
AT+ yu tyg hy+zg A% +922y5 | 2224+ap
2o 2, +z A+ L
] ] Y22Yg A haa2g o +yg G2,2¢ +ay
A 21 2) ~Yay ~haizy 921 Y n
h
AN +2,,2¢ Y224y, hy +477 922+7 q)p +9,2y
A 221 Yo ~haiyy 921 !
J 222+177 B4yin ha2+y1 & +quz) aze+ag7

Figure 4.14

Let us work an example using four-pole parameters to analyze the circuit shown in
Figure 4.15.

Re

ouT
——co—— ————0— ]

(A) PRACTICAL CIRCUIT (B) EQUIVALENT CIRCUIT
Figure 4.15

We will concern ourselves with the small signal gain and ignore the D.C. stability.
The black-box equivalent at signal frequency is shown in Figure 4.16.
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[ x

‘ B-B 4

! 2N525 2N525

Fis GROUNDED GROUNDED

EMITTER 10K EMITTER R =470
5 VOLTS 5 VOLTS
@ 05MA @O5MA.
B-B 4| B-B#2 B-B+3

BLACK-BOX EQUIVALENT AT SIGNAL FREQUENCY
OF FIGURE 4.15

Figure 4.16

B-B’s 1, 2, and 3 are cascaded, so “a” parameters will be needed. We will first need to
derive the h parameters for the 2N525 which is used here under two different operating
points and two different configurations, common-emitter and common-collector. Values
obtained from Figures 4.11 and 4.13 can be tabulated as follows

Transistor Type 2N525
Operating Conditions h. h. 1+h, hax he.
Common Base
V.= —5v,Ige =1 ma 31 5 x 10 0.022 —0.978 {0.60 x 10®
I: =0.5ma 31 x2=|5x10* [0.022 —0.974 | 0.60 x 10°
62 X 092 = |xX12= X 0.6 =
4.6 x 10 |0.026 0.36 x 10°°
Common Emitter
V.= —5v, I = 0.5 ma | 2400 4.04 x 107 375 13.85 x 10°°
Ve=—5v,Ig =5 ma 4.96 6 x 10 0.0176 |—0.9824(2.4 x 10™*
Common Collector
V. =—5v,Ig =5ma 280 1 —56.8 136 x 10~

The “boxed” operating conditions are those which apply to the circuit of Figure
4.15. Using the table in Figure 4.8, the corresponding “a” parameters are

Operating Conditions ay, a, ax F: 1

Common Emitter
Ve=—5v,Ig=05ma | —4.8 X 10™* —64 —3.69 x 1077 —2.67 x 10*

Common Collector
V.= —5v,Ig =5 ma 1 491 24X 10° 17.6 x 107
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Combining B-B’s 1, 2, and 3 of Figure 4.17 and neglecting B-B 4 (the feed-back

loop)
[_4.8 x 10, —64 ] [1, 0:\ l:l, 49 :\
X X
—3.7 x 107, —2.7 x 10% 10, 1 24 % 10, 176

When multiplying several matrices together, the method is to start at the right hand
side and multiply the last two matrices in the manner which has been described earlier
in this chapter. This gives one combined matrix representing the last two matrices.
This combination is then multiplied by the next matrix to the left and so on until the
whole product has been reduced to one final matrix combination.

After carrying out this procedure on the open-loop circuit, that is, no feed-back

applied (see Figure 4.16), the following “a” matrix is obtained

[_70 X 107, —11,400 X 10-*]
—31.2 x 107, —4910 x 10~

As a quick check on the arithmetic so far the voltage gain will be calculated for a load
of 4709 using the table in Figure 4.14.

oz 40 .

A= g T 1400 x 10- —70 X 107 X 470
47,000

A= —ELE0 106

A negative value of voltage gain is expected since there is a total phase shift of = radians
over the whole circuit.

From knowledge of the “T” equivalent, a rough value for the gain can be deter-
mined. With a load of 4709, the emitter-follower stage has an input impedance of
approximately

haie X Zi = 57 X 470 = 27 K

This 27K in parallel with the 10K resistor forms the load of the first stage. The voltage
gain of the first stage is around

hie é.4-)( 10°

Y
h'_’|eZl . 375)(73)( 10 ~ 114

To obtain the over-all voltage gain this figure has to be multiplied by the voltage trans-
fer of the emitter-follower which is very approximately h.». The open-loop voltage
gain of the amplifier by this rough method is therefore about 114 x 0.98 ~ 112 which
differs by only a few percent from the figure arrived at with the matrix equation,
namely 106.

One might argue that this degree of accuracy was sufficient for the practical case
and why bother with matrices. However, when feed-back is applied the matrix method
offers a distinct advantage. Figure 4.17 shows this condition.
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ANA
R
f
FEED—BACK
o o
AMPLIFIER
o )

FEEDBACK BLACK-BOX SHOWN IN PARALLEL
WITH AMPLIFIER BLACK-BOX

Figure 4.17

It is easily seen that the feed-back black-box is in parallel with the amplifier black-box.
The y parameters of each are therefore needed to effect a simple combination.

Using table 4.11, the y parameters of the amplifier are obtained from the “a” param-
eters. The y parameters for a series impedance (i.e., the feed-back resistor) are

1 1
7z Z
1 1
Z Z

So, with Re, equal to 10 K¢, the total y matrix equals

[ 107, —10"] N [4.3 X 10%,  —1.05 X 10-7] -

L 10, 10~ 0.877, 6.14 X 10
53 % 107, —1Xx 10-*:|
L 0.877, 62.4 X 10~

The voltage gain and the input and output impedances may be calculated with
reference to Figure 4.14. R,, the signal source impedance in Figure 4.15 will be chosen
as 1K. The equivalent circuit is shown in Figure 4.18.

Ry
AAN
RS
- ~OAMAO- -~ - O~ -
1K
eq Tel Z; Zo Teo 47040
e e —
eq e,
—— =Ay, =G
e; eq

EQUIVALENT CIRCUIT OF FIGURE 4.17
Figure 4.18
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Figure 4.19 shows the variation of A, Zs, Z, for three values of Re: oo

*, 10K, and 1K.

R. R: A. Z Z
1 K@ o 106 23K 160 @
1K® 10K 105 90 2 16Q
1K® 1K 95 10.5¢ 2.7 S

VARIATON OF A., Z,, AND Z, FOR THREE VALUES OF R.
Figure 4.19

*(In assigning an infinite value to Ry, it must be assumed that bias for the first stage
of the practical amplifier is provided by an auxiliary means since this bias is ordinarily
available through the feed-back loop.)

As would be expected A is affected by R« only as far as the feed-back loop loads
the output. Z: and Z, are significantly affected though, and the reduction of Z with
R, affects G, the overall gain, since

C= A"R
1+ 7.

As mentioned previously the matrix parameters may be complex, i.e., frequency
dependent, as long as linearity with respect to current and voltage is maintained. The
y parameters and the h parameters are often used to analyze high frequency circuits.
Figure 4.20 provides useful design equations for this purpose.

With the exception of equation (4hh) all of the equations in Figure 4.20 are valid at
any frequency, provided that the values of the h parameters at that particular frequency
are used. At the higher frequencies h parameters become complex and the low fre-
guency h parameters are no longer valid. The matched power gain given by equation
(4ii) requires that both the input and the output of the amplifier stage be tuned, and the
input and output resistances be matched to the generator and load resistance respec-
tively. This situation is seldom met exactly in practice, but it is generally met closely
enough to permit accurate results from equation (4ii).

If the voltage feedback ratio, h., is very small or is balanced out by external feed-
back the circuit is said to be unilateral. This means that no signal transmission can take
place from the output of the circuit to the input. Under these conditions the input
impedance of the circuit will be equal to h; and the output impedance will be equal
to 1/h.. The power gain under matched, unilateral conditions is given by equation (4j)).
This power gain is a good figure of merit for the transistor since it is independent of
circuit conditions and transistor configuration. It represents the maximum power gain
that can be obtained from a transistor under conditions of absolute stability.

REFERENCE
* Shea, Richard F. et al, “Principles of Transistor Circuits,” John Wiley & Sons, inc. (1953)
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e he¢hp 2

INPUT IMPEDANCE Z;= —ﬁi—=hi el (4bb)
o&lL
MATCHED INPUT IMPEDANCE * Zim= 0j [D-—jC]+jbi {4cc)
io hthy
OUTPUT ADMIT TANCE Yo —==ho - “hiZg (4dd)
[o] 1
MATCHED OUTPUT ADMITTANCE® Y, =ao [D—jc]+jb° (aee)
io hf
CURRENT GAIN Aj= —ii—-= —ﬂ»h 2 (4ff)
o
€o |
VOLTAGE GAIN Av= 5= T TT¥hoZL) (4gg)
_Di(1Thefl
PZ T )

OPERATING POWER GAIN (LOW FREQUENCY ONLY, Zg=Rg,Z *R| )

ht
_ POWER INTO LOAD = - (""hoR! )
* POWER INTO TRANSISTOR ~ AvAi~ hi ( I+hoRL ) Bt

h'-RL hf
o’ +b%

e aiao[(|+D)Z+C2]

G

MATCHED POWER GAIN * (4ii)

MATCHED UNILATERAL POWER GAIN
CHED L_TE L POWER G Oﬁ*bz( Ihflz
(hr =0) Gmu = =

= (4ji)
40j ag 4aq;00

Zg=Rg+jXg = OUTPUT IMPEDANCE OF GENERATOR
Z| =R+ iX_ = IMPEDANCE OF LOAD

# FOR MATCHED CONDITIONS

Zim=Rg~ iXg Gt bt + a¢ by,
Z°m= RL -ij 20| [+ 1)
2 LORAL £ . _0raf ~by by
he=a,+jb, gido
hg=ay +jby

' 0= Vi-F-c?
ho=0o+ibg

TRANSISTOR CIRCUIT EQUATIONS WITH H-PARAMETERS
Figure 4.20
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LARGE SIGNAL
CHARACTERISTICS

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 are 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 alloy junction transistors
operated at low current and voltage levels, but are also useful for analyzing other
types of transistors.

PARAMETERS

The parameters used in the following large signal equations are listed below and
indicated in Figure 5.1.

BO -OB

PARAMETERS USED IN LARGE SIGNAL EQUATIONS
Figure 5.1

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

Lo Ieno Emitter leakage current with reverse voltage applied to the emitter,
and the collector open circuited (I:o has a positive sign for NPN
transistors and a negative sign for PNP transistors).

ax Normal alpha, the d-¢ 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, Re, Re Ohmic resistance internal to the transistor and in series with the base,

emitter, and collector leads respectively.
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Is, Ig, 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 Rs, Re); forward bias is considered
a positive polarity.

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

Ves, Vos, Vor Terminal voltages: emitter to base, collector to base, and collector to

emitter respectively.

1/A = 26 millivolts at 25°C for m = 1.

Electronic charge = 1.60 X 107 coulomb.

Boltzmann’s constant = 1.38 X 107% watt sec/°C.

Absolute temperature, degrees Kelvin = °C 4 273,

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

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

mKT

3 3 me >

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(AA‘I/) (5a)

where AV is the corresponding change in voltage for a Al change in current on the
linear portion of the plot. For both silicon and germanium transistors, the best correla-
tion between theory and practice is obtained if the grounded base configuration is
used, and the other junction has a slight reverse bias.

BASIC EQUATIONS

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

anlgo = ailco (5b)

L=— 10 (eage_1)4 aleo  (onge_y) (5¢)
1 — ana; 1 — axar

L=+ 10 (oage 3y Too  (oage py (5d)
1 -— anar 1 - axair

Ie+Is+1Ic=0 (5e)

The above equations are written for the direction of current flow shown in F igure 5.1
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).
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I 1. ARGE SIGNAL CHARACTERISTICS

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 (5¢) and (5d) is negative. If this bias exceeds a few tenths of a volt,
erde < <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 5.2. 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.

C E
I U -
(o
B B
O
e —
IB IB
E C
(a) Normal (b) Inverted
THE NORMAL AND INVERTED CONNECTIONS
Figure 5.2

Under conditions of saturation and neglecting ohmic voltage drops, the voltage drop
between collector and emitter is given as

(1 — ax)
{ Normal) Ver = (* [l II" ax ] (5f)
[1 +, (l_“”]
1-: (1 — ax)
( Inverted ) Vie = (._) [l T 2! :I (5g)

[1+ - (l—a\,]
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Notice that equation (5g) can be obtained from (5f) by replacing Ic by I, ex by a; in
the numerator, and a; by ax in the denominator. If the ratio of load current to base drive,

;C or ?c » 1s very small, equations (5f) and (5g) respectively reduce to
B R

(Normal) Ver ~ (=) L\ In a3 (5h)

(Inverted) Vie ~ (£) 1\ In ax (51)

Py

The voltage given by (5h) or (5i) is termed “offset voltage” and is an important
property in transistor chopper and other low level switching applications. Since ar<ay
for most transistors, the offset voltage of the inverted connection will be less than
that of the normal connection. The offset voltage can be made zero by forcing a current
to flow from collector to emitter for a PNP transistor and from emitter to collector for
an NPN transistor.

The transistor in either mode of operation will remain saturated as long as the
bracketed terms in the numerator or denominator of equations (5f) and (5g) 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, depending
upon the polarity of the load supply. If either the numerator or denominator bracketed
term becomes zero, the log becomes infinite and the transistor comes out of saturation.
Since ar<ay, it can be seen from equations (5f) and (5g), that both the normal and

. . - . . I I
inverted configurations will become unsaturated respectively at lower ratios of~19~ & IE
B B

if the load current passes from collector to emitter in a PNP transistor and from emitter
to collector in an NPN transistor.

By differentiating equation (5f) and (5g) respectively with respect to Ic and Iy,

L . 1l —ax I
the dynamic impedance of the saturated transistor can be found. If ( =L .Io ) and
ax B

< ! : 21 )i' -are much less than 1, then
1 B

(Normal) rax = l\< ! T_:I aN-) (5))
A B 1
(Inverted) Tar = i <I_I_ Z' aN) (5k)
B aN
and :‘” = ?: (sl)
AN 1

Thus, the dynamic impedance is inversely proportional to the base current. Also, the
dynamic impedance of the inverted connection is larger than that of the normal con-
nection since ax>>ai. (This is in contrast to the offset voltage where it is smaller for
the inverted mode than for the normal connection ).

The body resistances Ri: and Re can be found by respectively plotting Ve and Vige
as a function of In. The collector and emitter are respectively open-circuited, and the
voltage is measured with a high impedance millivoltmeter. At high values of base
current (1 ma and up for most signal transistors ), Ver and Vee become linear functions
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of In. The slope of this linear portion of Vcr gives Re while that of Vic gives Rc. This
technique applies only to alloy and grown transistors. For mesa and planar transistors,
the technique does not apply. The reason for this is that the collector junction overlaps
the base lead forming a forward biased diode between the collector and base contact.
This diode coupled with the Iz Ra drop between the base contact and emitter edge
prevents the transistor from going hard into saturation."” For these transistors, R and
Rc cannot be found indirectly from external measurements. However, at lower base
currents (where the internal resistance voltage drops are negligible) equations (5h)
and (5i) are valid for these transistors.

CUTOFF OPERATION

By reverse biasing both emitter and collector, equations (5b), (c), and (d) can
be solved for the emitter and collector currents

(Normal) Ic= Iclo (_la:\:li (5m)
(Inverted) Iz = eo (I —ax) (5n)
1 — axa

Equations (5m) and (n) indicate that with both junctions reverse biased, the collector
current will be less than Ico, and the emitter current will be less than Igo. Thus, for
switching circuits where low leakage currents are desired, the advantage of using the
inverted connection can readily be seen.

USEFUL LARGE SIGNAL RELATIONSHIPS
COLLECTOR LEAKAGE CURRENT (lcro)

For the direction of current flow shown

T Iceo

- VC E>"O.| VOLT

 p— Ico
B CEO =
1 —ax

(50)

Icko 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 flow shown

Ices
—VCE>—O.I VOLT

Ico

Ices = -
1 — axa:

(5p)
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Icks is the collector leakage current with the base shorted to the emitter and equals
the leakage current the collector diode would have if the emitter 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, Icko and Ices and calculation of ay and a: from equa-
tions (50) and (5p). The value of Ito may be calculated from equation (5b).

COLLECTOR LEAKAGE CURRENT (lckn)
For direction of current flow shown

Vgg>—0.1VOLT
T ICER
I (1 ﬂI_ELR) _Ico B
R L= 1 — axar + ARIzo (1—ax) (5q)

Icer is the collector leakage current measured with the emitter grounded and a resistor
R between base and ground. The size of the resistor is generally about 10 K. From
equation (5q), it is seen that as R becomes very large, Icer approaches Iero—equation
(50). Similarly, as R approaches zero, Ici:r approaches Icss—equation (5p).

COLLECTOR LEAKAGE CURRENT — SILICON DIODE IN SERIES WITH EMITTER

For direction of current flow shown

Ve >-08 VOLT
Iz
P — (l + A&:ﬁ)R —_ axAVn) Ic()
> kg axar + ARIgo (1—ax) (5r)
> VD

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 Vp used in the equation is measured at a
forward current equal to the Ico of the transistor. This equation holds for values of Ic
larger than Ico.

Pl

—AAA

BASE INPUT CHARACTERISTICS

IB for Ic = 0
‘—-
VBE:IB(RE-{-RR)-{---%\—]I]( IIB +l) (55)
|VBE *
L for Ver > —.1 volt

- ; RH_ } 'IJ; (kt&\'(l[) ax (l—al)
Vo =T (Bet ) b [P AT g e s
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A comparison of equations (5s) and (5t) indicates that they are approximately
equal if R is small and ay is smaller than a:. For this condition, the base input charac-
teristic will be the same whether the collector is reverse biased or open-circuited.

VOLTAGE COMPARATOR CIRCUIT
Ig

Vv
ce for V, = V.

e e

SEz)] e

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 V.. is applied to the base
of the transistor, the output voltage V, will be a square wave exactly equal to Ve..
Equation (5u) 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.
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SWITCHING CHARACTERISTICS

CHAPTER

An ideal switch is characterized by an infinite resistance when it is open, zero
resistance when it is closed, and an input by which it can be opened or closed. Tran-
sistors can be used as switches. The advantages which transistor switches offer over
mechanical switches are that there are no moving or wearing parts, they are easily
activated from various electrical inputs, and associated problems such as contact
bounce and arcing are essentially eliminated. The common emitter configuration is
most often used for transistor switching. The collector and emitter correspond to switch
contacts; base to emitter current performs the input function. Common emitter tran-

: e
L e %

B‘/MAXIMUM RATED DISSIPATION
\
3\ / T IC
Ic B
\@&— SLOPE OF LOAD LINE=#— NPN
\ L

COLLECTOR CHARACTERISTICS
Figure 6.1

sistor collector characteristics are shown in Figure 6.1 which illustrates a transistor in a
switching application. Near the operating point A, the transistor switch is in the open
or high resistance state. When Iy = 0, I¢ = Ico divided by 1—a, Since 1 —a is a small
number Ie may be scveral times greater than Ico. A higher resistance may be achieved
by shorting the base to the emitter. Once the emitter junction is reverse biased by more
than .2 volts I¢ approaches Ico. This achieves the highest resistance from collector to
emitter.

Operating point B corresponds to a closed switch. Ideally the voltage from collector
to emitter would be zero. In practice, however, there is always an appreciable voltage
across the transistor. The best switches are germanium alloy transistors such as the
9N525 which has about 1 ohm resistance when switched on. Germanium mesa tran-
sistors such as the 2N781 have a saturation resistance of 5 ohms or less. Silicon planar
epitaxial units such as the 2N2193A have about 1.2 ohms saturation resistance and
approach the performance of germanium alloy types. These values, however, are

| [



SWITCHING CHARACTERISTICS | —

dependent upon collector and base current levels and are normally specified as a
saturation voltage, Vcgsam, for given current levels. In order that a low resistance be
achieved, it is necessary that point B lie below the knee of the characteristic curves.
The region below the knee is referred to as the saturation region. Enough base current
must be supplied to ensure that this point is reached. It is also important that both
the on and off operating points lie in the region below the maximum rated dissipation to
avoid transistor destruction. It is permissible, however, to pass through the high dissi-
pation region very rapidly since peak dissipations of about one watt can be tolerated
for a few microseconds with a transistor rated at 150 mw. In calculating the Is neces-
sary to reach point B, it is necessary to know how hei: varies with Ic. Curves such as
Figure 6.2 are provided for switching transistors. Knowing hee from the curve gives

. I . .
It min since Ig min = }-]c—'. Generally Is is made two or three times greater than Is min
FE

to allow for variations in heg with temperature or aging and, as will be pointed out
later, to improve some of the transient characteristics, The maximum rated collector
voltage should never be exceeded since destructive heating may occur once a transistor
breaks down. Inductive loads can generate injurious voltage transients. These can be
avoided by connecting a diode across the inductance to absorb the transient as shown
in Figure 6.3.

Even with the diode connected, large peak power transients can occur unless the
transistor is switched off rapidly. If the transistor is switched off slowly, as soon as
the collector comes out of saturation the collector voltage will rise to the supply
voltage as the inductor attempts to maintain a constant current. At this instant, tran-
sistor dissipation is the product of supply voltage and maximum load current. Specific
circuit components determine whether this dissipation is excessive.

Ta 280

|
|
‘ 1 vege-tv I ’ "
|

BASE CURRENT GAIN (hpc}

-140 180 180 -200

-20 -100 -120
COLLECTOR CURRENT T tMA)

D.C. BASE CURRENT GAIN (hrs)
VS. COLLECTOR CURRENT

Figure 6.2

Lighted incandescent lamps have about 10 times their off resistance, consequently,
Iz must be increased appreciably to avoid overheating the switching transistor when
lighting a lamp.
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A typical switching circuit is shown in Figure 6.4. The requirement is to switch a
200 ma current in a 25 volt circuit, delivering 5 watts to the load resistor. The
mechanical switch contacts are to carry a low current and be operated at a low voltage
to minimize arcing. The circuit shown uses a 2N525. The 1K resistor from the base
to ground reduces the leakage current when the switch is open. Typical values are
indicated in Figure 6.4.

-

DIODE
IN3605 FOR SMALL INDUCTANCE
INSI FOR LARGE INDUCTANCE

INDUCTANCE

PNP

DIODE USED TO PROTECT TRANSISTOR
FROM INDUCTIVE VOLTAGE TRANSIENTS

Figure 6.3

I, = IOmA = CURRENT THROUGH SWITCH

1009 .
oo S Vee = 19V SWITCH CLOSED

=25V TYPICAL VALUES
1250 I, =80uA SWITCH OPEN
S WATTS

I, = 0.2A SWITCH CLOSED

SWITCH
Il.f)v Vbe = 48V SWITCH CLOSED
1K

INPUT POWER = IS5 MILLIWATTS

- 1

— r— LOAD POWER = 5 WATTS

TYPICAL TRANSISTOR SWITCH APPLICATION
Figure 6.4

STEADY STATE CHARACTERISTICS

Four items — leakage current, current gain, dissipation, and saturation — which
have already been briefly mentioned, must be considered in determining the steady
state characteristics of switching transistors. At high junction temperatures, Ico can
become a problem. In the off condition, both the emitter and collector junctions are
generally reverse-biased. As a rule, the bias source has an appreciable resistance per-
mitting a voltage to be developed across the resistance by Ico. The voltage can reduce
the reverse bias to a point where the base becomes forward biased and conduction
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occurs. Conduction can be avoided by reducing the bias source resistance, by increas-
ing the reverse bias voltage, or by reducing Ico through a heat sink or a lower dissipa-
tion circuit design.

The Ieo of a transistor is generated in four ways. One component originates in
the semiconductor material in the base region of the transistor. At any temperature,
there are a number of interatomic energy bonds which will spontaneously break into
hole-electron pairs. If a voltage is applied, holes and electrons drift in opposite direc-
tions and can be seen as the Ico current. If 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 Ieo 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 6.5.

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 Ico 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
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 area, and of junction voltage, the fourth component
of Ico is voltage dependent. In an alloy transistor, this component of Ico is negligible
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 the mechanism
of Ico generation here is hole-electron pair formation, this component will be tempera-
ture sensitive as well as voltage dependent.

Figure 6.5(A) shows the regions which contribute to the four components. Figure
6.5(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.
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Figure 6.5

Figure 6.5(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 6.6 shows the variation of Ico with temperature and voltage for a number
of transistor types. Note that the curves for the 2N396 agree with the principles above
and show a leakage current less than one microampere.

The variation of current gain at high temperatures is also significant. Since hgg is
defined as Ic/Is, hrr depends on Ico since Ic ~ heo (Is + Ico). If Is = O i.e., if the base
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is open circuited, a collector current still flows, Ie = hr. Ico. Thus, hex is infinite when
Izs = 0. As base current is applied, the ratio Ic/Is becomes more meaningful. If heg
is measured for a sufficiently low Ic, then at a high temperature h¢.Jco will become
equal to Ic. At this temperature her becomes infinite since no Is is required to maintain
Ic. The AC current gain he., however, is relatively independent of Ico and generally
increases about 2:1 from —55°C to 4-85°C. Figure 6.7 illustrates this fact.
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The different electrical properties of the base, emitter, and collector regions 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 the maximum overall reliability, circuits should be designed to pre-
clude the possibility of thermal run-away under the worst operating conditions. The
subject of thermal run-away is discussed in detail in Chapter 7.

A major problem encountered in the operation of transistors at low temperatures is
the reduction in both the a-¢ and d-c current gain. Figure 6.7 shows the variation of
hyi: with temperature for the 2N525 and indicates that at —50°C the value of hye
drops to about 65% of its value at 25°C. Most germanium and silicon transistors show
approximately this variation of hy: and h¢. with temperature. In the design of switch-
ing circuits the decrease of her and the increase of Vi at the lower temperatures must
be taken into account to guarantee reliable circuit operation.
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N |
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Figure 6.7

As with most electrical components, the transistor’s range of operating conditions
is limited by its power dissipation capabilities.

Because the transistor is capable of a very low Vcg when it is in saturation it is
possible to use load lines which exceed the maximum rated dissipation during the
switching transient, but do not exceed it in the steady state. Such load lines can be
used safely if the junction temperature does not rise to the runaway temperature
during the switching transient. If the transient is faster than the thermal time constant
of the junction, the transistor case may be considered to be an infinite heatsink. The
junction temperature rise can then be calculated on the basis of the infinite heatsink
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derating factor. Since the thermal mass of the junctions is not considered, the calcula-
tion is conservative.

In some applications there may be a transient over-voltage applied to transistors
when power is turned on or when circuit failure occurs. If the transistor is manufactured
to high reliability standards, the maximum voltages may be exceeded provided the
dissipation is kept within specifications. While quality alloy transistors and grown
junction transistors can tolerate operation in the breakdown region, low quality alloy
transistors with irregular junctions should not be used above the maximum voltage
ratings. Many mesa and planar transistors exhibit negative resistance after breakdown.
Precautions should be taken to avoid this region or limit dissipation.

Quality transistors can withstand much abuse. 2N396 transistors in an avalanche
mode oscillator have been operated at peak currents of one ampere. 2N914 transistors
in the avalanche mode have generated an 8 ampere pulse with no apparent degradation.
Standard production units however should be operated within ratings to ensure con-
sistent circuit performance and long life.

It is generally desirable to heatsink a transistor to lower its junction temperature

since life expectancy as well as performance decreases at high temperatures. Heat
sinks also minimize thermal fatigue problems, if any exist.
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A transistor is said to be in saturation when both junctions are forward biased.
Looking at the common emitter collector characteristics shown in Figure 6.8(A) the
saturation region is approximately the region below the knee of the curves, since hrs
usually falls rapidly when the collector is forward biased. Since all the characteristic
curves tend to become superimposed in the saturation region, the slope of the curves
is called the saturation resistance. If the transistor is unsymmetrical electrically —
and most transistors are unsymmetrical — then the characteristics will not be directed
towards the zero coordinates but will be displaced a few millivolts from zero. For ease
of measurement, generally the characteristics are assumed to converge on zero so that
Ic

CE (SAT)

B e ——

the saturation resistance is ree sam —
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While the characteristic curves appear superimposed, an expanded scale shows
that Ve sam depends on In for any given Ic. The greater Is is made, the lower Vee sam
becomes until In is so large that it develops an appreciable voltage across the ohmic
emitter resistance and in this way increases Vcewam. In most cases the saturation
voltage, Vei ams, is specified rather than the saturation resistance. Figure 6.8(B) show-
ing the collector characteristics in the saturation region, illustrates the small voltage
off-set due to asymmetry and the dependence of rckam on Is. Note also that reesam
is a low resistance to both AC and DC.

In accordance with theory the collector saturation voltage, Vcesam, decreases
linearly with temperature for most transistors. In the case of alloy transistors, this is a
result of the increase of Ico with temperature which increases the effective base charge
at high temperatures. However, transistors which have an appreciable ohmic resistance
in series with the collector or silicon transistors which have a low Ico, generally exhibit
a positive temperature coefficient for Ver am.

The base to emitter voltage, Vse, has a negative temperature coefficient which is
about 2.0 millivolts per degree Centrigrade for both silicon and germanium transistors.
Figure 7.1 shows the emitter to base characteristics of the 2N525 at several different
temperatures. The series base resistance and emitter resistance (r’, r.") have a positive
temperature coefficient so that the IR drops across these resistances can offset the
normal variation of Vg at high values of base current.

The increase in Ve cam and the decrease in Vg at high temperatures can lead to
instability in DCTL circuits such as shown in Figure 6.21 and result in operation closer
to saturation in circuits such as those shown in Figure 6.23.

TRANSIENT RESPONSE CHARACTERISTICS

The speed with which a transistor switch responds to an input signal depends on
the load impedance, the gain expected from the transistor, the operating conditions
just prior to application of the input signal, as well as on the transistor's inherent
characteristics.
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(o) TYPICAL CIRCUIT
Igi* Ig2~0.5ma
c=10oma

I
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AT A BY SWITCH

(c) WAVEFORM AT B
SHOWING FORWARD BIAS
ON BASE DURING
SATURATION

{d)COLLECTOR WAVEFORM
SHOWING STANDARD
DEFINITIONS OF
RESPONSE TIMES

TRANSIENT RESPONSE
Figure 6.9

Consider the simple circuit of Figure 6.9(A). Closing and opening the switch
to generate a pulse as shown in Figure 6.9(B), gives the other waveforms shown. When
the switch closes, current flows through the 20K resistor to turn on the transistor. How-
ever there is a delay before collector current can begin to flow since the 20K must
discharge the emitter capacitance which was charged to —10 volts prior to closing
the switch. Also, the collector capacitance which was charged to —20 volts prior to
closing the switch must be discharged to —10 volts,

Time must also be allowed for the emitter current to diffuse across the base region.
A third factor adding to the delay time is the fact that at low emitter current densities
current gain and frequency response decrease. The total delay from all causes is called
the “delay time” and is measured conventionally from the beginning of the input pulse
to the 10% point on the collector waveform as shown in Figure 6.9(D). Delay time
can be decreased by reducing the off bias voltage, and by reducing the base drive
resistor in order to reduce the charging time constant. At high emitter current densities,
delay time becomes negligible. Figure 6.10 shows typical delay times for the 2N396
transistor.
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Figure 6.11(A)

The “rise time” refers to the turn-on of collector current. By basing the definition of
rise time on current rather than voltage it becomes the same for NPN and PNP tran-
sistors. The collector voltage change may be of either polarity depending on the tran-
sistor type. However, since the voltage across the collector load resistor is a measure
of collector current, it is customary to discuss the response time in terms of the collector
voltage. If all other circuit parameters are kept constant, the rise time will decrease
as the drive current is increased as shown in Figure 6.11(A). Turn-on time (delay time
plus rise time) is shown for the 2N994, a germanium epitaxial mesa in Figure 6.11(B).
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Storage time is the delay a transistor exhibits before its collector current starts to
turn off. In Figure 6.9, Rp and Ry are chosen so that R.. rather than hgr will limit the
collector current. The front edge of the collector waveform, Figure 6.9(D), shows the
delay time, ta, followed by the nearly linear rise time, t.. When the collector voltage
falls below the base voltage, the base to collector diode becomes forward biased with
the result that the collector begins emitting. By definition, the transistor is said to be
in saturation when this occurs. This condition results in a stored charge of carriers in
the base region and in some cases in the collector region.

Since the flow of current is controlled by the carrier distribution in the base, it is
impossible to decrease the collector current until the stored carriers are removed.
When the switch is open in Figure 6.9, the voltage at A drops immediately to —10
volts. The base voltage at B however cannot go negative since the transistor is kept on
by the stored carriers. The resulting voltage across Ry causes the carriers to flow out of
the base to produce a current In.. As soon as the stored carriers are swept out, the
transistor starts to turn off with the base voltage dropping to —10 volts and the base
current decreasing to zero. The higher I, is, the greater the stored charge; the higher
Is. is, the faster charge is swept out. Figure 6.12 shows the dependence of storage
time on Is: and Is. for the 2N396 transistor.

) ﬁl - —[ . ) i
30 PNP EPITAXIAL MESA ~— | \o='ae (OFF)=avouts

TRANSISTOR TYPE 2N994

¢ |ton-VS BASE CURRENT
% 40| DRIVE

@ I.=20ma Q\
AN

Vee (OFF)= 1 vOLT

o Vee=5VOLTS |
\
I SN
| | T
(oA | 2 5 10 20
IBI (MA)

tox VS. BASE CURRENT DRIVE
FOR 2N994

Figure 6.11(B)

The “fall time,” t., of a transistor is analogous to the rise time in that the transistor
traverses the active region during this time. As normally defined, fall time is the time
for the transistor to switch from 90% ON to 10% ON as shown in Figure 6.9(D).
Figure 6.13(A) shows typical fall time measurements for a 2N396. Turn off time (stor-
age plus fall time) for the 2N994 is shown in Figure 6.13(B).
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TRANSIENT RESPONSE PREDICTION

A number of methods exist which enable one to predict the speed of response of
a given transistor in a given circuit. Three fundamental methods are: the equivalent
circuit approach, charge control analysis, and the diffusion equation solution. The
equivalent circuit method normally uses the equivalent circuits shown in Figure 6.14.
NPN polarity is used in the circuits.

El:l:

DELAY TIME =
EQUIVALENT CIRCUIT !
(A) .

E,= ON DRIVE

E,=OFF BIAS ——
NOTE:
Ccp AND Cepy ARE
NON~LINEAR JUNCTION
CAPACITANCES
an I

= =<g=== b

| ¢ AAA-¢eoc RISE AND FALL TIME
LT EQUIVALENT CIRCUIT
R (B)

e ]

Zc

TRANSISTOR EQUIVALENT CIRCUITS
Figure 6.14
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The an, the common base current gain at a frequency f, is defined as
ax

f
1 I
+]fﬂ

an=—

(6a)

where ax = low frequency common-base current gain
f. = alpha cutoff frequency

Since both junctions are forward biased during storage time, the inverse character-
istics of the transistor are involved in storage prediction. The inverse characteristics
are obtained by interchanging the collector and emitter connections in any test circuit.
They are identified by the subscript I following the parameter, e.g., heg: is the inverse
DC beta. In the equivalent circuit approach, the storage time is analyzed by consider-
ing both junctions as emitting junctions. The common base current gain in the normal
condition is given in equation (6a). In the inverse mode of operation,

- ar
| =
. f 6b
I+ig- (6b)
al
where
a; = low frequency inverse common base current gain.

fa = inverse a cutoff frequency.

Using equivalent circuits, the storage time is defined as the time required for the
collector to become back-biased — i.e., to stop emitting. As will be shown shortly, this
is also the same as requiring that excess base charge be removed.

From the equivalent circuit, the transient times can be approximated. For delay
time, the effects of the collector capacitance can be neglected if Ecc is much greater
than E.. If E, and R (in Figure 6.14(A)) approximnate a current source, then
_ C(E)) X E. (6c)

In:

C.v (E.) is the average effective capacitance of the emitter junction between E.
volts reverse bias and the forward biased condition. A method of approximating this
capacitance will be discussed later in this section in conjunction with the charge
control parameters. In the following graphs results of the equivalent circuit approach
are shown for the common emitter configuration. Figure 6.15 gives the rise time
information.

ta

SYMBOLS DEFINED IN FIGURE 6.9 AND 6.14
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h TIME —p
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GRAPHICAL ANALYSIS OF RISE TIME
Figure 6.15
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If the load resistor Ri in Figure 6.9(a) is small enough that a current her Im,
through it will not drive the transistor into saturation, the collector current will rise
exponentially to hrgln with a time constant, hes/2rf.. However, if Ry limits the cur-
rent to less than hreln the same exponential response will apply, except that the curve

will be terminated at Ies = %, the saturation current. Figure 6.15 illustrates the case
L.

for Ies ~ hrelm/2. Note that the waveform will no longer appear exponential but
rather almost linear. This curve can be used to demonstrate the roles of the circuit
and the transistor in determining rise time. For a given transistor it is seen that increas-
ing heelm/Ic will decrease rise time by having Ic intersect the curve closer to the
origin. Since the approximate equation assumes that hrz and f. are the same for all
operating points and that the collector capacitance effects are negligible, the calcu-
lated results will not fit experimental data where these assumptions are invalid. Figure
6.11(A) showed that the rise time halves as the drive current doubles, just as the
expression for t, suggests, since in this case capacitance effects were small; however,
the calculated value for t. using the approximate expression is in error by more than
50%. This shows that even though the calculations may be in error, if the response
time is specified for a circuit, it is possible to judge fairly accurately how it will change
with circuit modifications using the above equations.

Collector current fall time can be analyzed in much the same manner as rise time.
Figure 6.16 indicates the exponential curve of amplitude Ic + hrelse, and a time con-
stant, hrr/2xf.. Fall time is given by the time it takes the exponential to reach Ics.

THE INTERCEPT OF Io AND THE CURVE GIVES f4.

Ig2 hee + Ic
_______ Sy = e e e e
7!
T // | W EXPONENT (AL CURVE
// !
z , |Ic |
T I
Yo 1 :
T 4 L
83 by |
! I
i I
r L
te  heeferfa TIME >
Lt R Gy hee Tge +Ics
& n
! 2w fq (t-ay) hee Ig2
| h i
by = FE 2CS __ |F 2 fq R Cebe | AND hpg Lgp>31cs

27fq  heplgptIcs
GRAPHICAL ANALYSIS OF FALL TIME
Figure 6.16

In the approximate expression in Figure 6.16, t. will be approximately equal to
1 s Les
2rte I

Figure 6.17 shows a curve which is useful for calculating storage time graphically.
The maximum value is hre (In: + I}, where Is. is given the same sign as Isi, ignoring

if hee is very large compared to Ics/Is..
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the fact it flows in the opposite direction. The time constant of the curve involves the
forward and inverse current gain and frequency cut-off. The storage time corresponds
to the time required to reach the current hrels; —Ic. It can be seen that for a given
frequency response, high her gives long storage time. The storage time also decreases
as Ise is increased or Is: is decreased.

|
hrelai-Ic /| ¥~ EXPONENTIAL CURVE

THE INTERCEPT OF (hpg Tg - Ic)

— - — AND THE CURVE GIVES tg.

CURRENT

pom ——— g — —

TIME ——»

i (ol

P4

(Ig+1gp)
N
v = ?v_:i?z(i*(!:)( l-ulﬁ)(la‘_’n%) IF hee Tgy > 3Tcs
GRAPHICAL ANALYSIS OF STORAGE TIME
Figure 6.17

hrec 41 l‘ Itis

Tlal

The time constant for a very unsymmetrical transistor is approximately

seen that the generally specified normal hre and f. are of little use in determining
storage time. For a symmetrical transistor, the time constant is approximately
hre 4+ 1
orfa
an unsymmetrical transistor with the same hgg and f..

. It is possible for a symmetrical transistor to have a longer storage time than

Using the charge control approach, the transistor is viewed from a more funda-
mental vantage point. The actual charge requirements of various regions within the
device are determined, and the transient times are found by calculating the time
required to supply the various charge components. 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 junc-
tion depletion layers are wide because of the reverse bias applied as shown in Figure

6.18(A). In Figure 6.9(A), this condition exists in the transistor when the switch is
open; Vg is equal to —10 volts and Vcs 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 6.18(B). The quantity of charge which
has been supplied to the emitter junction depletion region is called Qg and is a func-
tion of the reverse bias voltage which was applied to the junction prior to the appli-
cation 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,

I 59



SWITCHING CHARACTERISTICS N —

and the collector supply voltage being switched. Looking again at Figure 6.9(A), the
condition illustrated in Figure 6.18(B) exists when Vsg equals about .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, Ri, shown in Figure 6.9(A).
During this time a gradient of charge is established in the base regicn 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 Ic/hre (or Is), the collector current will rise to her Lu 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 6.18(C). The time required to move from the edge of cutoff to the

i
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edge of saturation is the rise time. Charge quantities involved are the base gradient of
charge Qs, which is a function of collector current flowing, and Q¢, 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 Q» and Q¢ is frequently accomplished by
measuring the two quantities together and then separating them as shown in Chapter
15, the sum of Qn and Qc is frequently used and is called Qn*. At the edge of satura-
tion the Vg is about .3 volt and Ves 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 to 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
permitted to flow into the base in excess of that required to saturate the transistor.
This current is called Isx. Distribution of Qsx in the transistor is shown in Figure

6.18(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 in 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
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 epitaxial 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 equations (6d).

_ Os

Ta — IBS

Te = %: (6d)
— Quy

™7 e

7. is called the active region lifetime, 7. is called the collector time constant, and
v is the effective lifetime in the saturated region. In some literature =, has been called
7.. Where collector minority carrier storage exists the measurement method for =
shown in Chapter 15 does not only measure Qsx/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 specified 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 as given in Equation (6e).
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t| —_ QE + an

In:
tr:Qu-‘}—Q(': T.-Ic-‘}-Qc
I Is (66)
Qsx _ Iux
s = = Ty —
Ie " Tas
t _QB"}‘QF‘_TcIc"}-QU
o= =
| P Is.

The simplicity of these equations is readily seen. Their accuracy is dependent upon
the assumption made in the equations that Is; and Is, 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. These refine-
ments are seen primarily in equations (6f) for rise and fall time.

t = Qs + Q¢
Im -5 IBs (Gf)
te = ——-LO—QB i
Isi + .5 Ins
Equations (6€) and (6f) assume that the current I, is sufficient to drive the tran-
sistor well into saturation. If In is three times greater than Iss, these equations are
valid. For the cases where the drive-on is not large compared to Iss, but nevertheless
is greater than Ins, equations (6g) are more accurate expressions.

. hrr Ry Qc] ( Inm )
o=/ r 1
[' Ve s Ty

Isi + Lo
ty = 7 In —— - 6
T In: + Iss (6e)
hre R Qc (Iu-_- + Ins>
te =| 7a 1
‘ [’ V. ] "\T .

The lack of simplicity of these equations is also readily seen. If the drive-on current
is not sufficient to drive the transistor into saturation the collector current will rise to
hre Is with a time constant slightly greater than 7. as shown in (6g). Fall time is also
determined by using the time constant of the t: expression in (6g), but the magnitude
attempts to reach hre In- in the reverse direction before it is interrupted at I. = 0. Thus,
the turn-off time from the non-saturated state is

- n hee Ri. Qc In: 4 In
t‘_["‘T Vee ]ln( T )

The charge control parameters as they appear on the 2N396A alloy device are
shown in Figure 6.19(A). On the specification, transient times are defined from 10% to
90% points to make their measurements easier as shown in Figure 6.9(D). This defini-
tion, however, demands that the equations be slightly modified to accommodate these
new definitions of transient times. The modified form is shown in Figure 6.19(A) with
the 2N396A specification. Figure 6.19(B) shows the charge graphs for the 2N994.

Frequently, it is convenient to know some of the relationships between charge
control parameters and small signal parameters. Convenient approximate interrelation-
ships are shown in equations (6h).

Qe=Ipgra=1Ip* hey
Tla
1 1
=l =L v 6h
Qs B 2nf, oril rfr (6h)
s —h
. FE

B = e e s
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Expressions for the emitter and collector depletion layer charge can be approxi-
mated from small signal capacitance measurements on the respective junctions. If Cos
is known at some reverse bias Ves with Ie = 0, the Q¢ can be approximated if it is
known whether the device has alloy, grown, or diffused junctions. If the device is an
alloy transistor, then

Cob = k Vg™ (6i)
where k is a proportionality constant. The approximate depletion layer charge required

for the alloy junction voltage to move from Vem to Ver: is found from equations 6j and
6k or Table 6.1.

Ve Ves:
Qc :fcob dVv = ka"/’ dv (61)
Ven K CcB1

Veee
Qc =2k Ves'”® = 2 k (Vcp"* — Vem'”?) (6k)

Vea

The value of k is found from the small signal capacitance measurement and the
expression given in equation (6i); that is, the junction constant k is found for the
collector junction of an alloy transistor by multiplying the measured Con by (Ves)"*
where Vs is the measurement voltage. Table 6.1 gives these formulae for other struc-
tures. For grown junctions, the capacitance is proportional to Ves™* while for diffused
junctions — mesa and planar structures — an approximate value of Ves™* is frequently
used. The diffused junction capacitance may, however, be proportional to voltage
functions anywhere from Ve to Vo™ and will vary with voltage level. Table 6.1
indicates some of the results from these considerations.

Parameter Alloy Grown Diffused
Cos ke Vae™? ke Ven™® ke Ves™*
Cin ke Vg™ ke Vgp™/* ke Ves ™!
V $H] V 2 V 2
0c 9k, Ve ’ ° 1.5k. Vet ' 1.6k Vet | ®
VCB! CB1 ch
V EB2 V 5B V S
ol 9. Vin' ‘ s 1.5k, Vea]| " ™" 1.6k Ver |
Vim EB1 Vem
kc* Co» V' Cou Ves'* Cov Ver™*
ke* Cip Ven'”? Cu V' Cip Vis™*

*The Ves or Vg

in these expressions is the measurement voltage for Con or Cin respectively.

Tabhle 6.1

APPROXIMATE VALUES OF Qc; AND @z FROM C,, AND C.,

An instance where Table 6.1 would be of value is in determining the charge re-
quirements for delay time. From equations (6d), it is seen that the delay time charge

is Qe + Qco. If the reverse bias on an alloy transistor is V. and the supply voltage is
Ve, then
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V.
Qe = 2k Vis"?| = 2k. V.7
(6]

Ocp = 2k. Vou'” o), [(v-_, Vo — \/]

e

or
Ql-: _+_ OCD — 2]\' v2142 + 2]\( [(V.: _+_ v.:‘_)llz e vrcuv]

On the 2N396A specification shown in Figure 6.19, the Qcn value would be taken
fr_om the Qcio graph by finding Qc at Vo 4+ V. and subtracting Q¢ at V.. from it.
Cse is specified as the average base-emitter junction capacitance and is essentially
equivalent to the capacitance at 1 volt reverse bias. The Cur value is thus numerically
equal to k.. Using these charge parameters, one can rapidly determine response char-
acteristics. Even if the input is not a current source, the charge requirements of the
device are useful. For example, the speed-up capacitor in RCTL (Resistance Capacitor
Transistor Logic) circuits can be estimated.

Also, since the charge graphs as shown in Figure 6.19 illustrate the effects of col-
lector current and voltage separately, a designer can readily estimate the effects of
supply voltage or load current variation on the transient response of a circuit. It is
interesting to note, for example, that at high current levels in the 2N396A specification
the depletion layer charge, Qc, is only a small fraction of Qs, whereas on a mesa device
like the 2N781 or 2N994, the collector depletion charge Qe¢ is a large fraction of the
total base charge (Qr + Qc) at almost all operating points of interest, as shown in
Figure 6.19 for the 2N396A and 2N994. These observations would argue that for alloy
transistors the supply voltage level which is being used need not be as critically
selected as for mesa units, and that the mesa’s ability to switch rapidly is shown more
readily at low collector supply voltages.

Solution of the diffusion equation for transient speed of a transistor is beyond the
scope of this manual. Two important results of this analysis should be stated however.
First, any prediction using equations given in this section to predict a response time
approaching 1/(25 f.) should not be accepted since approximations made are not valid
at these speeds. Secondly, as Is: becomes larger, the error in storage and fall time
equations increases since the minority carrier density in the base, shortly after the
application of the turn-off pulse, is not as shown in Figure 6.18(D), but is more like
that shown in Figure 6.20

EMITTER COLLECTOR
JUNCTION JUNCTION
N |
I\ |
| Qg Qpy |

N

BASE CHARGE DISTRIBUTION WITH LARGE Is:
Figure 6.20
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CIRCUIT TECHNIQUES TO AUGMENT
SWITCHING CHARACTERISTICS

Some circuits have been designed making specific use of saturation. The direct
coupled transistor logic (DCTL) flip-flop shown in Figure 6.21 utilizes saturation.
In saturation Veream can be so low that if this voltage is applied between the base
and emitter of another transistor, as in this flip-flop, there is insufficient forward bias
to cause this transistor to conduct appreciably. The extreme simplicity of the circuit

DIRECT COUPLED TRANSISTOR LOGIC (DCTL) FLIP-FLOP
Figure 6.21

is self evident and is responsible for its popularity. However, special requirements are
placed on the transistors. The following are among the circuit characteristics:

First, the emitter junction is never reverse biased permitting excessive current to
flow in the off transistor at temperatures above 40°C in germanium. In silicon, how-
ever, operation to 150°C has proved feasible.

Second, saturation is responsible for a storage time delay slowing up circuit speed.
In the section on transient response we see the importance of drawing current out of
the base region to increase speed. In DCTL this current results from the difference
between Vg sam and Ve of a conducting transistor. To increase the current, Ve sam
should be small and 1’ should be small. However, if one collector is to drive more
than one base, n’ should be relatively large to permit uniform current sharing between
bases since large base current unbalance will cause large variations in transient response
resulting in circuit design complexity. High base recombination rates and epitaxial
collectors to minimize collector storage result in short storage times in spite of ry’.

Third, since Vei sam and Ve differ by less than .3 volt in germanium, stray voltage
signals of this amplitude can cause faulty performance. While stray signals can be
minimized by careful circuit layout, this leads to equipment design complexity. Silicon
transistors with a 0.6 volt difference between Vi am and Vie are less prone to being
turned on by stray voltages but are still susceptible to turn-off signals. This is some-
what compensated for in transistors with long storage time delay since they will remain
on by virtue of the stored charge during short turn-off stray signals. This leads to
conflicting transistor requirements — long storage time for freedom from noise, short
storage time for circuit speed.

Another application of saturation is in saturated flip-flops of conventional configura-
tion. Since Vcewam is generally very much less than other circuit voltages, saturating
the transistors permits the assumption that all three electrodes are nearly at the same
potential making circuit voltages independent of transistor characteristics. This yields
good temperature stability and good interchangeability. The stable voltage levels are
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useful in generating precise pulse widths with monostable flip-flops. The section on
flip-flop design indicates the ease with which saturated circuits can be designed.

In general, the advantages of saturated switch design are: (a) simplicity of circuit
design, (b) well defined voltage levels, (c) fewer parts required than in non-saturating
circuits, (d) lew 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.

Ecc
RL hre 1 2
Ep
Ic N
1
! RL
|
1
—— Ep Ecc —= Vee
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 collector junction. Response time is not improved
appreciably over the saturated case since Ic is not clamped but rises to hrels. Typical
variations of I and hvs 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 (Ecc— Eu)/Ri. 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 1N3604
or 1N3606 have recovery times compatible with high speed planar epitaxial transistors,

A much better way of avoiding saturation is to control Is in such a way that Ic 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
voltage drop across R. is approximately IcR./hre 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, Vcz is approximately IcR:/hre. It is seen that if the load decreases (Ic
is reduced) or hrez becomes very high, Vcr decreases towards saturation. Where the
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change in hre is known and the load is relatively fixed, this circuit prevents saturation.

To avoid the dependence of Vi on Ie and hrg, 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

Vee is approximately (rIc + L) Re. It can be chosen to give a suitable minimum Vg,
E e

L E

g~ N2 Eec
CE~ R _h TR,
Ecc Rz
= IF V¢ <<E
cc
R hre ce

COLLECTOR CURRENT CLAMP WITHOUT BIAS SUPPLY
Figure 6.23(A)

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. Rs 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 .7
volts over a considerable range of current, it acts as a constant voltage source making
Ver approximately .7 volts. 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.

I,

n Ecc

Ry (Ece +I3R hyp)

RL hFE +R2

=

Vee

ot (_Ecc + I) iF Vep <<E
2 3
RL hFE CE cc

COLLECTOR CURRENT USING BIAS SUPPLY
Figure 6.23(B)
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Ece

B
Veg ¥ 0.7V at 25°C

Si

COLLECTOR CURRENT CLAMP USING SILICON
AND GERMANIUM DIODES

Figure 6.23(C)

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 Vcr to fall below Vge, the collector diode remains essentially non-
conducting since the .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 Veg, 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 Iy 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).

STORED CHARGE NEUTRALIZATION BY CAPACITOR
Figure 6.24
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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.



BIASING

CHAPTER

One of the basic problems involved in the design of transistor amplifiers is estab-
lishing and maintaining the proper collector to emitter voltage and emitter current
(called the biasing conditions) in the circuit. These biasing conditions must be main-
tained despite varations in ambient temperature and variations of gain and leakage
current between transistors of the same type. The factors which must be taken into
account in the design of bias circuits would include:

1.

2.

The specified maximum and minimum values of current gain (hrs) at the oper-
ating point for the type of transistor used.

The variation of hre with temperature. This will determine the maximum and
minimum values of hyx over the desired temperature range of operation. The
variation of hs: with temperature is shown in Figure 6.7 for the 2N525
transistor.

. 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 6.6. If silicon transistors are used,
it is best to use the specified high temperature Ico for estimating the maxi-
mum Ico.

. The variation of base to emitter voltage drop (Vu) with temperature. Under

normal bias conditions, Vg 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 7.1 shows the variation of Vsr 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.

. The tolerance of the resistors used in the bias networks and the tolerance of the

supply voltages.
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Two of the simpler types of bias circuits are shown in Figures 7.2 and 7.3. These
circuits can be used only in cases where a wide range of collector voltage can be
tolerated (for Figure 7.2 at least as great as the specified range of hre) and where
hre™* times Ico™™ is less than the maximum desired bias current. Neither circuit can
be used with transistors which do not have specifications for maximum and minimum
hre unless the bias resistors are sclected individually for each transistor. The circuit of
Figure 7.3 provides up to twice the stability in collector current with changes in hex
or Ico than the circuit of Figure 7.2. However, the circuit of Figure 7.3 has a-c feed-
back through the bias network which reduces the gain and input impedance slightly.
This feedback can be reduced by using two series resistors in place of R. and connect-
ing a capacitor between their common point and ground.

+Vee
O +VCC RL
RL R2
"‘
I
< =

Vee hFg (Ve tIcoR2)
= = +1 lps —m——— ————
Te-hrel R| co! B Ro+hpgRL

TRANSISTOR BIAS CIRCUITS
Figure 7.2 Figure 7.3

In cases where more stability is desired than is provided by the circuits of Figure
7.2 or 7.3, it is necessary to use a resistor in series with the emitter of the transistor as
shown in Figure 7.4. There are several variations of this circuit, all of which may be
obtained by the general design procedure outlined below. The currents shown in
Figure 7.4 are those which would be measured if an ammeter were inserted in that
circuit; thus, for example, the value of Is in the figure includes Ico.

lrc

Vee Ic=hppIg+ihpg+1 1o
/ a

hFE T
-a
P

BASIC TRANSISTOR BIAS CIRCUIT
Figure 7.4
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For the circuit of Figure 7.4, the following equations apply:

Ic = (hre + 1) (Is + Ico) (7a)
Vi = [_ - _RE = + Re :I Iz + Ve — IcoRu (7b)
(hee + 1)

Considering bias conditions at the temperature extremes, at the minimum teni-
perature, Iz will have its minimum value and the worst conditions would occur for
hre = hee™", Vae = Vo™, Ico = O or

at lowest temperature: Vg = [ Ry + Re :I ™™ 4 Vg™ (Tc)
hFEmln + l

and at the highest temperature of operation Iz will have its maximum value and the
worst conditions would occur for hrg = hreg™*, Vag = Vag™'", Ico = Ico™*".

at higheSt [ RB ] max min max
Ve=| 4 g ThRe | I Vae™'™ — Ico™* Ra.
temperature: B hea™ + 1 + Rg " + Vae o .
(7d)

from these two equations the value of Rg can be calculated by equating the two
expressions:
RB _ (IEmax _ IEmln) 3}1? 'i_ VBEmln _ X?:mnx (78)
Tco™™* — I o L Ie -
hee™* + 1 hes™™ + 1
As an example, consider the following bias circuit design:

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

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

3. Select the supply voltage and load resistance
\7cc = 20 VOItS; RL = 75K

4. Determine Ico™"*:

From the electrical specifications the upper limit of Ico is 10 na at 25°C and
from Figure 6.6 Ico will increase by a factor of 10 at 55°C, thus Ico™ = 10 X
10 = 100 pa.

5. Determine the values of hyg™'" and hgp™**

From the electrical specifications, the range of hyr at 25°C is 34 to 65. From
Figure 6.7 hvr can change by a factor of 0.75 at 0°C and by a factor of 1.3 at
+55°C.

Thus hee™'" = 0.75 X 34 = 25 and hrs™ = 1.3 X 65 = 85.
6. Determine the allowable range of Ix:

In general, the variation of the circuit performance with emitter current
determines the allowable range of emitter current. In some cases the allowable
range of emitter current is determined by the peak signal voltage required
across Ri.

Assume that the minimum current is .67 ma which gives a minimum voltage
of 5 volts across Ry, and the maximum emitter current is 1.47 ma which gives a
maximum voltage of 11 volts across Ri. The allowable range of emitter current
must be modified to take into account the tolerance of the bias resistors. That is,
if the allowable range of emitter current is .67 ma to 1.47 ma, the circuit must
be designed for some narrower range of emitter current to allow for resistor
tolerances.
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10.

11.

Assuming a bias network using three 5% resistors, then
Ie™'" = (1 4+ 3 X .05) (0.67) = 0.77 ma and
™ =(1—3X.05)(1.47) = 1.25 ma

. Estimate the values of Vgr™'" and Vg™~

From Figure 5.1 Vse™'" at 55°C and Iz = 1.47 ma is about 0.08 volt,
Vye™** at 0°C and Iz = 0.67 ma is about 0.17 volt.

. Calculate the value of Rg from equation (7e).

R = 4.17 R — 0.78K

. Using the equation from (8), choose a suitable value of Rg and Re. This involves

a compromise since low values of Rk 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 R..

Choose R = 2.7K for which Rx = 10.4K. This gives a minimum collector to
emitter voltage of 20 — (2.7 + 7.5) 1.47 = 5 volts.

Calculate Vi using equation (7c¢).
Vi = 2.56 volts

If the bias circuits of either Figures 7.5 or 7.6 are to be used, the values of the
bias resistors can be calculated from the values of Rs, Re and Vg obtained in
the preceding design by the use of the conversion equations which are given.
In these figures Rs represents a series resistance which would be present if trans-
former coupling were used in which case Rs would be the d-c¢ resistance of
transformer secondary. In cases where capacitor coupling is used Rs will usually
be equal to zero. A comparison of Figures 7.5 and 7.6 indicates that the circuit
of Figure 7.6 is superior in that for a given bias stability, it allows a lower value
of the emitter resistor or larger values of the base resistors than the circuit of
Figure 7.5. On the other hand, the circuit of Figure 7.6 gives a-c feedback
through the bias circuits which may be a disadvantage in some cases, as was
mentioned earlier in connection with Figure 7.3.

For the circuit of Figure 7.5, assume R« = 0. Then Ry = Ry = 2.7K,
R, = 77K or, choosing the next lowest standard value, R, = 68K. Using this
value, calculate R. = 10K. For the circuit of Figure 7.6 as before R, — 68K
and R’> = 10K. Resistor R’s is calculated as 1.73K or, using the next highest
standard value, R’; = 1.8K.

. 4 —O0 +V¢e

(Rg—R¢)V,
Ry B~ Rg!Vee

(o -

RV
O—‘{ R2=¢
Vee~VB

R3=Rg

VOLTAGE DIVIDER TYPE BIAS CIRCUIT
Figure 7.5
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(Rg—Rs)V,
R|'= B~ RslVee

A}
Ri'Ve
Rp's —————
27 VeeVa
R Ve
Rx'=Rp -
5 “RE~ Vo

VOLTAGE DIVIDER TYPE BIAS CIRCUIT WITH FEEDBACK
Figure 7.6

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 bias
methods used are shown in Figure 7.7 through Figure 7.9. In Figure 7.7 a three stage
direct coupled amplifier is shown. The second and third stages of this amplifier are
biased by the preceding stages. In the direct coupled amplifier, the stability is improved
if all transistors in the amplifier are similar since the changes in bias in adjacent tran-
sistors tend to compensate for one another. Further stability is gained in this configu-
ration by the addition of the feedback loop represented by R, R., and C.. C: is added
to eliminate a.c. feedback.

COMMON EMITTER DIRECT COUPLED AMPLIFIER
Figure 7.7
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In Figures 7.8 and 7.9, biasing techniques are used which will improve the input
impedance of the amplifier being designed. In Figure 7.8, the a.c. 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 7.9 bootstrapping
techniques are used. Here the a.c. and d.c. feedback are quite large. Temperature
stability and input impedance can be optimized but the gain of the circuit is sacrificed
for increased input impedance.

T}
)

I
I LIS

¥

Ry

——

DIRECT COUPLED AMPLIFIER
Figure 7.8

BOOTSTRAPPED AMPLIFIERS
Figure 7.9
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As an example of the biasing considerations for a direct coupled amplifier, the
circuit shown in Figure 7.8 is considered. Only d.c. conditions are of interest, there-
fore resistors Rs and R; will be considered together and called Re in the analysis. Node
equations can be written for this bias scheme

L =Ici + In: (7f)
I + I = I (7g)
Iss + Ies = I (7h)
Lo = I + L (7i)

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 transister’s action.

Ies = hres Ins + (hees + 1) Tom ()
Ie: = hege Ine 4 (hege 4 1) Ioos (7K)
The relationships between the voltages, resistors, and currents in the circuit are
LoV ;zvp, a
In =V ;l"“’ (Tm)
I = 7 (7n)
leo = Yoo Ve (7o)
) VF:R: \'A (7p)
L= (7a)

Substituting these voltage and resistor values into the node equations, and eliminating
Ic: and Ine by use of the transistor equations (7j) and (7k), the following results

Vo — Vp. Vi= Vm Vo = V\‘-: hm-:;’ + 1)
—het he Too - Tcos
R [ ( R )+ them 1) Len + == Beee (”’)
Tr
(1 + hes) ("' - Vo 1) = VR (79)

(V- _R'v” B Icoz)(l n hw__.) = her: (Vr-;RT V.) (7t)

\71-:-.» -V, \7| —= Vm V\

R - R -+ = (Tu)
To these equations, other transistor voltage relationships can be written
Vi + Ve = Vo (7v)
Vis + Veg: = Ve (Tw)
Vl-:l + Vi = Vi (7x)
Vi 4+ Vi = Vie = Vau (Ty)

There are now eight independent equations (7r) through (7y), 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
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current relationships within the circuit must also change so that equations (7r) through
(Ty) 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 V. exactly
over the range of hrr 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 hrg = hpe™'", Vae™*, and Ico = 0. At high temperature, the emitter currents will
have a maximum value, and the worst case is encountered for hrg = hre™>, Vg =
Vngmln, and Ico = Ico.m'x

The choosing of resistor values throughout the circuit is normally accomplished by
considering circuit requirements in conjunction with transistor operating conditions.
Equations (7f) through (7q) 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. Some considerations are mentioned earlier
in this chapter and also in Chapter 14. A general method of checking the values of
resistance chosen could be worked out by solving equations (7r) through (7y) for Ve
by eliminating all voltages except Vo, Vag, and Vag:. The resulting equation will be
of the form

Vs — Ki Vo + X2 Vee -+ Ks Vee: 4 Ko Icor + Ks Icos

e (7z)

If no approximations are made, these constants can be quite lengthy. For the case of
Figure 7.18 the constants are

_u+h@RcR( &) » (h _&)
K= R [ {1+ R + R. + hre: Rz:l R. FE2 R (783)

1 L] 4

Ko = — hees (hees Re — Ro) (7bb)
K: = hre: Rs (Tce)
Ko = hees (1 + hres) (Ba + Ri Ro) (7dd)
Ro—=—(1 + heg) [(1 + heed) (Bs Rs + Re) + (Ri Re + Rc)] (Tee)
. K= (bl Re[ g, (14 00) 4 Bu o o]+ Ba L RIRe g
Ri =Ri + (1 + hew) Rs (Tgg)
Rs = R. R, + Re Ro + Ro Ro (Thh)
Rc = R Rs + R: Ro + Rs Re (7ii)

By calculating the value of Ve, using the worst case values for hrg, Vse, 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 7.8.

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: Rs = 0; or R¢ = 0,
and R, represents resistance seen at the base by the first transistor.
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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 (T4), and the thernal resistance (K).

Ts =Ts + KP (7ii
If the ambient temperature is increased, the junction temperature would increase an
equal amount provided that the power dissipation was constant. However, since both
hre 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 (ATs/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-
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 cutofl 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 7.10) the following analysis can be used:

Ico .
-— Vcc--30V

RL=IK

2N527

Figure 7.10

The transistor power dissipation will be,

P = IcoVer = Ico(Vee — IcoRL) = Ico Vee — Ico® Ri (7kk)
The rate of change of power dissipation with temperature will be,
db _ dP  dlee _ (v . _ o1,.R,) slco (71

dT — dlee  dT
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) 8lcon = 1/K (7mm)
where Icox is the value of Ico at the run-away point. Solving for Icox gives,

Voo = V{Veo)® = (S'RQ/@SW
~ 4R.

(7nn)

Icox

1 109



BIASING T S e O = G

In this equation the solution using the negative sign gives the value of Icoy, 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/2Ry so that the collector voltage after run-away can never be less than one half of
the supply voltage Vec. If the term under the square root sign in the above equation is
zero or negative, thermal run-away cannct 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 R, equals .25 Vee. As Ry,
goes to 0, the solution for Iron using the negative sign is indeterminant, i.e., equal to
0/0. In this case Equation (7mm) is used and
1

5 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 (7nn) or (700) the corresponding junction
temperature can be determined from a graph such as Figure 6.6. The heating due to
Icow is found by substituting Icow for Ico in Equation (7kk). Finally, the ambient tem-
perature at which run-away occurs can be calculated from Equation (7jj).

IC().\'. =

(700)

In circuits which have appreciable resistance in the base circuit such as the circuit
of Figure 7.11 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
Vg +Iv —
° NV e———
Rg 1K N =K
2N527

Figure 7.11

(Vcc :2RLh;,I,) =+ \/(ch; 2RLhqu)2 — (SRL‘)/QSK) )

P d 7
Tcowm 4R.h. (7pp)
where I, = Vu/Rs. When Ry, approaches 0.
1
I 4 = 7
cox lh'lc 5K VC(: ( q(l)

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.
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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 hre - 00, Vue = 0,
R. = 0, and Ico = Ico™*~. If these conditions are applied to a transistor in the general
bias circuit shown in Figure 7.12 the total transistor dissipation is given by:

Vee=—30V
Rp
vg = 2V 2N527
3.3K
RESIK
Figure 7.12
P = Veele = (Vcc — Vs — IcoRn) (Ico + Ve +RIC°RB ) (71'1')
E

Equating dP/dT with 1/K and solving for Icou as before,
(Vcc — R1VB) + V(Vce — ﬁ:VBTl_—_ (R;)/_(BK)
4Rn

(7ss)

Icos

where
Ry + 2Rs 8R.Ra
Rl b ¥ R ~— .
Re + R *~ "Re + Ra

As before, the solution of Equation (7ss) using the negative sign gives the value of
Icou, while the solution using the positive sign gives the final value of Ic 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 Icon in Equation
(7rr) and the maximum junction temperature is obtained from Equation (7jj).

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 receiver shown in Figure 10.12. The transistor is the 2N241A for
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which K = 250°C/watt and Ico™** = 16ua at 25°C and 25 volts. Calculating the circuit
values corresponding to Figure 7.12 and Equation (7ss):

Vee=9v, Rg=100€

_(1000) (9) (1000) (4700) .
Vo= 1000} (O _ 5 Rs — — 8250
® = 1000 + 4700 58y = 1000 4 4700 — O%°
100 4+ 2(825) _ _ 8(100) (825)
R, = 100+ 2(825) _ g4 R. — ) =713 0
100 + 825 : 100 + 825 S

Calculating Icos from Equation (7ss)

Icom = 6 -’_-33\6847 — 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 Icon/Ico™* = 100 the junction temperature at run-away from Figure
6.6(A) is about 92°C. The dissipation at run-away, calculated from Equation (7rr), 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
circuit under consideration the transformer primary will have a small d-c resistance (Rx)
which will reduce the transistor power dissipation by approximately (Ic)'Rr where I¢ is
given by the second term in Equation (7rr). Assuming that the d-c 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.



AUDIO AMPLIFIERS

CHAPTER

SINGLE STAGE AUDIO AMPLIFIER

Figure 8.1 shows a typical single stage audio amplifier using a 2N1414 PNP
transistor,

-2V
I00K RL 5K
Eril
t
7y = eou
g 5/.1,fd
f 2NI414
e.
+ - 1n
-1V
I0K
_\l/ CI
= I8 + | 50/,Lfd

SINGLE STAGE AUDIO AMPLIFIER
Figure 8.1

With the resistance values shown, the bias conditions on the transistor are 1 ma
of collector current and six volts from collector to emitter. At frequencies at
which C. provides good by-passing, the input resistance is given by the formula:
Rin = (1 4 heo) hi. At 1 ma for a design center 2N 1414, the input resistance would
be 45 X 29 or about 1300 ohms.

The a-c voltage gain (:"" is approximately equal to- }l: L For the circuit shown, this
In ib
would be 5(2)80 or approximately 172.

The frequency at which the voltage gain is down 3 db from the 1 Kc value
depends on r,. This frequency is given approximately by the formula

1+ he.

low fan, = 6.28 (r..-Cl)

TWO STAGE R-C COUPLED AMPLIFIER

The circuit of a two stage R-C coupled amplifier is shown by Figure 8.2. The
input impedance is the same as the single stage amplifier and would be ap-
proximately 1300 ohms.
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Figure 8.2

The load resistance for the first stage is now the input impedance of the second

stage. The voltage gain is given approximately by the formula
Ay = hm

R
hlh

More exact formulas for the performance of audio amplifiers may be found in
Chapter 4 on small signal characteristics.

CLASS B PUSH-PULL OUTPUT STAGES

In the majority of applications, the output power is specified so a design will
usually begin at this point. The circuit of a typical push-pull Class B output stage is
shown in Figure 8.3.

2NMI3

0n %

%y
FROM b
pawver VOKE Con
STaGE =

08

2nicis

2700

vty

Figure 8.3

The voltage divider consisting of R1 and R2 gives a slight forward bias of about
.14 volts on the transistors to prevent cross-over distortion. The 10 ohm resistors in the
emitter leads stabilize the transistors so they will not go into thermal runaway when
the ambient temperature is less than 55°C. Typical collector characteristics with a load
line are shown below

I MAX

LOAD LINE
COLLECTOR CURRENT

NO SIGNAL OPERATING
POINT

E cc
COLLECTOR VOLTAGE

Figure 8.4
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It can be shown that the maximum a-c output power without clipping using a push-
pull stage is given by the formula

I"l-’\‘ V : :
Poue = 5 Y where Vei = collector to emitter voltage at no signal.
Since the load resistance is equal to Ry = IV"”

and the collector to collector impedance is four times the load resistance per collector,
the output power is given by the formula

2 V(‘ I'ZL'

Pis= R... (8a)
Thus, for a specified output power and collector voltage the collector to collector load
resistance can be determined. For output powers in the order of 50 mw to 850 mw,
the load impedance is so low that it is essentially a short circuit compared to the out-
put impedance of the transistors. Thus, unlike small signal amplifiers, no attempt is
made to match the output impedance of transistors in power output stages.
The power gain is given by the formula:
Pou: _ 1> Ry
P L. Ria
Since I, is equal to the current gain, Beta, for small load resistance, the power gain

Lia

formula can be written as

P.G. = g:—: (8b)

where R._. = collector to collector load resistance.

Power Gain =

Ri-1» = base to base input resistance.
g = grounded emitter current gain.

Since the load resistance is determined by the required maximum undistorted output
power, the power gain can be written in terms of the maximum output power by com-
bining equations (8a) and (8b) to give

26° Vce*
P.G = - 8
Rh-b Pout ( C)

CLASS A OUTPUT STAGES

A Class A output stage is biased as shown on the collector characteristics below

TMAX

COLLECTOR CURRENT DC OPERATING POINT

IG

Vee Ve
COLLECTOR VOLTAGE

Figure 8.5

The operating point is chosen so that the output signal can swing equally in the posi-
tive and negative direction. The maximum output power without clipping is equal to
— \7 CE Ir
2
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The load resistance is then given by the formula
N Vee

Re = L
Combining these two equations, the load resistance can be expressed in terms of the
collector voltage and power output by the formula below

R

2P,

For output powers of 20 mw and above, the load resistance is very small compared to
the transistor output impedance and the current gain of the transistor is essentially the
short circuit current gain Beta. Thus for a Class A output stage the power gain is given
by the formula

? Re, B Ver*
p.G =B — !
Rin  2R..P. (8e)

(8d)

CLASS A DRIVER STAGES

For a required output power of 400 mw, the typical gain for a 12 volt push-pull
output stage would be in the order of 27 db. Thus the input power to the output stage
would be about 1 to 2 mw. The load resistance of a Class A driver stage is then deter-
mined by the power that must be furnished to the output stage and this load resistance
is given by equation (8d). For output powers in the order of a few milliwatts, the load
resistance is not negligible in comparison to the output impedance of the transistors,
therefore, more exact equations must be used to determine the power gain of a Class A
driver stage. From four-terminal network theory, after making appropriate approxima-
tions, it can be shown that the voltage gain is given by the formula

R;
Ay = - 8f
"T he 4 Ze 2
where his = grounded base input impedance.
7. — external circuit impedance in series with emitter.
The current gain is given by the formula
Al ——— 8
"7 1—a+Rehe ®e)

where ho, = grounded base output conductance.
The power gain is the product of the current gain and the voltage gain, thus unlike
the formula for high power output stages, there is no simple relationship between
required output power and power gain for a Class A driver amplifier.

DESIGN CHARTS

Figures 8.6 through 8.15 are design charts for determination of transformer imped-
ances and typical power gains for Class A driver stages, Class A output stages, and
Class B push-pull stages. The transformer-power output charts take into account a
transformer efficiency of 75% and therefore may be read directly in terms of power
delivered to the loudspeaker. Power gain charts show the ratio of output power in the
collector circuit to input power in the base circuit and therefore do not include trans-
former losses. Since the output transformer loss is included in the one chart and the
design procedure used below includes the driver transformer loss, it can be seen that
the major losses are accounted for.

The charts can best be understood by working through a typical example. Assume
a 300 mw output is desired from a 12v amplifier consisting of a driver and push-pull
output pair. Also the signal source has an available power output of 30 maw
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(30 X 107° watts). Overall power gain required then is
PG — Pu _ 300mw _ 300X 10°

800X 10° 14 10
P.. 30mew 30 X 10° X

or 70 db.

To obtain 300 mw in the loudspeaker, the output pair must develop 300 mw plus
the transformer loss.
Pout 300 mw

Peotiector to cottedtar = =27 " =400 mw
transformer eff. 75

From Figure 8.11, a pair of 2N1415’s in Class B push-pull has a power gain of
approximately 28 db at 400 mw. This is a numerical gain of 650 so the input power
required by the output stage is

Lin == E“",' 200 .62 mw
Gain 650
If the driver transformer is 75% efficient, the driver must produce
__ P into output stage .62 mw
Pariver = b o = = 8D
o 75% 75 mw

The remaining power gain to be obtained from the driver is 70 db — 28 db = 42 db.
From Figure 8.15 the 2N322 has a power gain of 42.5 db at a power output of .82 mw.

The output transformer primary impedance is obtained from Figure 8.6 on the
12 volt supply line at 400 mw output, and is 600 ohms maximum collector to collector
load resistance. Therefore a more standard 500 ohm CT output transformer may be
used with secondary impedance to match the load. From Figure 8.12 the driver trans-
former primary impedance is 40,000 ohms, but as low as a 20,000 ohm transformer can
be used and still have 42 db gain. The secondary must be center-tapped with a total
impedance of 800 to 5000 ohms. When this procedure is used for commercial designs,
it must be remembered that it represents full battery voltage, typical power gain and
input impedance, and therefore does not account for end-limit points. Figure 8.17 is a
circuit that uses the above design calculations.

1001 T B L T THHH
800 . DESIGN CHART FOR 1
QUTPUT TRANSFORMER [T
= IN CLASS 8 PUSH-PULL 1T
F3 AUDIO AMPLIFIERS  ——
5
S 40
% N
E N \"uo(
S 00\ o
A ¥
= » 2
2 &, ‘
|- J
5 [ R
z 100 '
4 N
= 8 LQ 2,
= > >
S
i 60 Yoot
2 Iy BN
g X~
3 40 -S‘OAA N
o N
g
N N
z 20 N N
H N
F 4
E N
10 AN
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Figure 8.6
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TRANSISTORS LISTED IN THE TOP ROW ARE PREFERRED TYPES AND SHOULD BE
USED IN ALL NEW DESIGNS. THEY CAN BE SUBSTITUTED FOR TYPES LISTED
BELOW THEM IN THE SAME COLUMN.

* * * *
2N322 | 2N323 2N324 2N508 | 2NI4I3 2N1414 2NI4i5 2NII7S

2NI90 2NI9l 2NI92 2N265 2NIB7A | 2NIBBA | 2N24IA 2NI192
2NIg9 2NIS0 2NI9I 2N324
2N3I9 2N320 2N321
2N322 2N323

% THESE TYPES CAN NOT BE SUBSTITUTED IF APPLICATION REQUIRES
Vegr > 16 VOLTS

PREFERRED TYPES AND SUBSTITUTION CHART
Figure 8.16
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Ry, 156,000 014 e oo c“‘_f":.'ﬁd,','zv FOR USE WITH MAGNETIC CARTRIDGE

Ry 10,000 OHM TRy, ——GE.2N322 |

y— 470 ow

Re: 220JONM T' 5000 CT/ Ve,

Ry, 2700 OHM 2

Rg, 33 OHM ALL RESISTORS 1/2W

Rg:Ryy— 10 OHM

25K LINEAR

12 VOLT PHONO AMPLIFIER
Figure 8.17
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HIGH FIDELITY CIRCUITS

CHAPTER

Transistors are ideally suited for high fidelity amplifiers since there is no problem
with microphonics or hum pick-up from filaments as there is with tubes. Transistors
are inherently low impedance devices and thus offer better matching to magnetic
pick-ups and loudspeakers for more efficient power transfer.

Transistor circuits with negative feedback can give the wide frequency response and
low distortion required for high fidelity equipment. In general, the distortion reduction is
about equal to the gain reduction for the circuit to which negative feedback is applied.
The input and output impedances of amplifiers with feedback are either increased or
decreased, depending on the form of feedback used. Voltage feedback, over one or
several transistor stages, from the collector decreases the output impedance of that
stage; whereas current feedback from the emitter increases the output impedance of
that stage. If either of these networks are fed back to a transistor base the input im-
pedance is decreased, but if the feedback is to the emitter then the impedance is in-
creased. The feedback can be applied to the emitter for effective operation with a low
generator impedance, whereas the feedback to the base is effective with a high imped-
ance (constant current) source. If the source impedance was low in the latter case then
most of the feedback current would flow into the source and not into the feedback
amplifier. The feedback connections must be chosen to give a feedback signal that is
out-of-phase with the input signal if applied to the base, or in-phase if it is applied to
the emitter of a common emitter stage.

Care must be used in applying feedback around more than two transistor stages to
prevent high frequency instability. This instability results when the phase shift through
the transistor amplifiers is sufficient to change the feedback from negative to positive.
The frequency response of the feedback loop is sometimes limited to stabilize the cir-
cuit. At the present time, the amount of feedback that can be applied to some audio
power transistors is limited because of the poor frequency response in the common
eniitter and common collector connections. The common collector connection offers the
advantage of local voltage feedback that is inherent with this connection. Local feed-
back (one stage only) can be used on high phase shift amplifiers to increase the fre-
quency response and decrease distortion.

PREAMPLIFIERS

Preamplifiers have two major functions: (1) increasing the signal level from a
pick-up device to about 1 volt rms, and (2) providing compensation if required to
equalize the input signal for a constant output with frequency.

The circuit of Figure 9.1 meets these requirements when the pick-up device is a
magnetic phono cartridge (monaural or stereo), or a tape head. The total harmonic
or I.M. (inter-modulation) distortion of the preamp is less than % % at reference level
output (1 volt).

This preamp will accommodate most magnetic pick-up impedances. The input im-
pedance to the preamp increases with frequency because of the frequency selective
negative feedback to the emitter of TR1. The impedance of the magnetic pick-ups will
also increase with frequency but are below that of the preamp.

e 125



HIGH FIDELITY CIRCUITS |

1'6 aIndi4

43141TdNVIYd 3dY1-ONOHd

3901418V D
03434S
= 0001 — ¥A
T L
O 4 o
iy
o [}
] bl
1nd1no 139 001
ReTER b — VA =
#s N\ ¥
00! 00S5L
BOSNZ
1yl —Ho
AMNIH L0 A N FAT A0z uzoxmwmo_z
4 HE0¢ QVaH 3dvi
Soshg %013500°0 I3l x%sz
v
15008 S$vE |vNanN 7 vd VbEONZ
-t 4 e
. 00z28 2 Ag
= e T=a0s< ool
2N ¥ V(4 — ONOHd b
+ ® — *—o 03$/,%/€ € - 3dVL €
. /601 F100 i 23S/,2/1 L —3dVL 2
= u\,o_u_o.&l 3NOHJOY¥DIN HO HANAL |
+ = - 36l SNOILISOd HOLIMS
NG == 2 gl " of
=g e gk
o) 2




R [ IGH FIDELITY CIRCUITS

The first two stages of this circuit have a feedback bias arrangement with R3
feeding bias current to the base of TR1 that is directly proportional to the emitter
current of TR2. The output stage is well stabilized with a 5K emitter resistance. TR4
is used to stabilize the circuit bias conditions from 25° to 55°C (130°F) ambient and
also with variations in hrg for TR1 and TR2. Thus TR4 is not used as a signal ampli-
fier, but as a collector load resistor for TR1. Its resistance will decrease with either
increasing ambient temperature or increasing collector current from TR1. The increas-
ing collector current of TR1 may be a result of either higher ambient temperature or
higher hrz transistors. The collector to emitter resistance of TR4 will also decrease due
to the leakage current (Ico) of TR4 itself with increasing ambient temperature. The
stabilizing circuit (R2, R5, and R6) for TR4 was selected so that TR4 (as the collector
load for TR1) would have the desired temperature characteristic to stabilize the col-
lector voltage of TR1, with increasing ambient temperature up to 130°F. The collector
voltage of TR1 is the base bias voltage for TR2, and TR2 biases TR1 as indicated above.

TR4, in addition to its role as a temperature sensitive resistance, acts as a current
sensitive resistance and thus automatically adjusts its resistance for hes variations of
TR1 and TR2 to maintain the collector voltage at TR1 between .75 and 1.6 volts.

The AC negative feedback from the collector of TR2 to the emitter of TRI1 is
frequency selective to compensate for the standard NAB recording characteristic for
tape or the standard RIAA for phonograph records. The flat response from a standard
NAB recorded tape occurs with the Treble Control (R4) near mid-position or 12K
ohms (see Figure 9.2). There is about 5 db of treble boost with the Control at 25K and
approximately 12 db of treble cut with R4 = 0. Mid-position of the Treble Control
also gives flat response from a standard RIAA recording. This treble equalization
permits adjustment for variations in program material, pick-ups, and loudspeakers.

0 - — i
+ | .] , . .
| |
O }-REFERENCE LEVEL {IVOLT) — 4 77+

TAPE HEAD-NORTRONICS ASQ7K
VIKING TAPE DECK

TAPE SPEED 71/2" / SEC
a0 b — . ‘ = ‘
|

TAPE PREAMPLIFIER OUTPUT igb)
o
=3
|

-50 — — {

—————— NOISE LEVEL™ 55 db BELOW REFERENCE — — — — — — = =
| I

-60

TAPE PREAMPLIFIER RESPONSE FROM NAB RECORDING
Figure 9.2

The RIAA feedback network (with Treble Control at mid-position) has a net feed-
back resistance of 7.5K to decrease the gain because of the higher level input. This
resistance has a .01 uf capacitor in parallel for decreasing the amplifier gain at the
higher frequencies in accordance with RIAA requirements. This eliminates the need to
load a reluctance pick-up with the proper resistance for high frequency compensation.
If it is desirable to build the preamplifier for phonograph use only, the compensating
feedback network would consist only of a .04 uf feedback capacitor in series with a
7.5K resistor (or a 10K Treble Control) which has a .01 »f capacitor in parallel.
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HIGH FIDELITY CIRCUITS I

The manufacturer of a piezoelectric pickup often has a recommended network
for converting his pick-up to a velocity device, so that it may be fed into an input
jack intended for a magnetic pickup.

The voltage feedback from the collector of TR2 decrcases at lower frequencies
because of the increasing reactance of the feedback capacitor in series with the Treble
Control. In switch position #1 the capacitor C3 is large enough to make the voltage
feedback, and thus the gain, constant across the audio spectrum. This flat preamp
response can be used with a tuner, F.M. decoder or microphone. The input impedance
to the preamp in #1 switch position is about 25K ohms, and 15 millivolts input level
gives 1 volt output. When used with an F.M. tuner or decoder the standard 75 micro-
second de-emphasis can be accomplished in this preamp by shunting the 7500 ohm
feedback resistor with .01 micro-farads.

In switch position #3 with the Treble equalization at 30K, the equalized response
is flat from 50 cycles to 7% Kc with an NAB recording at 334”/second. The S/N
(signal-to-noise ratio) is 50 db.

The reference level for /N measurements in tape recording is the maximum level
at which a 400 cycle signal can be recorded at 2% harmonic distortion. In vacuum
tube circuitry there is a problem in maintaining high §/N at audio frequencies because
of the lower signal transfer from a magnetic pickup (tape, phono, or microphone) to
the tube grid. The lower input impedance of the transistor more nearly matches the
source for a better signal transfer and thus improved S/N.

A good S/N can be realized with a tape head inductance between .2 and 1 henry.
The .4 henry tape head gave a very flat response with this preamp (see Figure 9.2)
and a S/N of approximately 55 db. One has to be careful of the physical position of
the tape head or the noise output will increase considerably due to pick-up of stray
fields. For good S/N it is important that the tape head have good shielding and hum
bucking. The S/N is improved by the 100 ohm resistor in the emitter of TR2 which
reflects a higher input impedance for this stage and thus TRI has increased gain.

The preamp in the #2 (Tape at 7%”/sec.) position requires about 1.5 mv input
signal at 1 Ke for 1 volt output. Therefore a tape head with a 1 Kc reference level
output of 1.5 to 3 mv is desirable.

The emitter-follower output stage of the preamp gives a low impedance output for
a cable run to a power amplifier (transistor or tube) and acts as a buffer so that any
preamp loading will not affect the equalization characteristic.

The Treble Control should have a linear taper and the Level Control an audio
taper. Two 9 volt batteries will give good life in this application since the total supply
drain is approximately 4 ma DC. This 18 volts may also be obtained by suitable decou-
pling from a higher voltage supply with an 18 volt zener.

This is a high gain circuit and thus care should be used in layout to prevent
regenerative feedback to the input. Also, a switching circuit at the input will increase
the possibilities for hum pick-up and thus decrease the S/N.

BASS BOOST CIRCUIT

The bass boost circuit of Figure 9.3 operates on the output of the preamp (Figure
9.1). With this addition, the operator has the necessary treble and bass control to com-
pensate for listening levels, or deficiencies in program material, pick-up, speakers, etc.
This bass boost circuit gives the operator independent control of the level, or amount
of bass boost desired, or the level control can be used as a loudness control.

It is usually desirable to have some method of boosting the level of the lower
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TRANSISTOR

<+—— BASS BOOST

INPUT
50K

07 HENRY
500 D.C.

5K & LEVEL |, MAXIMUM
% e 0
10u f
QO

BASS BOOST CIRCUIT
Figure 9.3

portion of the audio spectrum as the overall sound level is decreased. This is to com-
pensate for the non-linear response of the human ear as shown in the Fletcher-Munson
curves that are often referred to in the audio industry. The ear requires a higher level
for the low frequency sound to be audible as the frequency is decreased and also as
the overall spectrum level is decreased.

Figure 9.4 shows the frequency characteristics of this bass boost circuit. With the
level control set for zero attenuation at the output there is no bass boost available, but
as the output level is attenuated, the available bass boost increases.

| |

oOr— ‘IOdb LEVEL

|
o I !7_ | |

(db)

MAX.]BASE BOOST
| AT -20db
-20} - e "MlN.) LEVEL "I

_30 — —
. 4 MAX.|BASE BOOST

AT -40db
-40 _— e _ IMIN. | LEVEL

QUTPUT VOLTAGE
INPUT VOLTAGE

|

30 100 IKC I5KC
FREQUENCY RESPONSE OF BASS BOOST CIRCUIT
Figure 9.4

Figure 9.4 shows the frequency response (lower dashed curve) when the output is
attenuated 40 db and the Bass Boost Control is set for minimum (50K ohms). The solid
curve immediately above represents the frequency response when the Bass Boost Con-
trol is set at maximum (zero ohms). Thus a frequency of 30 cycles can have anything

[ e ————————————————————— Il



HIGH FIDELITY CIRCUITS

from zero to 27 db of boost with respect to 1 KC, depending on the adjustment of the
Bass Boost Control.

The Fletcher-Munson contours of equal loudness level show most of the contour
changes involve a boost of the bass frequencies at the lower levels of intensity. There-
fore, this circuit combination fulfills the requirements of level control, bass boost and
loudness control. The Bass Boost Control may be a standard 50K potentiometer with a
linear taper. The desired inductance may be obtained by using the green and yellow
leads on the secondary of Argonne transistor transformer #AR-128 (Lafayette Radio
Catalog).

POWER AMPLIFIERS

It is difficult to attain faithful reproduction of a square wave signal with a trans-
former amplifier. A high quality transformer is required and it must be physically
large to have a good response at the low frequencies. Thus, a great deal of effort has
gone into developing transformerless push-pull amplifiers using vacuum tubes. Prac-
tical circuits, however, use many power tubes in parallel to provide the high currents
necessary for direct-coupling to a low impedance load such as loudspeakers.

The advent of power transistors has sparked new interest in the development of
transformerless circuits since the transistors are basically low voltage, high current
devices. The emitter follower stage, in particular, offers the most interesting possibili-
ties since it has low inherent distortion and low output impedance.

Figure 9.5 is a direct-coupled power amplifier with excellent low frequency re-
sponse, and also has the advantage of D.C. feedback for temperature stabilization of
all stages. This feedback system stabilizes the voltage division across the power output
transistors TR4 and TR5 which operate in a single-ended Class B push-pull arrange-
ment. TR2 and TR3 also operate Class B in the Darlington connection to increase the
current gain. Using an NPN for TR3 gives the required phase inversion for driving
TR5 and also has the advantage of push-pull emitter follower operation from the out-
put of TRI1 to the load. Emitter follower operation has lower inherent distortion and
low output impedance because of the 100% voltage feedback.

ANN ] —Q = a6V

TR4
2N5353
OR
2N297A
{DELCO}

172 A(TYPE
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50v

10-WATT AMPLIFIER ’T
Figure 9.5
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I  HIGH FIDELITY CIRCUITS

TR4 and TR5 have a small forward bias of 10 to 20 ma to minimize cross-over
distortion and it also operates the output transistors in a more favorable beta range.
This bias is set by the voltage drop across the 390 ohm resistors that shunt the input to
TR4 and TR5. TR2 and TR3 are biased at about 1 ma (to minimize crossover distor-
tion) with the voltage drop across the 1N536 silicon diode. Junction diodes have a
temperature characteristic similar to the emitter-base junction of a transistor. Therefore,
this diode also gives compensation for the temperature variation of the emitter-base
resistance of TR2, TR4 and TR3. These resistances decrease with increasing tempera-
ture, thus the decrease in forward voltage drop of approximately 2 millivolts/degree
centigrade of the diode provides some temperature compensation.

TR1 is a Class A driver with an emitter current of about 3 ma. Negative feedback
to the base of TR1 lowers the input impedance of this stage and thus requires a source
impedance that is higher so the feedback current will flow into the amplifier rather
than into the source generator. The resistor R1 limits the minimum value of source
impedance. The bias adjust R2 is set for one-half the supply voltage across TRS.

About 11 db of positive feedback is applied by way of C3 across R5. This boot-
strapping action helps to compensate for the unsymmetrical output circuit and permits
the positive peak signal swing to approach the amplitude of the negative peak. This
positive feedback is offset by about the same magnitude of negative feedback via R2
and R3 to the base of TR1. The net amount of negative feedback is approximately
14 db resulting from R12 connecting the output to the input. In addition, there is the
local feedback inherent in the emitter follower stages. The value for the C2 feedback
capacitor was chosen for optimum square wave response (i.e., maximum rise time
and minimum overshoot).

A Y% ampere fuse is used in the emitter of each output transistor for protective
fusing of TR4 and TRS5, and also to provide local feedback since the 12 ampere type
AGC or 3AG fuse has about 1 ohm D.C. resistance. This local feedback increases the
bias stability of the circuit and also improves the declining frequency response of TR4
and TR5 at the upper end of the audio spectrum. Because of the lower transistor effi-
ciency above 10 Kc, care should be used when checking the amplifier for maximum
continuous sinewave output at these frequencies. If continuous power is applied for
more than a short duration, sufficient heating may result to raise the transistor current
enough to blow the %2 A fuses. There is not sufficient sustained high frequency power
in regular program material to raise the current to this level. Thus the actual perform-
ance of the amplifier does not suffer since the power level in music and speech declines
as the frequency increases beyond about 1 to 2 Ke.

The speaker system is shunted by 22 ohms in series with .2 ufd to prevent the
continued rise of the amplifier load impedance and its accompanying phase shift
beyond the audio spectrum.

The overall result, from using direct-coupling, no transformers, and ample degen-
eration, is an amplifier with output impedance of about 1 ohm for good speaker damp-
ing, low distortion, and good bandwidth. The power response at 1 watt is flat from
30 cycles to 15 KC and is down 3 db at 50 KC. At this level the total harmonic and
I.M. distortion are both less than 1%. At 7 watts the I.M. distortion is less than 2% %
and the total harmonic distortion is less than 1% measured at 50 cycles, 1 KC, and
10 KC. The performance of the amplifier of Figure 9.5 is about equal for both 8 and
16 ohm loads.
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This amplifier is capable of about 8 watts of continuous output power with 1 volt
r.m.s. input, or 10 watts of music power into 8 or 16 ohms when used with the power
supply of Figure 9.6. This power supply has diode decoupling which provides excellent
separation (80 db) between the two stereo amplifier channels.

H7VAC

1A

180K
12w

NE—SI\

o

STANCOR
RT-201

C1,C2, 8 C3—-1500pf,

AMPLIFIER 1

S0v.

POWER SUPPLY FOR STEREO SYSTEM
Figure 9.6

AMPLIFIER 2
O

The power transistors TR4 and TR5 should each be mounted on an adequate heat
radiator such as used for transistor output in an automobile radio, or mounted on a
3" x 3” x %2” aluminum plate that is insulated from the chassis.

STEREOPHONIC SYSTEM

A complete semiconductor, stereophonic playback system may be assembled by
using the following circuits in conjunction with a stereophonic tape deck or phono

PREAMP
FIG. 9.1

10 WATT
POWER

AMP
F16.95

player.
#1
TRACK
STEREO
TAPE
DECK
OR
PHONO
PLAYER
22
TRACK

132
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PREAMP
FIG. 9.1

POWER
SUPPLY
FIG. 9.6

I
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POWER

AMP
F1G.9.5

BLOCK DIAGRAM OF STEREOPHONIC SYSTEM
Figure 9.7
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SILICON POWER AMPLIFIERS

Some of the transistor power amplifiers to date have been lacking in their high
frequency performance and their temperature stability. The diffused junctions of the
2N2107 and 2N2196 permit good circuit performance at high frequency. Silicon tran-
sistors are desirable for power output stages because of their ability to perform at much
higher junction temperatures than germanium. This means smaller heat radiating fins
can be used for the same power dissipation. On the negative side, silicon has higher
saturation resistance which gives decreased operating efficiency that becomes appre-
ciable when operating from low voltage supplies.

The power handling capability of a transistor is limited by both its electrical and
thermal ratings. The electrical rating limit is a function of the transistor’s voltage
capability, and its maximum current at which the current gain is still usable. The
thermal rating is limited by the transistor’s maximum junction temperature. Therefore,
it is desirable to provide the lowest thermal impedance path that is practical from
junction to air. The thermal impedance from junction to case is fixed by the design
of the transistor; thus it is advantageous to achieve a low thermal impedance from
case to the ambient air.

The 2N2107 and 2N2196 are NPN diffused silicon transistors. They will be
limited in their maximum power handling ability by the thermal considerations for
many applications unless an efficient thermal path is provided from case to air.

These transistors are constructed with the silicon pellet mounted directly on the
metal header, and therefore it is more efficient to have an external heat radiator in direct
contact with this header than to make contact with the cap of the transistor package.

NOTE : APPLY A LAYER OF G.E. SILICONE
DIELECTRIC GREASE ¥ $5-4005
OR EQUIVALENT BETWEEN THE
TRANSISTOR AND THE FIN

APPROX. 374 " 0.D.
EESHER {I.D - 3475t 0125

ALUMINUM FIN
(OR I/16"COPPER)

178" ol f—

212" @)

MOUNTING I /THREE 3/32"
HARDWARE DIA HOLES

2N2107
FIN ONLY

TRANSISTOR HEAT RADIATOR
Figure 9.8

Figure 9.8 shows a practical method for achieving a maximum area of direct con-
tact between the metal header and an aluminum fin for efficient heat transfer to the
surrounding air. A plain washer with two holes drilled for the mounting hardware is
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simple but quite adequate for securing the transistor header to the fin. Since air is a
relatively poor thermal conductor, the thermal transfer can be improved by applying
a thin layer of G-E Silicone Dielectric Grease #S5-4005 or equivalent between the
transistor and the radiating fin before assembly. The fin may be anodized or flat paint
may be used to cover all the surface except for the area of direct contact with the
transistor header. An anodized finish would provide the insulation needed between
the base and emitter leads and the sides of the feed-through holes in the aluminum
fin. Figure 9.9 shows a thermal rating for the 9N2107 as assembled on the radiating fin.
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10-WATT AMPLIFIER
Figure 9.10
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The circuit of Figure 9.10 is very much like that described for Figure 9.5. The
opposite polarity is used for transistors, capacitors, and supply voltage. The 1N91
connected to the emitter of TR4 gives additional stabilization for this stage for varia-
tions in transistor beta and temperature. The forward voltage drop of this germanium
diode must be offset by D4 to minimize cross-over distortion. The 1N91 diode at the
base of TR5 has a leakage current which increases with temperature in a manner
similar to the Ico of TR3. D3 can thus shunt this temperature sensitive current to
ground, whereas, if it were to flow into the base of TR5, it would be amplified in the
output stages.

This circuit has about 20 db of overall negative feedback with R12 connecting
the output to the input. The higher her of the two output units should be used for TR4.

The silicon power amplifier of Figure 9.10 has an output impedance of .59 for
good speaker damping. The square wave response shown in Figure 9.11 is indicative
of an amplifier with a good transient response and also a good bandwidth. The band-
width is confirmed by the response curve of Figure 9.12. The power response at
5 watts output is flat within 15 db from 30 cycles to 15 Kc. The amplifier exhibits good
recovery from overload, and the square wave peak power output without distorting the
waveform is 12 watts.

2 KC SQUARE WAVE RESPONSE

Figure 9.11

N

Odbsi/2 WATT
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HH
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1|
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I
—
jﬁ"
L——&——L
|
|
|

—=L=

" IS N — S I [ i -
10 20 100 IxC 10KC 67KC I00KC

FREQUENCY RESPONSE
Figure 9.12

The 2N2107 output transistors, TR4 and TR5, were mounted on heat dissipating
fins as shown in Figure 9.8 and the amplifier operated successfully delivering 1 watt
rms 400 ~ continuous power to the load with no increase in total harmonic distortion
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from room ambient of 75°F to 175°F (approx. 80°C). At 175°F the DC voltage across
TRS5 had decreased less than 15% from its room ambient value. Operation at higher
temperatures was not attempted because of TR3 being a germanium transistor which
has a maximum operating junction temperature of 85°C.

When operated with the 2N2107 heat radiator assembly, this amplifier can safely
deliver up to 10 watts rms of continuous power to the load at room temperature. When
driving a loudspeaker with program material at a level where peak power may reach
10 watts the rms power would generally be less than 1 watt. This amplifier, when
operated with 2N2196’s in the outputs, can be mounted on a smaller 2” x 9" fin because
of its increased power capabilities. The 2N2196 has a case that simplifies the mounting
on a heat radiator, and it has electrical characteristics that equal or excel the 2N2107
for this application.

The I.M. and total harmonic distortion of this amplifier is less than %% at power
levels under 3% watts. The total harmonic distortion measured at 50 cycles, 400 cycles,
and 10 Kc is still under 1% at 6 watts output and the I.M. distortion under 2% %. An
rms input signal of 1% volts is required for 8 watts continuous output with a supply
furnishing 350 ma at 48 volts. This amplifier has a 10-watt music power rating when
used with the power supply of Figure 9.13. The amplifier operates with an efficiency
of 47 to 60% and has a signal-to-noise ratio of better than 98 db.

TRIAD
F-92a

4

G

32vAC IN9I's
| § N9 g IN9I
R 49V AMPLIFIER # | 43V AMPLIFIER & 2
c3 ::t 1
o Sz 2= 22x
HTVAC - Svew b 172w
A

€1,€2, 8 €3 - 1500uf,50v
POWER SUPPLY FOR STEREO SYSTEM
Figure 9.13

The above performance tests were with a 169 resistive load. The performance
near maximum power output will vary slightly with transistors of different beta values.

Varying values of saturation resistance for the output transistors TR4 and TR5 also
affect the maximum power output.
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Figure 9.14 shows the load range for maximum performance. It indicates that for a
varying load impedance such as a loudspeaker, the most desirable range is 16 to 409,
A 16 speaker system is in this range. A 20 to 6009 auto-transformer should be used
for driving a 6002 line.

12-WATT AMPLIFIER

The amplifier of Figure 9.10 is limited in its maximum power output by the supply
voltage and the saturation resistance of the output transistors, TR4 and TR5. The
supply voltage can not be increased much beyond 50 volts at maximum amplifier signal
swing without making the Ve rating for TR1 marginal. Under these conditions the
saturation resistance becomes the limiting factor for obtaining increased power output.

The circuit of Figure 9.15 uses two transistors in parallel for each of the outputs.
This enables the saturation resistance to be reduced in half and gives 12 watts output.
The .47 ohm resistor used in the emitter of the paralleled transistors gives a more
uniform input characteristic for sharing of the input currents. These emitter resistors
also give increased bias stabilization. The rest of the circuit is the same as Figure 9.10
except the 1N91 (D4) is not used in the collector of TR1 since there is no diode voltage
to offset in series with output emitter.

;+ 50V @ 358ma

172 A(TYPE AGC OR 3AG)

NOTE: ALL RESISTORS 1/2 WATT
1500
RS
6800 TR2
R6 2N2108
c3
20ut t_*: TR4 8 TRE
50V ~ ¥ o 2N2107°S
INI692'S
€S
Y D2 R8 RI3  Rl4 1500t
1K .47 .47 50V
BIAS 25V Xy
i
R9 ' 160
47 LOAD
2N1924
22
Rl
TRS5 & TR?
2N2i07'S
INSI RIS RI6 -
L 03 .47 a7 T c6
RI2
33K L
ANV =

12-WATT AMPLIFIER
Figure 9.15
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The performance of the 12-watt circuit is like that given previously for the circuit
of Figure 9.10 except for the distortion vs.: power output. Figure 9.1 indicates the
increased power output and also the lower distortion which is a second advantage of
parallel operation of the outputs, Lower distortion results from parallel operation since
the signal current swing in each transistor is approximately halfed and thus confined
to the more linear portion of the transfer characteristic,

I
5 HARMONIC —mM8m8Mm™M8 ——
= la INTERMODULATION — — —
Q 6KC
- AND 7
S 10 —— 4 {6""'—
@ 10 KC, ~
(o]
) —d / 50~
T o5 |- = 1KC —
| " /
— = T " e
© I 2 3 4 5 6 7 8 9 10 n 12

POWER OUTPUT (WATTS)

DISTORTION VS. POWER OUTPUT
Figure 9.16

The amplifier of Figure 9.15 operates at maximum power output with an efficiency
of 67%. This circuit can be packaged with a minimum volume and weight without
component crowding, see Figure 9.17. One of the paralleled output transistors uses
the technique described in Figure 9.8 and the other makes for simplified mounting
using the 2N2196 that was discussed previously. All four of the output transistors
could be 2N2107’s or all 2N2196’s. Each mounting fin is 32" x 1%"” x 4% " aluminum,

&

12-WATT AMPLIFIER
Figure 9.17
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If the amplifier is powered by the supply of Figure 9.13, it will provide 10 watts
of continuous output or 12 watts at Music Power Rating.

Either one of the amplifiers described will give superb performance in a stereo
system when used to drive a 162 speaker that has at least moderate sensitivity.

NPN PREAMPLIFIER

The preamplifier of Figure 9.18 is similar to that of Figure 9.1 except NPN tran-
sistors are used and the first stage does not have a compensating collector load. This
first stage does not require a temperature sensitive resistance for the collector load since
a planar — passivated transistor is used which inherently has very low leakage current
(Icno). This preamplifier will operate at even higher ambient temperature than that of
Figure 9.1 and has equivalent overall performance including 55 db §/N. 1.2 millivolts
of input signal gives 1 volt output at 1 Kc. The input impedance is approximately
39K at 1 Kc. The equalized output from an NAB recorded tape at 7%"/sec. is within
+1 db from 50 cycles to 15 Kc using a .4 henry tape head. The higher input imped-
ance of this preamp gives the best equalized output for a tape head in the .4 to 1 henry
range. The value of R3 is selected or adjusted to give approximately 134 volts D.C. at
the base of TR2 to accommodate the production spread of hrg for transistors used in
the first two stages. A switch can be added to give other equalized functions as in
Figure 9.1.

-O +18V

TR3
16AI
(G.E)

47K TREBLE
SRk <—— BASS BOOST

p—

| 3/4 V

TRI
1642
(G.E))

2l
# 7L O

0.7 HENRY
5000MAX.D.C.

A | 105t
TAPE 5v
HESD 300K M I ouTPUT
04TOl 247 1« = v
HENRY |

@ & ; -0

TAPE PREAMPLIFIER
Figure 9.18
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A complete semiconductor, stereophonic tape playback system may be assembled

by using the following circuits in conjunction with a stereophonic tape deck.

12 WATT
#1 PREAMP Pg\asa )
TRACK FIG. 9,18 FlesIs
STEREO
TAPE POWER J
DECK = |||.__|+ = || SUPPLY
9v 9V FI6.913 [~
12 WATT
#£2 PRE AMP POWER 60
TRACK FIG. 9.18 AMP
F1G.9.15
BLOCK DIAGRAM OF STEREOPHONIC SYSTEM
Figure 9.19
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RADIO RECEIVER
AND TUNER CIRCUITS

CHAPTER

AUTODYNE CONVERTER CIRCUITS

The converter stage of a transistor radio is a combination of a local oscillator, a

mixer and an IF amplifier, A typical circuit for this stage is shown in Figure 10.1.

ISK.5008
AUTOMATIC 725

_.L_§
Py

j"o
FOR ADDITIONAL INFORMATION SEE PAGE 154

AUTODYNE CONVERTER
Figure 10.1

Redrawing the circuit to illustrate the oscillator and mixer sections separately, we
obtain Figures 10.2 and 10.3.

AC=190.6 upF

Ex 4
-
Co 410

2NI087  J TURNS

TO FIRST
LF STAGE

||H

2N1087 s L2 =
74
3k
"NCI §R3 R r
PRIMARY O+ 9V
SECONDARY

Figure 10.3

> o+ 9V

Figure 10.2

The operation of the oscillator section (10.2) is as follows:

Random noise produces a slight variation in base current which is subsequently
amplified to a larger variation of collector current. This A.C. signal in the primary of
L. induces an A.C. current into the secondary of L. tuned by Cs to the desired
oscillator frequency. C. then couples the resonant frequency signal back into the
emitter circuit. If the feedback (tickler) winding of L. is properly phased the feedback
will be positive (regenerative) and of proper magnitude to cause sustained oscillations.
The secondary of L. is an auto-transformer to achieve proper impedance match be-
tween the high impedance tank circuit of L. and the relatively low impedance of the
emitter circuit.

R R R R T EE——————————"— 1]
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C. effectively bypasses the biasing resistors R. and Rs to ground, thus the base is
A.C. grounded. In other words, the oscillator section operates essentially in the
grounded base configuration.

The operation of the mixer section (10.3) is as follows:

The ferrite rod antenna L, exposed to the radiation field of the entire frequency
spectrum is tuned by Ca to the desired frequency (broadcast station).

The transistor is biased in a relatively low current region, thus exhibiting quite
non-linear characteristics. This enables the incoming signal to mix with the oscillator
signal present, creating signals of the following four frequencies:

1. The local oscillator signal.

2. The received incoming signal.

3. The sum of the above two.

4. The difference between the above two.

The IF load impedance T, is tuned here to the difference between the oscillator
and incoming signal frequencies. This frequency is called the intermediate frequency
(LF.) and is conventionally 455 KC/S. This frequency will be maintained fixed since Ca
and Cr are mechanically geared (ganged) together. Ri and C; make up a filter to pre-
vent undesirable currents flowing through the collector circuit. C. essentially bypasses
the biasing and stabilizing resistor R, to ground. Since the emitter is grounded and
the incoming signal injected into the base, the mixer section operates in the “grounded
emitter”’ configuration.

IF AMPLIFIERS

A typical circuit for a transistor IF amplifier is shown by Figure 10.4.

AUTOMATIC 725

AUTOMATIC 725 e
(EX0-3926)

el

ISK | |

2N293

+9v

Figure 10.4

The collector current is determined by a voltage divider on the base and a large
resistance in the emitter. The input and output are coupled by means of tuned IF
transformers. The .05 capacitors are used to prevent degeneration by the resistance
in the emitter. The collector of the transistor is connected to a tap on the output
transformer to provide proper matching for the transistor and also to make the per-
formance of the stage relatively independent of variations between transistors of the
same type. With a rate-grown NPN transistor such as the 2N293, it is unnecessary
to use neutralization to obtain a stable IF amplifier. With PNP alloy transistors, it
is necessary to use neutralization to obtain a stable amplifier and the neutralization
capacitor depends on the collector capacitance of the transistor. The gain of a tran-
sistor IF amplifier will decrease if the emitter current is decreased. This property
of the transistor can be used to control the gain of the IF amplifier so that weak
stations and strong stations will produce the same audio output from a radio. Typical

ey~ — — — —— — ——  —__________ ______ __
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circuits for changing the gain of an IF amplifier in accordance with the strength
of the received signal are explained in the A.V.C. section of this chapter.

A.V.C. is a system which automatically varies the total amplification of the signal
in a radio receiver with changing strength of the received signal carrier wave.

From the definition given, it would be correctly inferred that a more exact term
to describe the system would be automatic gain control (A.G.C.).

Since broadcast stations are at different distances from a receiver and there is a
great deal of variation in transmitted power from station-to-station, the field strength
around a receiver can vary by several orders of magnitude. Thus, without some sort
of automatic control circuit, the output power of the receiver would vary considerably
when tuning through the frequency band. It is the purpose of the A.V.C. or A.G.C.
circuit to maintain the output power of the receiver constant for large variations of
signal strengths.

Another important purpose of this circuit is its so-called “anti-fading” properties.
The received signal strength from a distant station depends on the phase and amplitude
relationship of the ground wave and the sky wave. With atmospheric changes this
relationship can change, yielding a net variation in signal strength. Since these changes
may be of periodic and/or temporary nature, the A.V.C. system will maintain the
average output power constant without constantly adjusting the volume control.

The A.V.C. system consists of taking, at the detector, a voltage proportional to the
incoming carrier amplitude and applying it as a negative bias to the controlled amplifier
thereby reducing its gain.

In tube circuits the control voltage is a negative going DC grid voltage creating
a loss in transconductance (Gm).

In transistor circuits various types of A.V.C. schemes can be used.

EMITTER CURRENT CONTROL
As the emitter current of a transistor is reduced (from 1.0 ma to .1 ma for instance)
various parameters change considerably (see Figure 10.5).

10
= 0 I i = L=
= =

] iy 150

REFERENCE

s
, =TT
Figure 10.5 i 1 e |

CHARACTERISTICS - RELATIVE TO tMA.

0 g 2
EMITTER BIAS M4
CHARACTERISTICS VS.EMITTER CURRENT

The effect of these changes will be twofold:
1. A change in maximum available gain and
2. A change in impedance matching since it can be seen that both h.,
and hyy vary radically.

Therefore, a considerable change in power gain can be obtained as shown by
Figure 10.6.
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collector leakage current) some current always
a transistor can be controlled only up to a point and cannot be “cut-oft”
completely. This system yields generally fair control
others. For performance data see Figure 10.7.

and is, therefore, used more than
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Figure 10.7

AUXILIARY AV.C. SYSTEMS

Since most A.V.C. systems are somewhat limited in performance, to obtain im-

proved control, auxiliary diode A.V.C. is sometimes used. The technique

shunt some of the signal to ground when operating

Figure 10.8.

used is to

at high signal levels, as shown by
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cR
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t
Sty
TRy

CONVERTER
TR, 1

EMITTER CURRENT

——ANN————0AVC
R FROM DETECTOR

T
Figure 10.8

In the circuit of Figure 10.8, diode CR; is back-biased by the voltage drops across
R, and R. and represents a high impedance across T, at low signal levels. As the signal
strength increases, the conventional emitter current control A.V.C. system creates a
bias change reducing the emitter current of the controlled stage. This current reduction
coupled with the ensuing impedance mismatch creates a power gain loss in the stage.
As the current is further reduced, the voltage drop across R:. becomes smaller thus
changing the bias across CR,. At a predetermined level CR; becomes forward biased,
constituting a low impedance shunt across T, and creating a great deal of additional
A.V.C. action. This system will generally handle high signal strengths as can be seen
from Figure 10.7. Hence, almost all radio circuit diagrams in the circuit section of this
manual use this system in addition to the conventional emitter current control.

DETECTOR STAGE

In this stage (sce Figure 10.9), use is made of a slightly forward biased diode in
order to operate out of the square law detection portion of the I-E characteristics. This
stage is also used as source of AGC potential derived from the filtered portion of the
signal as seen across the volume control (R9). This potential, proportional to the signal
level, is then applied through the AGC filter network C4, R7 and C5 to the base of the
1st IF transistor in a manner to decrease collector current at increasing signal levels.
R8 is a bias resistor used to fix the quiescent operating points of both the 1st IF and the
detector stage, while C6 couples the detected signal to the audio amplifier. (See
Chapter 8 on Audio Amplifiers.)
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Figure 10.9
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REFLEX CIRCUITS
“A reflex amplifier is one which is used to amplify at two frequencies — usually
intermediate and audio frequencies.”*

The system consists of using an LF. amplifier stage and after detection to return the
audio portion to the same stage where it is then amplified again. Since in Figure 10.10,

AUXILIARY

AvC.
ING4G AUDID

DIODE AUDID
c:)\:vozzv::a L :::}FK;: e 5 AUZI;‘:) Io;w’:n = UEY‘éiY:R 4 ::;EURY —m
2mo8 T 2N292 2N16S ING 4G 2ZNI414
AUOIO J
ANC.
Flgu re 1 01 0 BLOCK DIAGRAM OF RECEIVER

two signals of widely different frequencies are amplified, this does not constitute a
“regenerative effect” and the input and output loads of these stages can be split audio
—LF. loads. In Figure 10.11, the L.F. signal (455 Kc/s) is fed through T2 to the detector
circuit CR1, C3 and R35. The detected audio appears across the volume control R5
and is returned through C4 to the cold side of the secondary of T1.

bl 4=

1, -

AUDIO
OUTPUT

Figure 10.11 B

B PLUS
Since the secondary only consists of a few turns of wire, it is essentially a short

circuit at audio frequencies. Cl bypasses the L.F. signal otherwise appearing across
the parallel combination of R1 and R2. The emitter resistor R3 is bypassed for both
audio and LF. by the electrolytic condenser C2. After amplification, the audio signal
appears across R4 from where it is then fed to the audio output stage. C5 bypasses R4
for LF. frequencies and the primary of T2 is essentially a short circuit for the
audio signal.

The advantage of “reflex” circuits is that one stage produces gain otherwise
requiring two stages with the resulting savings in cost, space, and battery drain. The
disadvantages of such circuits are that the design is considerably more difficult,
although once a satisfactory receiver has been designed, no outstanding production
difficulties should be encountered. Other disadvantages are a somewhat higher amount
of playthrough (i.e. signal output with volume control at zero setting), and a minimum
volume effect. The latter is the occurrence of minimum volume at a volume control
setting slightly higher than zero. At this point, the signal is distorted due to the

* F. Langford-Smith, Radiotron Designers Handbook, Australia, 1953, p. 1140
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balancing out of the fundamentals from the normal signal and the out-of-phase play-
through component. Schematics of complete receivers will be found at the end of this
chapter and in Chapter 20.

FM TUNER

The FM tuner shown in Figure 10.17 is especially suited to the home constructor
because it does not require an elaborate alignment procedure. In fact, only the local
oscillator is tuned and the only likely adjustment is either to stretch or squeeze the
local oscillator coil to give the correct coverage of the FM band. It works in the follow-
ing manner: See Figure 10.17.

A tunnel diode oscillating at approximately one-half the input signal frequency
is inductively coupled to the antenna input. When correctly tuned, the very stable
tunnel diode oscillator acts as a second harmonic mixer producing a stable inter-
mediate frequency centered at 200 Kc/sec. The intermediate frequency is amplified
by two simple amplifiers, each consisting of two transistors giving a total voltage gain
of around 100,000. The signal is then limited to give a square-wave which is being
frequency modulated in the same manner as the transmitted signal. The square-wave
is used to charge a capacitor-resistor-diode combination having a short time-constant
producing a standard-sized pulse every time the square-wave goes positive. Pulse-
minded readers will recognize this circuit as being a differentiator with the diode
clipping the negative spike produced by differentiation. There is, at this point in the
circuit, a string of similarly shaped pulses keeping step with the frequency modulated
input signal.

The average value of these pulses can be shown to be the audio originally modu-
lating the FM carrier. This average is obtained by allowing the pulses to charge a
capacitor through a resistor (an integrating circuit) the combination having a fairly
long time constant. The resulting output is amplified by the final transistor which
incorporates de-emphasis in its feed-back loop.

The sensitivity is only 50 xV/20 db quieting and the receiver, as it stands, is only
useful for receiving local stations. Addition of an RF stage would be a significant
improvement.

The tuner compares very favorably with circuits using more conventional forms
of discrimination because distortion is not dependent on the accurate alignment of
many tuned circuits. Harmonic distortion after limiting is excellent, being better
than 1%.

AM TUNER

The tuner shown in Figure 10.18 is useful for high quality reception of local AM
broadcast stations. A tuned RF stage is used to drive a Class B emitter-follower
detector. The natural base-emitter voltage drop of the emitter-follower is overcome
by providing a small amount of bias from a conducting germanium diode. This also
compensates for any change in the base-emitter voltage drop with temperature.

The two tuned circuits are aligned by equalizing inductance at the low frequency
end of the tuning range (tuning capacitors at maximum value) and trimming capacity
at the high frequency end in the conventional manner of aligning T.R.F. receivers.
Bandwidth at 6 db is approximately 25 Ke/s. Owing to the wide-band capability of
the tuner, difficulty might be experienced in adequately separating stations close to
one another in frequency. For this reason, a directional antenna (L.) is used in the
design so additional rejection of unwanted signals may be obtained by rotating the
antenna.
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COMPLETE RADIO RECEIVER CIRCUIT DIAGRAMS
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RADIO RECEIVER AND TUNER CIRCUITS I

EXTERNAL ANTENNA
MAY BE CONNECTED,

IN MANNER SHOWN

«7DOTTED.

Y

| 2.2x

I 2NI69
"

%#'

12K 35u1/15V 10K
= = 5 ___ _outpuT
Tat B2t SEZZ0 Jack
Toou,.u i

0 -V

27K

> —S & L L L 4 —0 o
Cl— 2 GANG CAPACITOR L) — LOOPSTICK MILLER

BOTH SECTIONS 10pf- CAT. NO. 2000, OR

365pf MILLER CAT. NO. EQUIVALENT

I
2112, OR EQUIVALENT L2 —ADJUSTABLE 220uH-275uH
MILLER PART NO.42A224
CBI, OR EQUIVALENT

AM TUNER
Figure 10.18

ADDITIONAL COMPONENT INFORMATION
TRANSFORMERS

The audio transformers used in these diagrams were
wound on laminations of 15" by 13" and a %" stack
size, and having an electrical efficiency of about 80%.
Smaller or less efficient transformers will degrade the
electrical fidelity of the circuits.

OSCILLATOR COIL
Ed Stanwyck Coil Company #1265

VARIABLE CONDENSER
Radio Condenser Company Model 242

The receiver circuits shown in Figures 10.1, 10.12, 10.13,
10.14, 10.15, and 10.16 have been designed to give opti-
mum performance with the components specified. Readers
wishing to construct any of these receivers may obtain all
standard components from local or national electronic
parts distributors. If difficulty is encountered in obtaining
the more special parts such as ganged tuning capacitors,
r.f. and oscillator coils, or i.f,, interstage, and audio trans-
formers, the reader should make inquiry of

Jonec-K Company
Box 346
North Syracuse 14, New York
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CHAPTER

Computers are generally classified as either analog or digital. An example of an
analog computer is the slide rule where the numerical values involved in the calcula-
tions are represented by the distance along the scales of the slide rule. For the slide
rule, distance is the analog of the numerical values. In an electronic analog computer
the voltage or current in the circuit is used as the analog of the numerical values
involved in the calculation. Analog computers are used primarily in cases where mini-
mum cost is important and high accuracy is not required.

In a digital computer the numerical values change in discrete steps rather than
continuously as in an analog computer. An example of a digital computer is the ordi-
nary 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, multiplica-
tion 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 use in digital circuits.

FLIP-FLOP DESIGN PROCEDURES

SATURATED FLIP-FLOPS

The simplest flip-flop possible is shown in Figure 6.21, however, for standard
transistor types the circuit in Figure 11.1(A) is preferable at moderate temperatures.
We shall refer to the conducting and non-conducting transistors as the on and off

-28v 25V Ve

2N525 2N525 2N525

Ve

220 OKMS
33k 220 OHMS
R4

SATURATED FLIP-FLOPS
Figure 11.1 (A) Figure 11.1 (B)
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transistors respectively. For stability, the circuit depends on the low collector to
emitter voltage of the saturated on transistor to reduce the base current of the off
transistor to a point where the circuit gain is too low for regeneration. The 2200
emitter resistor can be removed if emitter triggering is not used. By adding
resistors from base to ground as in Figure 11.1(B), the off transistor has both junctions
reverse biased for greater stability. While the 33K resistors divert some of the formerly
available base current, operation no longer depends on a very low saturation voltage

consequently less base current may be used. Adding the two resistors permits stable
operation beyond 50°C ambient temperature.

— 25V
ouTRUT ouTRUT
220pptd
2N3964, 2N396A

—0 TRIGGER
8.2K 82K % 750 OHMS

SATURATED FLIP-FLOP
Figure 11.1 (C)

=

The circuit in Figure 11.1(C) is stabilized to 100°C. The price that is paid for the
stability is (1) smaller voltage change at the collector, (2) more battery power con-
sumed, (3) more trigger power required, (4) a low Ico transistor must be used. The
capacitor values depend on the trigger characteristics and the maximum trigger repeti-
tion rate as well as on the flip-flop design.

By far, the fastest way to design saturating flip-flops is to define the collector and
emitter resistors by the current and voltage levels generally specified as load require-
ments. Then assume a tentative cross-coupling network. With all components specified,
it is easy to calculate the on base current and the off base voltage. For example, the
circuit in Figure 11.1(B) can be analyzed as follows. Assume Vee = .3 volt and Ve =
2 volt when the transistor is on. Also assume that Ves = .2 volts will maintain the off
transistor reliably cut-off. Transistor specifications are used to validate the assumptions.

1. Check for the maximum temperature of stability.
RiVee 220
Ve = _R1 ¥ I-L = 9900 - +m 25)=2.3 volts
Vo on = Ve + Vee on = 2.3 + .2 = 2.5 volts

Assuming no Ico, the base of the off transistor can be considered connected to
a potential,

o= Voo — T8 istor R'g = — D8
V’s = Vcon R through a resistor R's = R. 1 Rs
, _ (25)(33K)
Vs = 42K + 33K) — 1.1 volts
. _ (33K)(42K) __
Ry = — T 18.5K
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The Ico of the off transistor will flow through R’s reducing the base to emitter
potential. If the Ico is high enough, it can forward bias the emitter to base junction
causing the off transistor to conduct. In our example, Ve = 2.3 volts and Ve = .2 volts
will maintain off conditions. Therefore, the base potential can rise from 1.1 volts to

2.1 volts (2.3 — .2) without circuit malfunction. This potential is developed across
R’z by Ico = 2—18—5—é—1 = 54 pa. A germanium transistor with Ico = 10 za at 25°C

will not exceed 54 xa at 50°C. If a higher operating temperature is required, R: and Rs
may be decreased and/or R, may be increased.

II. Check for sufficient base current to saturate the on transistor.
Vg on = Ve + Ve on = 2.3 + .3 = 2.6 volts

2.6v

The current through Ry = I, = 33K = .079 ma
. . . _ VCC - VB on _25 - 2.6_
The current through R, and R: in series is I. = R+ R~ 42K 1 29K
= .506 ma

The available base current is Is = I. — I = .43 ma

Vec — Veon _ 25— 2.5

The collector current is I¢ = = > —=10.25ma

R. 2.2K
The transistor will be in saturation if hrg at 10 ma is greater than
L _ 1025
Is .43

If this circuit were required to operate to —55°C, allowance must be made for
the reduction of hrz at low temperatures. The minimum allowable room temperature
hre should be 50% higher or hrg min = 36.

Generally it is not necessary to include the effect of Ico flowing through R, when
calculating I. since at temperatures where Ico subtracts from the base drive it simulta-
neously increases hre. If more base drive is required, R: and Rs may be decreased.
If their ratio is kept constant, the off condition will not deteriorate, and so need not be
rechecked.

III. Check transistor dissipation to determine the maximum junction temperature.

The dissipation in the on transistor is

Vaz oo Is 4 Veg on Io = 0 (43) | (2)(10.25) _ o0 0

1000 1000
The dissipation in the off transistor resulting from the maximum Ico is
(25) (55)
Verleo ~ — 100 = 1.4 mw

Generally the dissipation during the switching transient can be ignored at speeds
justifying saturated circuitry. In both transistors the junction temperature is within 1°C
of the ambient temperature if transistors in the 2N394-97 or 2N524-27 series are used.

A saturated flip-flop using 2N994 germanium epitaxial transistors is shown in
Figure 11.1(D). This flip-flop is capable of 30 mcs operation with a typical transition
time of 10 nanoseconds. In this circuit Q. and Q- form the usual flip-flop configuration.
However, the trigger input is steered through either Q. or Q; whose gain is used to
quickly saturate Q. or Q., whichever is in the “off” state. Simultaneously it is ensured
that the cross-coupling capacitors are discharged to their rest potentials in the shortest
possible time. For those flip-flop circuit applications not requiring the speed of the
2N994 circuit, 2N781 transistors may be used.
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0-6V
= \aF
—O0 0
o—1}—
1.5KQ IKQ l.5KQ§ ApF
NEGATIVE
TRIGGER
& * L 2 -0 + 3V

30 MEGACYCLE SATURATED FLIP-FLOP
Figure 11.1 (D)

NON-SATURATED FLIP-FLOP DESIGN

The abundance of techniques to prevent saturation makes a general design pro-
cedure impractical if not impossible. While it is a simple matter to design a flip-flop
as shown above, it becomes quite tedious to check all the worst possible combinations
of component change to ensure manufacturability and long term reliability. Often the
job is assigned to a computer which calculates the optimum component values and
tolerances. While a number of flip-flop design procedures have been published, they
generally make simplifying assumptions concerning leakage currents and the voltages
developed across the conducting transistors.

E
{ CIRCUIT CONFIGURATION FOR
g,,, é,,l NON-SATURATING
FLIP-FLOP DESIGN PROCEDURE

Characteristics:

Trigger input at points E

Trigger steering by D: and Rs

Collector clamping by D; and Rs

Connect points A, B, C, D, E as shown in
Figure 11.3 to get counter or shift regis-
ter operation

Cl and C2 chosen on basis of speed re-
quirements

CZE\E
Figure 11.2 (A)
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The design procedure described here is for the configuration in Figure 11.2(A). No
simplifying assumptions are made but all the leakage currents and all the potentials
are considered. The design makes full allowance for component tolerances, voltage
fluctuations, and collector output loading. The anti-saturation scheme using one resistor
(R3) and one diode (D1) was chosen because of its effectiveness, low cost and
simplicity. The trigger gating resistors (R5) may be returned to different collectors to
get different circuit functions as shown in Figure 11.3. This method of triggering offers
the trigger sensitivity of base triggering and the wide range of trigger amplitude
permissible in collector triggering. The derivation of the design procedure would
require much space, therefore for conciseness, the procedure is shown without any
substantiation. The procedure involves defining the circuit requirements explicitly then
determining the transistor and diode characteristics at the anticipated operating points.
A few astute guesses of key parameters yield a fast solution. However, since the
procedure deals with only one section of the circuit at a time, a solution is readily
reached by cut and try methods without recourse to good fortune. A checking pro-
cedure permits verification of the calculations. The symbols used refer to Figure
11.2(A) or in some cases are used only to simplify calculations. A bar over a symbol
denotes its maximum value; a bar under it, its minimum. The example is based on
polarities associated with NPN transistors for clarity. The result is that only E-: is
negative. While the procedure is lengthly, its straightforward steps lend themselves
to computation by technically unskilled personnel and the freedom from restricting
assumptions guarantees a working circuit when a solution is reached. A circuit designed
by this procedure is shown in Figure 11.2(B).

12K 12K

620 OHMS 620 OHMS
4

LOAD -3.16 VOLTS
2N396A

o—\
LOAD-3.16 VOLTS

NON-SATURATED FLIP-FLOP
Figure 11.2 (B)

159




BASIC COMPUTER CIRCUITS I —

The same procedure can be used to analyze existing flip-flops of this configuration
by using the design check steps.

-0V
A B8
2N396A< 2N396A
IN3605
9100 9100
+5V
IN3605 IN3605
c D
2.2K 250uuf|250put 22K
E
(a) FLIP—FLOP
tA B tA B
C E D C ED
INPUT o—é
(b) INTER CONNECTION AS COUNTER
LA Bl A B A B L
No—|c bl—o—1No—c E D C E D

S R -

(c} INTERCONNECTION AS SHIFT REGISTER

500 KC COUNTER-SHIFT REGISTER FLIP-FLOP
Figure 11.3
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BASIC COMPUTER CIRCUITS I ———

TRIGGERING

Flip-flops are the basic building blocks for many computer and switching circuit
applications. In all cases it is necessary to be able to trigger one side or the other into
conduction. For counter applications, it is necessary to have pulses at a single input
make the two sides of the flip-flop conduct alternately. Outputs from the flip-flop must
have characteristics suitable for triggering other similar flip-flops. When the counting
period is finished, it is generally necessary to reset the counter by a trigger pulse to
one side of all flip-flops simultaneously. Shift registers and ring counters have similar
triggering requirements.

In applying a trigger to one side of a flip-flop, it is preferable to have the trigger
turn a transistor off rather than on. The off transistor usually has a reverse-biased
emitter junction. This bias potential must be overcome by the trigger before switching
can start. Furthermore, some transistors have slow turn on characteristics resulting in
a delay between the application of the trigger pulse and the actual switching. On the
other hand, since no bias has to be overcome, there is less delay in turning off a
transistor. As turn-off begins, the flip-flop itself turns the other side on.

A lower limit on trigger power requirements can be determined by calculating
the base charge required to maintain the collector current in the on transistor. The
trigger source must be capable of neutralizing this charge in order to turn off the
transistor. It has been determined that the base charge for a non-saturated transistor is
approximately Qs = 1.22 I¢/2xf. using the equivalent circuit approach, or r. Ic using
charge parameters. The turn-off time constant is approximately hre/2nfa. or ro. This
indicates that circuits utilizing high speed transistors at low collector currents will
require the least trigger power. Consequently, it may be advantageous to use high
speed transistors in slow circuitry if trigger power is critical. If the on transistor was in
saturation, the trigger power must also include the stored charge. The stored charge is
given approximately by

11, 1\{ 1 e
Q- =, (f., v fu) (1 — a) (I“‘ h)

using the equivalent circuit approach. Using charge parameters the stored charge is
approximately

Qs =7 (Im — I )
hm«:

where the symbols are defined in the section on transient response time.

Generally, the trigger pulse is capacitively coupled. Small capacitors permit more
frequent triggering but a lower limit of capacitance is imposed by base charge con-
siderations. When a trigger voltage is applied, the resulting trigger current causes the
charge on the capacitor to change. When the change is equal to the base charge just
calculated, the transistor is turned off. If the trigger voltage or the capacitor are too
small, the capacitor charge may be less than the base charge resulting in incomplete

turn-off. In the limiting case C :%B . The speed with which the trigger turns off a
T

transistor depends on the speed in which Qs is delivered to the base. This is determined

by the trigger source impedance and 1.

In designing counters, shift registers or ring counters, it is necessary to make
alternate sides of a flip-flop conduct on alternate trigger pulses. There are so-called
steering circuits which accomplish this. At low speeds, the trigger may be applied at
the emitters as shown in Figure 11.4. It is important that the trigger pulse be shorter
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than the cross coupling time constant for reliable operation. The circuit features few
parts and a low trigger voltage requirement. Its limitations lie in the high trigger
current required.

At this point, the effect of trigger pulse repetition rate can be analyzed. In order
that each trigger pulse produce reliable triggering, it must find the circuit in exactly
the same state as the previous pulse found it. This means that all the capacitors in the
circuit must stop charging before a trigger pulse is applied. If they do not, the result
is equivalent to reducing the trigger pulse amplitude. The transistor being turned off
presents a low impedance permitting the trigger capacitor to charge rapidly. The
capacitor must then recover its initial charge through another impedance which is
generally much higher. The recovery time constant can limit the maximum pulse rate.

\ 4 O+6V

IK

2N708

o PULSE
UL
4300 zx% §2K €t INPUT

EMITTER TRIGGERING
MAXIMUM TRIGGER RATE EXCEEDS 2MC WITH TRIGGER
AMPLITUDE FROM 4V TO I2V.

Figure 11.4

Steering circuits using diodes are shown in Figures 11.5 and 11.6. The collectors
are triggered in 11.5 by applying a negative pulse. As a diode conducts during trigger-
ing, the trigger pulse is loaded by the collector load resistance. When triggering
is accomplished, the capacitor recovers through the biasing resistor Rx. To minimize

o -
s0pt PULSE
INPUT

O+6V
é X Ry %z.n %IK
Cr

COLLECTOR TRIGGERING

MAXIMUM TRIGGER RATE EXCEEDS 5MC WITH TRIGGER
AMPLITUDE FROM 4V TO 12V.

BASE TRIGGERING

MAXIMUM TRIGGER RATE EXCEEDS 5MC
WITH TRIGGER AMPLITUDE FROM Q.75 TO
2 VOLTS,

Figure 11.5 Figure 11.6
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trigger loading, Rr should be large; to aid recovery, it should be small. To avoid the
recovery problem mentioned above, Rr can be replaced by a diode as shown in 11.7.
The diode’s low forward impedance ensures fast recovery while its high back im-
pedance avoids shunting the trigger pulse during the triggering period.

Collector triggering requires a relatively large amplitude low impedance pulse but
has the advantage that the trigger pulse adds to the switching collector waveform to
enhance the speed. Large variations in trigger pulse amplitude are also permitted.

In designing a counter, it may be advantageous to design all stages identically the
same to permit the economies of automatic assembly. Should it prove necessary to
increase the speed of the early stages, this can be done by adding a trigger amplifier
as shown in Figure 11.8 without any change to the basic stage.

+6V
. &V
IKé A IN3605 , +
. o 1K I}
15pt TSpf e -
4 }_‘ 90pf

2N708! 2N708

COLLECTOR TRIGGERING COLLECTOR TRIGGERING WITH TRIGGER AMPLIFIER
DIODE TO SUPPLY VOLTAGE REDUCES FOR IMC TRIGGER RATE LESS THAN | VOLT TRIGGER
TRIGGER POWER AND EXTENDS MAXIMUM AMPLITUDE REQUIRED.

TRIGGER RATE.

Figure 11.7 Figure 11.8

Base triggering shown in Figure 11.6 produces steering in the same manner as
collector triggering. The differences are quantitative with base triggering requiring
less trigger energy but a more accurately controlled trigger amplitude. A diode can
replace the bias resistor to shorten the recovery time.

z ® —125v
gesoﬂ Sssoﬂ

BASE TRIGGERING WITH HYBRIO GATE Cr

Figure 11.9
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Hybrid triggering illustrated in Figure 11.9 combines the sensitivity of base
triggering and the trigger amplitude variation of collector triggering. In all the other
steering circuits the bias potential was fixed, in this one the bias potential varies in
order to more effectively direct the trigger pulse. By returning the bias resistor to the
collector the bias voltage is Ves. For the conducting transistor, Vcs is much less than
for the off transistor, consequently, the trigger pulse is directed to the conducting
transistor. This steering scheme is particularly attractive if Vee for the conducting
transistor is very small as it is in certain non-saturating circuits such as shown in
Figure 6.23.

Care should be taken that the time constant CrRr does not limit the maximum
counting rate. Generally Rr can be made approximately equal to Rk, the cross-coupling
resistor.

SPECIAL PURPOSE CIRCUITS

SCHMITT TRIGGER

A Schmitt trigger is a regenerative bistable circuit whose state depends on the
amplitude of the input voltage. For this reason, it is useful for waveform restoration,
signal level shifting, squaring sinusoidal or non-rectangular inputs, and for DC level
detection. Practical circuits are shown in Figure 11.10.

O -2V

I

FREQUENCY RANGE ©O- 500KC
OUTPUT  oyTPUT AT COLLECTOR HAS 8V
MINIMUM LEVEL CHANGE

Q) ALWAYS CONOUCTS IF INPUT
IS MORE NEGATIVE THAN -5V

Q2 Qp ALWAYS CONDUCTS IF INPUT
2N3964 IS MORE POSITIVE THAN -2V
AMBIENT TEMPERATURE -55°C
TO 71°C
5600
(A)
—O0 ¢+ 12V
2.2
FREQUENCY RANGE O TO I MC
OUTPUT  oUTPUT AT COLLECTOR HAS 2V
MINIMUM LEVEL CHANGE
Q, ALWAYS CONDUCTS IF INPUT
EXCEEDS 68V
Q2 Qp ALWAYS CONDUCTS IF INPUT
2N7BA 1S BELOW 5.2v
AMBIENT TEMPERATURE 0°C
TO 71°C
56K
(B)

SCHMITT TRIGGERS
Figure 11.10
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Circuit operation is readily described using Figure 11.10(B). Assuming Q1 is non-
conducting, the base of Q2 is biased at approximately 46.8 volts by the voltage
divider consisting of resistors 3.3K, 1.8K and 6.8K. The emitters of both transistors are
then at 6.6 volts due to the forward bias voltage required by Q2. If the input voltage
is less than 6.6 volts, Q1 is off as was assumed. As the input approaches 6.6 volts, a
critical voltage is reached where Q1 begins to conduct and regeneratively turns off Q2.
If the input voltage is now lowered below another critical value, Q2 will again conduct.

ASTABLE MULTIVIBRATOR

The term multivibrator refers to a two stage amplifier with positive feedback. Thus
a flip-flop is a bistable multivibrator; a “one-shot” switching circuit is a monostable
multivibrator and a free-running oscillator is an astable multivibrator. The astable
multivibrator is used for generating square waves and timing frequencies and for
frequency division. A practical circuit is shown in Figure 11.11. The circuit is sym-
metrical with the transistors DC biased so that both can conduct simultaneously. The
cross-coupling capacitors prevent this, however, forcing the transistors to conduct
Cr + 100

40
measured in pf (upf). A synchronizing pulse may be used to lock the multivibrator to an
external oscillator’s frequency or subharmonic.

alternately. The period is approximately T = microseconds where Cr is

FREQUENCY RANGE |CPS TO 250KCPS BY
CHANGING Ct
OUTPUT AT COLLECTOR HAS 8 VOLT
MINIMUM LEVEL CHANGE
AMBIENT TEMPERATURE -55°C TO 71°C
2N3e8A) SYNCHRONIZING PULSES PERMIT
GENERATING SUBHARMONICS
SYNC PULSE AMPLITUDE MUST EXCEED
1.5V POSITIVE ; RISETIME MUST BE LESS
THAN 10, SEC.

330pf

SYNC

10pt 47080

ASTABLE MULTIVIBRATOR
Figure 11.11

MONOSTABLE MULTIVIBRATOR

On being triggered a monostable multivibrator switches to its unstable state where
it remains for a predetermined time before returning to its original stable state. This
makes the monostable multivibrator useful in standardizing pulses of random widths
or in generating time delayed pulses. The circuit is similar to that of a flip-flop except
that one cross-coupling network permits AC coupling only. Therefore, the flip-flop can
only remain in its unstable state until the circuit reactive components discharge. Two
circuits are shown in Figure 11.12 to illustrate timing with a capacitor and with an
inductor. The inductor gives much better pulse width stability at high temperatures.
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INDICATOR LAMP DRIVER

The control panel of a computer frequently has indicator lamps to permit monitor-
ing the computer’s operation. The circuit in Figure 11.13 shows a bistable circuit
which permits controlling the lamp by short trigger pulses.

A negative pulse at point A turns on the lamp, which remains on due to regenera-
tive feedback in the circuit. A positive pulse at A will turn off the lamp. The use of
complementary type transistors minimizes the standby power while the lamp is off.

-l2v

1.8K
QUTPUT AT COLLECTORS HAS 8 VOLT
QUTPUT LEVEL CHANGE
—o0
QUTPUT PULSE DURATION 2uSEC TQ 1SEC
MAXIMUM INPUT FREQUENCY 250KC

MAXIMUM REQUIRED INPUT PULSE IS
ol 5 VOLTS

DUTY CYCLE EXCEEDS 60%

AMBIENT TEMPERATURE -55°C TO 7I°C

{
270pt 33K
]klNBI

5600
(A)
—0 + 18V
15K 1K 1.5%
OUTPUT AT COLLECTOR HAS
1Oufd OUTPUT 5 VOLT LEVEL CHANGE
| OUTPUT PULSE DURATION APPROX
INPUT 05 HY 600 MICROSECONDS
o MAXIMUM INPUT PULSE REQUIRED
3 VOLTS
2.2k 1208
AMBIENT TEMPERATURE -~ 55°C
TO 71°C
%seon é 3908

ijy

(B)

MONOSTABLE MULTIVIBRATOR
Figure 11.12

PULSE GENERATOR

Frequently, in computer circuits a clock pulse is required to set the timing in an
array of circuits. A pulse generator is shown in Figure 11.14 which delivers a very
fast rise time (25 nsec.) pulse of high power. The circuit is basically composed of two
parts. A multivibrator is formed by Q. and Q. and their associated circuitry and triggers
the pulse generator formed by Qs and Q..
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* e —o0 24vt20%

IN1692 2K

2N526

0l pde é
6.8K
f@ GE - E24 LAMP

S

TRIGGER PULSE REQUIREMENT 2 VOLTS MAXIMUM.
AMBIENT TEMPERATURE -55°C TO 7t°C
RESISTOR TOLERANCE T 10% AT END OF LIFE.

BISTABLE INDICATOR LAMP DRIVER

Figure 11.13
1K
GE 2N994
Q2
> >
100K < 34700 470 > RL 500
220pt
P 470pt ouTPUT
+ i ¥
=ov 25v =
>—§ GE 2N2193
al $
1009 GE 2N2193
Q3
GE 2N2193
AA 1t Q4
470 220pt

Pulse Generator Characteristics: Amplitude - 25 volts,
Width - 200 nanoseconds, Rise Time - 25 nanoseconds,
Fall Time - 30 nanoseconds, Impedance - 50 chms, Repe-
tition Rate - 100 kilocycles.

PULSE GENERATOR WITH 0.5 AMPS. IN 25 NSEC.
Figure 11.14
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RING COUNTER

The circuit of Figure 11.15 forms a digital counter or shift register with visual
readout. The circuit operates from a 12 volt source and uses six components per stage.
The counter and indicator functions are combined to insure low battery drain. The
.22 ufd capacitor ensures that the first stage turns on after the reset button is released.
No current is drawn by the stages except when a lamp is on. As many stages as desired

may be included in a ring.
%S.BK %G.BK

RESET N.C.

+l2vo—o0

N9z W
iNig92 W

INI692
RECTIFIERS 1
PROVIDE BIAS

VOLTAGES FOR
TEMPERATURE 2NI4I5 2N1415 2NI14IS

STABILITY.
é 10K g 10K 2NI694 2N1694 2NI634

ol utd Ol K14 Nzan Ol winzaa| O winzaa
inpuTo—| } A

A b —s A

1.8K 1.BK 1.8K

G.E. G.E
INIG92 W 2N1694 #1344 # 344
TRIGGERING LAMP LAMP OUTPUT
INI692 W TRANSISTOR 10V 1Sma TO NEXT
510 COUNTER
P e O.lpufd RING

o FIRST STAGE—) SECOND STAGE LAST STAGE
OF RING COUNTER

RING COUNTER WITH VISUAL READOUT
Figure 11.15






LOGIC

CHAPTER

Large scale scientific computers, smaller machine control computers and electronic
animals all have in common the facility to take action without any outside help when
the situation warrants it. For example, the scientific computer recognizes when it has
completed an addition, and tells itself to go on to the next part of the problem. A
machine control computer recognizes when the process is finished and another part
should be fed in. Electronic animals can be made to sense obstructions and change
their course to avoid collisions. Mathematicians have determined that such logical
opcrations can be described using the conjunctives AND, OR, AND NOT, OR NOT.
Boolean algebra is the study of these conjunctives, the language of logic. A summary
of the relations and operations of Boolean algebra follow the example of its use below.

Transistors can be used to accomplish logic operations. To illustrate this, an example
from automobile operation will be used. Consider the interactions between the ignition
switch, the operation of the motor and the oil pressure warning light. If the ignition is
off, the motor and light will both be off. If the ignition is turned on, but the starter is
not energized the warning lamp should light because the motor has not generated oil
pressure. Once the motor is running, the ignition is on and the lamp should be off.
These three combinations of ignition, motor and lamp conditions are the only possible
combinations signifying proper operation. Note that the three items discussed have
only two possible states each, they are on or off. This leads to the use of the binary
arithmetic system, which has only two symbols corresponding to the two possible states.
Binary numbers will be discussed later in the chapter.

- . E Res:’/” I =1GNITION
! Opt O T M =MOTOR
2 o} o} ! X L =LAMP
3 0 | 0 X il? =SESULT
4 0 I I X 0 =OFF
5 ! 0 o X = ACCEPTABLE
6 [ 0 I +” | X=UNACCEPTABLE
> ; ) 0 .- | N=3=NO OF VARIABLES
8 ! I i X 2N-8

TABLE OF ALL POSSIBLE COMBINATIONS OF IGNITION,
MOTOR AND LAMP CONDITIONS

Figure 12.1

To write the expressions necessary to derive a circuit, first assign letters to the
variables, e.g., I for ignition, M for motor and L for lamp. Next assign the number one
to the variable if it is on; assign zero if it is off. Now we can make a table of all possible
combinations of the variables as shown in Figure 12.1. The table is formed by writing
ones and zeros alternately down the first column, writing ones and zeros in series of
two down the second; in fours down the third, etc. For each additional variable,
double the number of ones or zeros written in each group. Only 2% rows are written,
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where N is the number of variables, since the combinations will repeat if more rows
are added. Indicate with a check mark in the result column if the combination repre-
sented in the row is acceptable. For example, combination 4 reads, the ignition is off
and the motor is running and the warning light is on. This obviously is an unsatisfactory
situation. Combination 7 reads, the ignition is on and the motor is running and the
warning light is off. This obviously is the normal situation while driving, If we indicate
that the variable is a one by its symbol and that it is a zero by the same symbol, with
a bar over it and if we use the symbol plus (+) to mean “OR” and multiplication to
mean “AND” we can write the Boolean equation IML 4+ IML + IML = R where R
means an acceptable result. The three terms on the left hand side are combinations 1, 6,
and 7 of the table since these are the only ones to give a check mark in the result
column. The plus signs indicate that any of the three combinations individually is
acceptable. While there are many rules for simplifying such equations, they are beyond
the scope of this book.

INPUTS

™~ I
-
L -

7 5
// S/
/ J/
v
. /
1 4 PICTORIAL PRESENTATION = /’
A .
T S et T ~ 5, oo eeseiraon
" — EXPRESS THE BOOLE = v
EeUATION EJECOLEAN M—— EXPRESS THE BOOLEAN EQU-
= ATION
T TRL+ 1ML +IMT = R (oML T D)o Mis ) « R
[
Figure 12.2 Figure 12.3

To express this equation in circuitry, two basic circuits are required. They are
named gates because they control the signal passing through. An “AND” gate generates
an output only if all the inputs representing the variables are simultaneously applied and
an “OR” gate generates an output whenever it receives any input. Our equation trans-
lated into gates would be as shown in F igure 12.2. Only if all three inputs shown for an
“AND” gate are simultaneously present will an output be generated. The output will
pass through the “OR” gate to indicate a result. Note that any equation derived from
the table can be written as a series of “AND” gates followed by one “OR” gate,

It is possible to rearrange the equation to give a series of “OR” gates followed by one
“AND” gate. To achieve this, interchange all plus and multiplication signs, and remove
bars where they exist and add them where there are none. This operation gives us,

I+M4+LI+M+L)T+M+L) =R
In ordinary language this means if any of the ignition or motor or lamp is on, and
simultaneously either the ignition is off or the motor is on or the lamp is off, and
simultaneously either the ignition is off or the motor is off or the lamp is on, then the
result is unacceptable. Let us apply combination 4 to this equation to see if it is accept-
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able. The ignition is off therefore the second and third brackets are satisfied. The first
bracket is not satisied by the ignition because it requires that the ignition be on.
However, the motor is or in combination 4, satisfying the conditions of the first bracket.
Since the requirements of all brackets are met, an output results. Applying combination
7 to the equation we find that the third bracket cannot be satisfied since its condi-
tions are the opposite of those in combination 7. Consequently, no output appears.
Note that for this equation, an output indicates an unacceptable situation, rather than
an acceptable one, as in the first equation. In gate form, this equation is shown in
Figure 12.3.

Table 12.1 summarizes the definitions used with the Boolean equations above and
indicates some of the rules which were used to convert the equation represented in

Figure 12.2 to that of Figure 12.3. The more conventional symbols a, b, ¢ are used in
place of I, M, and L.

DEFINITIONS
a, b, ¢, etc. Symbols used in equations
ab or a-b or (a)(b) Reads as “a and b”
a+b Reads as “aor b”
a Reads as “not a”
1 Reads as “true” or “on”
0 Reads as “false” or “off”
LAWS
Commutative Laws Distributive Law
a4+b=b4a a(b 4+ c) = ab 4 ac
ab = ba Special Distributive Law
Associative Laws (a+b)a+c)=a+bc
(a+b)+c=a+(b+c) DeMorgan’s Theorem
(ab)e = a(bc) at+b={(b) ab=(a+b)
RELATIONSHIPS
1=0 0=T1
at+a—a a-a—a
a+1= 1 a- l —3\
at+a=1 a-a=20
a=—a a4+ab=all4b)=a

Tabhle 12.1

Methods for using transistors in gate circuits are illustrated in Figure 12.4. The base
of each transistor can be connected through a resistor either to ground or a positive
voltage by operating a switch. In Figure 12.4(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 Ri. If we define closing a switch as being
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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 synonymous 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.
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IF OPENING A SWITCH IS AN INPUT THIS IS AN "OR" GATE
NOTE: PHASE INVERSION OF INPUT

BASIC LOGIC CIRCUITS USING PARALLEL TRANSISTORS
Figure 12.4
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The circuit in Figure 12.4(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 excessively.

Figure 12.5(A) and (B) are very similar to Figure 12.4(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.,

(A) GATE USING NPN TRANSISTORS
IF CLOSING A SWITCH IS AN INPUT THIS IS AN "AND" GATE
IF OPENING A SWITCH IS AN INPUT THIS IS AN "OR"GATE
NOTE: PHASE INVERSION OF INPUT

(B) GATE USING PNP TRANSISTORS
IF CLOSING A SWITCH IS AN INPUT THIS IS AN "OR" GATE
IF OPENING A SWITCH IS AN INPUT THIS IS AN "AND"GATE
NOTE: PHASE INVERSION OF INPUT

BASIC LOGIC CIRCUITS
(USING SERIES TRANSISTORS)

Figure 12.5

Looking at the logic of Figure 12.3, let us define an input as a positive voltage; a
lack of an input as zero voltage. By using the circuit of Figure 12.4(A) with three
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 configuration shown in Figure 12.5(A).
An output inverter stage would also be required. This is shown in Figure 12.6(A).
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By recognizing that the circuit in Figure 12.4(A) becomes an “AND” gate if the
input signal is inverted, the inverters can be eliminated as shown in Figure 12.6(B).

+I0VOo ’ 2

IK

R
OUTPUT

0K
0K 10K
1 ke -
011" OE
HER
_,\%\,_ M INVERTERS
10K
ALL TRANSISTORS — 2N2195 = = = —
"NORGATE INVERTER NOT 'AND"GATE INVERTER

(A)INVERTERS COMPENSATE FOR PHASE INVERSION OF GATES

-0+ 10V

10K OUTPUT

R

10K 10K 10K

oK JT_

-

“"NOR" GATE TO OTHER NOT 'AND"
“NOR" GATES GATE
—AN—————————

10K

(B}PHASE INVERSION UTILIZED TO ACHIEVE "AND" AND "OR" FUNCTIONS FROM THE SAME CIRCUIT,

CIRCUITS REPRESENTING (1 + M+ L)+ M+ LT+ M+ L) =R
Figure 12.6

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 12.6 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 I must be zero and vice versa. This can be accomplished by using a phase
inverter to generate T from I. Another approach, more commonly used, is to take I
and T from opposite sides of a symmetrical flip-flop.
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=10
IF A OR B OR C IS RAISED FROM ZERO TO
12 VOLTS THE TRANSISTOR WILL CONOUCT.

BASIC NOR CIRCUIT
Figure 12.7

“NOR” logic is a natural extension of the use of resistors in the base circuit. In the
circuit of Figure 12.7, 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
12.3 can now be accomplished by combining the “NOR” circuit of Figure 12.7 with
the “AND” circuit of Figure 12.5(A). The result is shown in Figure 12.7. In comparing
the circuits in Figure 12.6(A) and 12.8, 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 12.7 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 elevated 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 Vazr is larger for silicon devices and I.. is very low a resistor
returned to the emitter reference may result in sufficient circuit stability.

NI
:—'\/V\c—] A are :
1I—AM) oUTPUT :
L—nAN— ' =
ALL TRANSISTORS
T—AAN 2N635A 4
M—AAA |~vs=n*rsn
=AM~
27K -

-V

(A) NOR LOGIC USING SERIES (B) NOR LOGIC USING

TRANSISTORS FOR “AND” GATE INVERSION FOR “AND” GATE

Figure 12.8
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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.

Vee

R
RC A 3

DEFINITIONS

I =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 OUTPUTS PERMITTED

Vpg *MAX. BASE TO EMITTER VOLTAGE WHEN
THE TRANSISTOR IS ON.

Ve = MAX. COLLECTOR TO EMITTER VOLTAGE WHEN
THE TRANSISTOR IS ON.

CIRCUIT USED FOR DESIGN OF NOR CIRCUITRY
Figure 12.9

A detailed “NOR” building block is shown in Figure 12.9. 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.

Veec — Vee — IcouRe
Ik = e = 1
K RK + NRC ( Za)
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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 — IB + M QVCE{ — VCEN +_VBE —_VEB) — (VBE _XCEN)+ ICOM (121))

Rk

where Veex is the minimum expected saturation voltage, Veey is the maximum expected
saturation voltage and Vs is the reverse bias required to reduce the collector current
to Ico. Ves is a negative voltage. The third equation ensures that Vea will be reached
to turn off the transistor.
Tcou +(VCE;M_ Ves)M =1Ir (12¢)
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 Icox, Vse, Veew, and Is (min) can be
calculated. Is (min) is the minimum base current required to cause saturation. Rc is
calculated from the assumed collector current. In equation (12a) solve for Ix using the
desired value of N and an arbitrary value for Rx. Substitute the value for Ix in equa-
tion (12b) along with a chosen value for M and solve for Is. While superficially I need
only be large enough to bring the transistor into saturation, increasing Iz will improve
the rise time.

INPUTS INPUTS

—\\NN— OUTPUT |:

—AM— —AAN *

Iy ] == —
—\VN— I,
CLAMPING DIODE REDUCES STORAGE CAPACITORS REDUCE STORAGE
TIME TO INCREASE SPEED TIME TO INCREASE SPEED
(A) (B)
Figure 12.10

Circuit speed can also be enhanced by using a diode as shown in Figure 12.10(A)
to prevent severe saturation or by shunting Rk by a capacitor as in 12.10(B). The capac-
itors may cause malfunction unless the stored charge during saturation is carefully
controlled; they also aggravate crosstalk between collectors. For this reason it is pref-
erable to use higher frequency transistors without capacitors when additional speed
is required. Table 12.2 lists the characteristics of common logic systems employing
transistors.
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NAME

TYPICAL CIRCUIT

( Positive signals are defined as 1)

DESCRIPTION

RTL

Resistor
transistor
logic
(NOR)

a+b+c

Logic is performed by re-
sistors. Any positive input
produces an inverted out-
put irrespective of the
other inputs. Resistor Rs
gives temperature stability.
(See Fig. 12.7)

RCTL

Resistor
capacitor
transistor

logic

a+b

Same as RTL except that
capacitors are used to en-
hance switching speed.
The capacitors increase the
base current for fast col-
lector current turn on and
minimize storage time by
supplying a charge equal
to the stored base charge.

DCTL

Direct
coupled
transistor
logic

Logic is performed by
transistors. Vce and Vse,
measured with the tran-
sistor in saturation, define
the two logic levels. Vce
must be much less than
VBE to ensure stability and
circuit flexibility. (See
Fig. 12.6)

DL

Diode
logic

atb+c

abc

Logic is performed by
diodes. The output is not
inverted. Amplifiers are re-
quired to maintain the cor-
rect logic levels through
several gates in series.

LLL

Low
level
logic

at+b+c

Logic is performed by
diodes. The output is in-
verted. The diode D iso-
lates the transistor from
the gate permitting R to
turn on the collector cur-
rent. By proper choice of
voltage changes occur.
This method is also called
current switching diode
logic.

COMMON LOGIC SYSTEMS
1184
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SUITABLE TRANSISTORS DIODES
FEATURES GERMANIUM SILICON SILICON
Low Speed High Speed Low Speed High Speed :
(fa < 15mes.)| (fa> 15 mes. )| (fa < 15mes.)| (fa>> 15 mes. ) | iR Speed
The circuit design is 2N78* 2N705 2N335 2N706
straightforward. All logical 2N167* 2N711 2N656A 2N708
formed with only this cir-
cuit. Many transistors %gg%g. 2N994 2N2193
readily meet the steady IN635A
state requirements. 2N1304
2N1305
2N1924
Faster than RTL at the ex- 2N396A* 2N705 2N1613
pense of additional compo- 2N404 2N711 2N2193
nents and stringent stored 2N634
charge requirements.
Very low supply voltages 2N781 2N708
may be used to achieve 2N914
high power efficiency and
miniaturization. Relatively
fast switching speeds are
practical.
Several gates may be used 2N78* 2N70S8 2N333* 2N706 1N3804
i S| Mg | RGO | RN | R |
speeds can be attained. N/
Non - inversion simplifies ggggg; 2N994 ggé?ég
circuit design problems.
Relatively inexpensive
components are used.
The number of inputs to 2N396A* 2N781 2N335* 2N914 1N3604
the diode gate does not 2N525 2N828 2N338* 2N1711 1N3605
affect the transistor base 2%232' 2N2192 1N3608
current thus giving pre- 2
. 2N1304
dictable performance. The
k 2N1305
small voltage excursions
minimize the effects of
stray capacitance and en-
hance switching speed.

Table 12.2

S 155



LOGIC

NAME

TYPICAL CIRCUIT

(Positive signals are defined as 1)

DESCRIPTION

CML

Current
mode
logic

a+b+c at+b+c

@

o

Logic is performed by
transistors which are biased
from constant current
sources to keep them far
out of saturation. Both in-
verted and non-inverted
outputs are available,

DTL

Diode
transistor
logic

asbéc

Logic is performed by
diodes. The output is in-
verted. The transistor acts
as an amplifier. This is
essentially an extension of
the diode logic discussed
above.

Logic is performed by
cores and transmitted by
diodes. Transistors act as
drivers to shift informa-
tion. Each transistor can
drive many cores but not
successive cores in the
logic line.

4 Layer

Device
logic

It

Logic is performed by
silicon controlled switches
which are triggered on at
the gate lead. The gates
can be actuated by pulse
or DC levels. The gates
have a built in memory
and must be reset.

TDL

Tunnel
diode
logic

CH= R ] R
abc
b O=AAA —0 OR

’ a+b+c

Logic is performed by
tunnel diode switching
from low voltage to high
voltage state. Whether
circuit represents AND or
OR gate depends on bias
current through resistor R.
Tunnel diode biased near
peak current for OR gate,
and close to ground for
AND.

COMMON LOGIC SYSTEMS
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SUITABLE TRANSISTORS SUITABLE
DIODES
FEATURES GERMANIUM SILICON SILICON
Low Speed High Speed Low Speed High Speed .
(fa<15mes.)|(fa>15mes.) |(fa < 15mes.)|(fa> 15 mos. ) | High Speed
Very high switching speeds 2N705 2N337* 2N708
are possible because the 2N711 2N338* 2N914
transistors are operated at 2N964
optimum operating condi- 2N994
tions. Although the volt-
age excursion is small the
circuitry is relatively un-
affected by noise.
High speeds can be at- 2N78* 2N705 2N333* 2N706 IN3604
tained. The impedance %%Il}ggA‘ gggéi 2N337* %Eg(l)g IN3605
and voltage levels from 1N3606
stage to stage are well g%ggg‘; 2N994 2N1613
deﬁned. 2N1304
2N1305

These core modules can 2N697 1IN3604
be made very small. Speed g%igég iggggg
is limited itch-
e P 2N2193 1N3607

' 2N2243 1N3608

IN3609

These gates are pulse or
dc actuated and the input
need not be maintained.
High output power capa-
bility is available. In gen-
eral, in the presence of
radiation, units will turn
on permitting fail-safe de-
sign in this atmosphere.

SUITABLE DEVICES

3N58 Silicon Controlled

Current flowing through
input resistors determines
logic. Circuit is basically
simple and very high
speed is obtainable.

3N59 Switches
TD-1A

TD-2A Germanium
TD-3A Tunnel Diodes
TD-311B

NOTE: Other peak current diodes are listed in Chapter 22.

Table 12.2 (Continued)
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BINARY ARITHMETIC

Because bistable circuits can be readily designed using a variety of components
from switches to transistors, it is natural for counters to be designed to use binary
numbers, i.e., numbers to the base, or radix, 2. In the conventional decimal system, a
number written as 2904 is really a contraction for 2 X 10° 4+ 9X 10°4+0 X 10" 4+4 X 1.
Each place refers to a different power of 10 in ascending order from the right.
In the binary system, only two symbols are permitted, 0 and 1. All numbers are
constructed on the basis of ascending powers of 2. For example, 11011 means
1X204+1%2°40x2"4+1X 241 X 1. This is 27 in the decimal system.

This notation applies also to decimal fractions as well as integers. For example, the
number 0.204 is a contraction of 2 X 10 4+ 0 X 1072 + 4 X 107 Similarly, the binary
number 0.1011 is a contractionof 1 X 2 + 0 X 2% 4 1 X 27 4+ 1 X 2. Using this
construction, a table of equivalent binary and decimal numbers can be obtained as
shown below.

Binary Decimal Binary Decimal

0 0 0.000 0.000

1 1 0.001 0.125

10 2 0.010 0.250

11 3 0.011 0.375
100 4 0.100 0.500
101 5 0.101 0.625
110 6 0.110 0.750
111 7 0.111 0.875

Arithmetic operations can best be described by comparative examples..

Addition Subtraction
42 101010 44 101100
418 10010 —18 10010
60 111100 26 11010

During addition, the digits in a column are added to the carry from the previous
column. The result is expressed as a sum digit which is recorded and a carry digit
which is applied to the next column. The term digit generally refers to the figures in a
decimal number; the term bit (an abbreviation of binary digit) is used with binary
numbers. If the digit being subtracted is the larger of the two in the column, the
techniques used to handle this situation in decimal subtraction are also applicable in
the binary system.

Multiplication Division
42 101010 1.35 1.0101
21 10101 5v6.7500 101V 110.11000
42 101010 5 101
84 101010 17 111
882 101010 15 101
1101110010 25 1000
25 101
110

Multiplying a binary number by two is equivalent to adding a zero to its right hand
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side, just as multiplying a decimal number by 10 adds a zero. This is equivalent to
shifting the number one place to the left. In computers, this operation is done by a
shift register. Division can be readily understood since it involves the operations of
additions, subtraction and multiplication only.

Computers generally employ circuits called adders which can perform the opera-
tion of addition. Adders can also perform other arithmetic operations besides addition.
For example, an adder can perform subtraction by the use of a number’s complement.
The complement is obtained numerically by interchanging all ones and zeros. In
equipment the complement can be obtained by taking the output from the opposite
side of flip-flops.

The manner in which subtraction with an adder is accomplished is given by the
following example:

Problem: Calculate
1101 — 1001

Complement of 1001 is 0110
(1111 — 1001 = 0110)

Add: 1101 4- 0110 = 10011
Add 1 10011 4+ 1 = 10100

Onmit left hand digit to obtain
1101 — 1001 = 100

Flip-flops can be connected in series so that the first flip-flop will alternate states
with each input pulse, and successive flip-flops will alternate states at half the rate of
the preceding flip-flop. In this way the flip-flops assume a unique configuration of
states for a given number of input pulses. The flip-flops actually perform the function
of binary counting. A practical circuit of a binary counter is shown in Figure 11.3(B)
The count in a binary counter can be determined by noting whether each stage is in
the 1 or 0 condition, and then assigning the appropriate power of 2 to the stage to
reconstruct the number as in the examples above.

If it is required to count to a base other than 2, a binary counter can be modified
to count to the new base.

The rules for accomplishing the modification will be illustrated for a counter to
the base 10.

Rule Example
1) Determine the number of binary stages M =10
(N) required to count to the desired 28 L 1028
new base (M) N=4
2) Subtract M from 2 20— 10=6
3) Write the remainder in binary form 6 =110
4) When the count reaches 2%, feed 9Nt — 23 — 1000
back a one to each stage of the counter Feedback added gives

having a one in the remainder shownin3) 1 110

As additional pulses are added beyond the count 2%, they will count through to M
and then recycle to zero. This method is based on advancing the count at the point 2%
to the extent that the indicated count is 2¥ when M input pulses are applied. The feed-
back is applied when the most significant place becomes a one but it is imperative that
feedback be delayed until the counter settles down in order to avoid interference with
the normal counter action.

e — = ——— __ ___-_ it






UNIJUNCTION TRANSISTOR
CIRCUITS

CHAPTER

The unijunction transistor is a three-terminal semiconductor device which has
electrical characteristics quite different from those of a conventional two-junction tran-
sistor. Its most important features are: (1) a stable firing voltage which is a fixed
fraction of the applied interbase voltage, (2) a very low value of firing current (I,),
(3) a negative resistance characteristic which is uniform from unit to unit and stable
with temperature and life, (4) a high pulse current capability, and (5) a low cost. These
characteristics make the unijunction transistor advantageous in oscillators, timing
circuits, voltage sensing circuits, SCR firing circuits and bistable circuits.

The unijunction transistor is available in 28 distinct types to meet the needs of a
wide range of applications. Types 2N489 to 2N494 feature tight control on all param-
eters, particularly on n (10% limits) and Res (=20% limits). These types differ from
one another primarily in the limit values of » and Rgs. Military versions of types 2N489
to 2N494 are available to meet military specifications MIL-T-19500A/75. Type 2N1671
and 2N2160 are low cost types, suitable for applications where lower voltage ratings
and wider ranges of 7 and Rps can be tolerated. Types 2N1671A and 2N489A to
2N494A have guaranteed characteristics for firing Silicon Controlled Rectifiers. Types
2N1671B and 2N489B to 2N494B have lower limits on peak point current and emitter
leakage current and are intended for applications such as time delay circuits where a
sensitive characteristic is required.

THEORY OF OPERATION

The construction of the unijunction transistor is shown in Figure 13.2. Two ohmic
contacts, called base-one (Bl) and base-two (B2) are made at opposite ends of a
small bar of n-type silicon. A single rectifying contact, called the emitter (E), is made
on the opposite side of the bar close to base-two. An interbase resistance, Rgs, of
between 5K and 10K exists between base-one and base-two. In normal circuit opera-

I
B2
Ie
— B2 B2
E \' E OHMIC
)BI BB CONTACTS
Vg P-N EMITTER
Jumcnomj\'
L N-TYPE
SILICON BAR BI
.

SYMBOL FOR UNIJUNCTION TRAN- CONSTRUCTION OF UNIJUNCTION
SISTOR WITH INDENTIFICATION OF TRANSISTOR — CROSS SECTIONAL

PRINCIPLE VOLTAGES AND CUR- VIEW
RENTS
Figure 13.1 Figure 13.2
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tion, base-one is grounded and a positive bias voltage, Vs, is applied at base-two.
With no emitter current flowing, the silicon bar acts like a simple voltage divider
(Figure 13.3) and a certain fraction, n of Vss will appear at the emitter. If the emitter
voltage, Ve, is less than 5 Vaa, the emitter will be reverse-biased and only a small
emitter leakage current will flow. If Ve becomes greater than n Vss, the emitter will be
forward biased and emitter current will flow. This emitter current consists primarily
of holes injected into the silicon bar. These holes move down the bar from the emitter
to base-one and result in an equal increase in the number of electrons in the emitter
to base-one region. The net result is a decrease in the resistance between emitter and
base-one so that as the emitter current increases, the emitter voltage decreases and a
negative resistance characteristic is obtained (Figure 13.5).

The operation of the unijunction transistor may be best understood by the repre-
sentative circuit of Figure 13.3. The diode represents the emitter diode, Rs: represents
the resistance of the region in the silicon bar between the emitter and base-one and
Rs: represents the resistance between the emitter and base-two. The resistance Rm
varies with the emitter current as indicated in Figure 13.4.

B2 In Rg
(MA)_[(OHMS)
Rp2 0 |4600
E || 2000
2 900
5 240
R 10 150
BI 20 90
o Al 50 40
o O
UNIJUNCTION TRANSISTOR VARIATION OF Rg, WITH I IN
REPRESENTATIVE CIRCUIT REPRESENTATIVE CIRCUIT
(TYPICAL 2N492)
Figure 13.3 Figure 13.4

The large signal properties of the unijunction transistor are usually given in the
form of characteristic curves. Figure 13.5 gives typical emitter characteristic curves as
plots of emitter voltage vs. emitter current for fixed values of interbase voltage. Figure
13.6 gives typical interbase characteristic curves as plots of interbase voltage vs. base-
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YN N N e £ 4 =T ST
:F i ‘_::h"-v."'__v.”_ g: f B 1=
— R e
TYPICAL EMITTER TYPICAL INTERBASE
CHARACTERISTICS (TYPE 2N492) CHARACTERISTICS (TYPE 2N492)
Figure 13.5 Figure 13.6

1192 | —



I UNIJUNCTION TRANSISTOR CIRCUITS

two current for fixed values of emitter current. On each of the emitter characteristic
curves there are two points of interest, the peak point and the valley point. On each of
the emitter characteristic curves the region to the left of the peak point is called the cut-
off region; here the emitter is reverse biased and only a small leakage current flows. The
region between the peak point and the valley point is the negative resistance region.
The region to the right of the valley point is the saturation region; here the dynamic
resistance is positive and lies in the range of 5 to 209.

PARAMETERS — DEFINITION AND MEASUREMENT

1. Ras — Interbase Resistance. The interbase resistance is the resistance measured
between base-one and base-two with the emitter open circuited. It may be measured
with any conventional ohmmeter or resistance bridge if the applied voltage is five
volts or less. The interbase resistance increases with temperature at about 0.8%/°C.
This temperature variation of Res may be utilized for either temperature compensation
or in the design of temperature sensitive circuits.

2. n — Intrinsic Stand-off Ratio. This parameter is defined in terms of the peak
point voltage, Vp, by means of the equation: Vr = #Ves + Vp . . . where Vp is
about 0.67 volt at 25°C and decreases with temperature at about 3 millivolts/°C. It is
found that » is constant over wide ranges of temperature and interbase voltage. A
circuit which may be used to measure » is shown in Figure 13.7. In this circuit Ry, C,
and the unijunction transistor form a relaxation oscillator and the remainder of the
circuit serves as a peak voltage detector with the diode automatically subtracting the
voltage Vo. To use the circuit, the “cal” button is pushed and Rs adjusted to make the
meter read full scale. The “cal” button is then released and the value of 5 is read
directly from the meter (1.0 full scale). If the voltage V: is changed, the meter must
be recalibrated.

3. Ir — Peak Point Current. The peak point current corresponds to the emitter
current at the peak point. It represents the minimum current which is required to fire
the unijunction transistor or required for oscillation in the relaxation oscillator circuit.
Ir is inversely proportional to the interbase voltage. Ir may be measured in the circuit
of Figure 13.8. In this circuit the potentiometer setting is slowly increased until the
unijunction transistor fires as evidenced by a sudden jump and oscillation of the meter
needle. The current reading just prior to when the jump takes place is the peak point
current.

4 . O +10V . 0+ Vg
10-30V
CAL 4 2200
d
R
R, 75K IN3605 ;'02" )OOk
20pA
5;:)3'( . =02
+ (4 :
100 A ——L— _:L
TEST CIRCUIT FOR INTRINSIC TEST CIRCUIT FOR PEAK POINT
STANDOFF RATIO (%) EMITTER CURRENT (l,)
Figure 13.7 Figure 13.8
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4. Vp — Peak Point Emitter Voltage. This voltage depends on the interbase voltage
as indicated in (2). Vr decreases with increasing temperature because of the change
in Vp and may be stabilized by a small resistor in series with base-two.

5. Vg (sat) — Emitter Saturation Voltage. This parameter indicates the forward
drop of the unijunction transistor from emitter to base-one in the saturation region.
It is measured at an emitter current of 50 ma and an interbase voltage of 10 volts.

6. Is. (mod) — Interbase Modulated Current. This parameter indicates the effective
current gain between emitter and base-two. It is measured as the base-two current
under the same condition used to measure Vi (sat).

7. Iso — Emitter Reverse Current. The emitter reverse current is measured with
60 volts between base-two and emitter with base-one open circuit. This current varies
with temperature in the same way as the Ico of a conventional transistor.

8. Vi — Valley Voltage. The valley voltage is the emitter voltage at the valley
point. The valley voltage increases as the interbase voltage increases, it decreases
with resistance in series with base-two and increases with resistance in series with
base-one.

9. Iy — Valley Current. The valley current is the emitter current at the valley
point. The valley current increases as the interbase voltage increases and decreases
with resistance in series with base-one or base-two.

RELAXATION OSCILLATOR

The relaxation oscillator circuit shown in Figure 13.9 is a basic circuit for many
applications. It is chiefly useful as a timing circuit, a pulse generator, a trigger circuit
or a sawtooth wave generator.

Ve (Max)

BASIC RELAXATION OSCILLATOR
Vet WITH TYPICAL WAVEFORMS

Figure 13.9

Conditions for Oscillation.
V| - VP
R

It is found that these conditions are very broad permitting a 1000 to 1 range of R,

from about 2K to 2M. R. is used for temperature compensation, its value may be cal-
culated from the equation:

. = 040 R

"lvl

-
>L,Wﬁb<u

BE (units are ohms, volts)

The maximum and minimum voltages of the emitter voltage waveform may be
calculated from:

Ve (max) = V, = nVsr + .67 volt
Vi (min.) = 0.5 Vi (sat)

The frequency of oscillation is given by the equation:
e —

1
RCIn (;2)

and may be obtained conveniently from the nomogram of Figure 13.10.
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Figure 13.10

The emitter voltage recovery time, tvg, is defined as the time between the 90%
and 10% points on the emitter voltage waveform. The value of tve is determined
primarily by the size of the capacitor C in Figure 13.9 and may be obtained from
Figure 13.11.

3
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= 3 —r i
sof ! ]
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I ~-riil-~ i
11 -1 v 2
i | 1Ly € P\ 0%
AR —F - i
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= mres 1H %
2 AT J1HH---1-1 (IE'IB"AB_S)KXL
THEF-T 1
o s > 11
1
1
.001 .01 0. 1.0 10

CAPACITANCE —C- (MICROFARADS)

RECOVERY TIME OF UNIJUNCTION TRANSISTOR RELAXATION
OSCILLATOR VS. CAPACITY

Figure 13.11

The pulse amplitude at base-one or base-two may be determined from the equations:

[V, —1/2 Vg(sat)]1C
tve Units are ma,
In: (;ﬂOd) \/ Teochs volts, muf, usec.

Lipean =

4

Instpears
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ULTRA-LINEAR SAWTOOTH WAVE GENERATOR

The circuit of Figure 13.12 may be used as a linear sawtooth wave generator. The
NPN transistor serves as an output buffer amplifier with the capacitor C. and resistor R.
serving in a bootstrap circuit to improve the linearity of the sawtooth. R; and C, give
integrator type feedback which compensates for the loading of the output stage. Opti-
mum linearity is obtained by adjusting R.. Linearity is 0.3% or more depending on
hrg of the NPN transistor.

- . o +20v

g30ﬂ 12K % 1K
c2 N\}

}————— ouTPUT
6V P-P
o— 4
U~ svne
INPUT
2N49I
2N492
M
¥ outeuT
10V P-P
1KC

SAWTOOTH GENERATOR WITH HIGH LINEARITY
Figure 13.12

VOLTAGE SENSING CIRCUIT

The high sensitivity of the unijunction transistor and the extreme stability of its
firing characteristic make it ideally suited for use in go no-go types of voltage sensing
circuits such as shown in Figure 13.13. This circuit includes a simple floating power
supply with zener diode regulation which operates from the 115 volt AC line. If the
input signal is negative the unijunction transistor will not fire and there will be no
output. If the input signal is slightly positive, the unijunction transistor will fire and
pulses will occur at the output as long as the input signal remains positive. The output
pulses are of sufficient magnitude to trigger a flip-flop, an SCR, or other pulse sensitive
devices. Note that the transformer coupled supply and output of this circuit give
complete freedom of choice in connecting the circuit to the signal source since there
are no common grounds.

Most of the output pulse energy is supplied by capacitor C.. This capacitor is
charged rapidly through R, after each pulse and hence does not limit the response time
of the circuit. Diode D. provides a discharge path for C; and diode D, and D. clamp
the input voltage to enable C; to charge to its steady state voltage when very large
voltages are present at the signal input. Capacitors C; and C. provide the initial firing
energy for the unijunction transistor and also serve as a filter for transients appearing
at the signal input and across the supply. In some cases a small capacitor will also be
required across the primary of the pulse transformer to prevent false triggering due to
transients.

The circuit is initially adjusted by shorting the signal input and setting R, so that
the circuit is on the verge of firing. If close temperature compensation is needed R: is
adjusted so that the firing voltage does not change appreciably when the unijunction
transistor is heated or cooled. It is normally possible to adjust the temperature com-
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pensation so that the drift in firing voltage is within =2 millivolts from 0°C to 55°C.
After the temperature compensation is completed it will normally be necessary to reset
R.. The long term stability of this circuit is normally better than 10 millivolts and
the hysteresis is normally less than 1 millivolt. The change in firing voltage with a
change in the supply voltage (3V,) will be less than 0.7 AV./V,. The voltage stability

can be improved by adding two silicon diodes in series with R..

3300
C
1200 :E Re 33K INI692
pt 1K
. 10K IN3605 2NI6718
o— N\~ ' ‘5 1s v
SIGNAL T x 2K 60 CPS
INPUT D, |0, 24v
- [P Cs 174 A
1000 5= 0.25= 39K
pf utd | SPRAGUE
312204

“5bs 330
PULSE
OUTPUT

VOLTAGE SENSING AND TRIGGER CIRCUIT
Figure 13.13

STAIRCASE WAVE GENERATOR

Figure 13.14 shows a simple staircase wave generator which has good stability and
a wide operating range. The unijunction transistor Q. operates as a free running oscil-
lator which generates negative pulses across R.. These pulses produce current pulses
from the collector of Q. which charge capacitor C: in steps. When the voltage across C,
reaches the peak point voltage of Qs this transistor fires and discharges C..

Resistor R: determines the frequency of the steps and resistor R. determines the
number of steps per cycle. The circuit shown can be adjusted for a step frequency

® ? —o0+20V

R
100K
3300 § 3300
39K
Q
3
Q @ 2N4 9l I_r"rr|_r
2N49I STAIRCASE
»  QUTPUT
OV P-P

STAIRCASE WAVE GENERATOR
(FREQUENCY DIVIDER)

Figure 13.14
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from 100 cps to 2 KC and the number of steps per cycle can be adjusted from one to
several hundred. This circuit can also be adapted to a frequency divider by cascading
stages similar to the stage formed by Q. and Qs.

TIME DELAY RELAY

Figure 13.15 shows how the unijunction transistor can be used to obtain a precise
delay in the operation of a relay. When the switch SW1 is closed, capacitor Cr is

RELAY
CONTACTS
Rt ———O—Ol ~o—o0 +V;
3K - 500K 3308 Swi (24-32V)

2N49I

2N492 3300
2W
s RELAY GE A38
1500 $27916200
DPOT
-t
TIME DELAY CIRCUIT WITH RELAY
Figure 13.15

charged to the peak point voltage at which time the unijunction transistor fires and the
capacitor discharges through the relay thus causing it to close. One set of relay contacts
hold the relay closed and the second set of contacts can be used for control functions.
To be used in this circuit, relays must have fast operating times, low coil resistance
and low operating power.

The time delay of this circuit is determined by Rr, about one second of delay is
obtained for each 10K of resistance, Rr. The time delay is quite independent of tem-
perature and supply voltage.

MULTIVIBRATOR

Figure 13.16 shows a unijunction transistor multivibrator circuit which has a fre-
quency of about 1 Ke. The conditions for oscillation of this circuit are the same as for

L 4 L 4 —O0 +V,

+25V iy =t
! —— +12.5V
Ve — 43y
VBZ v L_J__‘_:+2|V
Vo B2 +16V
IN457

—— 407
Vo |/

—— -85V

UNIJUNCTION TRANSISTOR MULTIVIBRATOR WITH TYPICAL WAVE FORMS
Figure 13.16
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the relaxation oscillator. The length of time during which the unijunction transistor is off
(no emitter current flowing) is determined primarily by Ri. The length of time during
which the unijunction transistor is on is determined primarily by R.. The periods may
be calculated from the equations:

_ V, — Vg
t: = Ri.Cln I:V\ — V,]
= Vi+4 V, — VE]
t. = RzC lnI: Vl P Vp -
Where Vi is measured at an emitter current of Iz = Vi (};{ I—i*— Rs) and may be obtained

from the emitter characteristic curves.

An NPN transistor may be direct coupled to the multivibrator circuit by replacing
the diode as shown in Figure 13.17. This circuit has the advantage that the load does
not have any effect on the timing of the circuit.

UNIJUNCTION TRANSISTOR MULTIVIBRATOR USED TO DRIVE
NPN TRANSISTOR

Figure 13.17

HYBRID TIMING CIRCUITS

The unijunction transistor can be used in conjunction with conventional PNP or
NPN transistors to obtain versatile timing circuits such as symmetrical and unsym-
metrical multivibrators, one-shot multivibrators, variable frequency oscillators and time
delay circuits. The advantages of these circuits include: (1) The output at the collector
of each transistor is very nearly an ideal rectangular waveform. (2) The circuits will
tolerate large variations in hrg or Ico of the transistors as compared to conventional
circuits. (3) The circuits are not prone to “lock-up” or non-oscillation. (4) The timing
stability is excellent. (5) A single small timing capacitor Cr can be used, avoiding the
use of electrolytic capacitors in many applications.

The hybrid timing circuits can use either germanium or silicon transistors as
desired. The basic circuits for PNP or NPN transistors are shown in Figures 13.18 and
13.19. In both of these circuits, the junction transistors form a conventional flip-flop
with the unijunction transistor serving the timing and triggering functions. Each time
the unijunction transistor fires the discharge current from the capacitor Cr develops a
pulse across Ra which triggers the flip-flop from one state to the other.

The basic circuits as shown in Figures 13.18 and 13.19 will operate at frequencies
from about 1 cps to 500 cps and at temperatures above 75°C. Frequencies from 1 cycle
per minute to 100 KC can be obtained by proper choice of Cr and Ra and suitable flip-
flop design. The operating temperature range may be extended to 150°C by the use of
silicon transistors.
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o - 20V

Q3
2Na9)

aoon

0 G

BASIC HYBRID TIMING CIRCUITS USING PNP AND NPN TRANSISTORS
Figure 13.18 Figure 13.19

The basic hybrid timing circuits in Figures 13.18 and 13.19 can be adapted to
perform desired functions by connecting resistors or potentiometers between the points
in the circuit (C,, Cs, E, G) as indicated below.

(A) Symmetrical Multivibrator — Square Wave Generator
R

EoO AVAVAY. OG (FIXED)

V _[_\_I_\_
0
E o AN N M 0 G (VARIABLE)

R|>3K Ro

Connecting the resistor between points E and G in the basic circuits gives a square
wave generator which has perfect symmetry. By the use of a 2 megohm potentiometer
the frequency may be varied continuously from 1 cps to 500 cps. The frequency is
f = 1/2 ReCr.

(B) One-Shot Multivibrator

R
c|o NV OE  (FIXED)
Yo et
c E (VARIABLE ~
| R>3K 'R ( ! i
| 2

The collector of Q. will be positive in the quiescent state. A positive pulse at the
base of Q. in Figure 13.18 or a negative pulse at the base of Q, in Figure 13.19 will
trigger the circuit. At the end of the timing interval, the unijunction transistor will fire
and cause the circuit to revert to its quiescent state. This circuit has the advantage of a
fast recovery time so it may be operated at a high duty ratio without any loss of
accuracy.

pon |
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(C) Non-symmetrical Multivibrator

d wd LI 1L
co «;d O ekl

E (VARIABLE)
R, >3K
Czc % |>3 f|g(RT|+R|)CT
toZ(RT2+R|) C
Ryp 2=(R7a+R) Ct
R ~
H 2R, C
=R Ct
Go AN\
. ~ RiR2Ct
¢——OF (FIXED) 27 Ry +R3

Coo—"VWV > —
2

The timing capacitor Cr will be charged through the resistor Rm or Rr. which is
connected to the positive collector. The diodes will isolate the other resistor from the
timing capacitor. The two parts of the period (t, t) can thus be set independently by
Rr, and Rr: and may differ by as much as 1000 to 1.

(D) Non-symmetrical Multivibrator — Constant Frequency

R| >3K
¢ 0 bt ANN—
[
. " R|+Rp 1CT
Rg
cz20 H
R|>3K

This configuration gives a multivibrator which has a constant frequency but a
variable duty cycle.

Further information on the characteristics and circuit applications of the unijunction
transistor is given in application note 90.10, “Notes on the Application of the Silicon
Unijunction Transistor.” Available on written request.
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FEEDBACK AND SERVO
AMPLIFIERS — TRANSISTOR
CHOPPERS

CHAPTER

USE OF NEGATIVE FEEDBACK IN TRANSISTOR AMPLIFIERS

Negative feedback is used in transistor amplifiers to fix the amplifier gain, increase
the bandwidth (if the number of transistors is less than three),” reduce distortion, and
change the amplifier input and output impedances. Feedback is used in servo ampli-
fiers to obtain one or more of these characteristics.

Gain is reduced at the midband frequencies as the feedback is increased, and the
predictability of the midband gain increases with increasing feedback. Thus, the greater
the feedback, the less sensitive will be the amplifier to the gain changes of its transistors
with operating point and temperature, and to the replacement of transistors.

The output and input impedances of the amplifier are dependent upon the type of
feedback. If the output voltage is fed back, the output impedance is lowered. In con-
trast, feedback of the output current raises the output impedance. If the feedback
remains a voltage, the input impedance is increased, while if it is a current, the input
impedance is decreased.

£..6_. L(EH_)
R +GH H\I+GH
€=R-B
B= HC

| ly C= Ge

FEEDBACK

B
R + 3 G e
AMPLIFIER o
INPUT ERROR OUTPUT

SERVO-TYPE FEEDBACK SYSTEM
Figure 14.1

A convenient method for evaluating the external gain of an amplifier with feedback
is the single loop servo-type system as shown in Figure 14.1. (The internal feedback
of transistors can be neglected in most cases.) The forward loop gain of the amplifier
without feedback is given by G and it includes the loading effects of the feedback
network and the load. H is the feedback function, and is usually a passive network.
In using this technique, it is assumed that the error current or voltage does not affect
the magnitude of the feedback function. The closed loop gain is then

c _ G _1 ( CH )

R ~1+GH H \1+GH
where C is the output function and R is the input. If GH is made much larger than
one, the closed loop response approaches 1/H and becomes independent of the ampli-
fier gain. Thus, GH determines the sensitivity of the closed loop gain to changes in
amplifier gain.
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Since GH is a complex quantity whose magnitude and phase are a function of
frequency, it also determines the stability of the amplifier. The phase shift of GH for
all frequencies must be less than 180° for a loop gain equal to or greater than one or
the amplifier will become unstable and oscillate. Therefore, if the number of transistors
in the amplifier is greater than two, the phase shift of GH can exceed 180° at some
frequency, and stabilization networks must be added to bring the loop gain to one
before the phase shift becomes 180°.

Zf
I\/\/\r GAIN AND IMPEDANCE
RELATIONSHIPS
ZO
o2
G ; =L
p—— «— g TIHAYyZL zZ,
z z |
] on | Zy e ZF
: Sl Ay ze
LT ¢ Ig Iy Zy
zin':. = R ey
(A) BLOCK DIAGRAM 14+ GH I+A, v 2,
Z,+yZ,
z ZO"
O+ A Zg,
Ze Z¢
NN e ATZL
v Z+72
"1 y |
> Pol
P R
e 2 l Zon i u I+Z_L
> L Zon
I Al CONDITIONS! Z,
e e el
Z
(B)SIMPLIFIED EQUIVALENT CIRCUIT << GH +1
Zf

VOLTAGE FEEDBACK AMPLIFIER
Figure 14.2

Figure 14.2 shows a voltage feedback amplifier where both the input and output
impedances are lowered. A simplified diagram of the amplifier is shown in 14.2(B),
which is useful in calculating the various gains and impedances. Z, is the input im-
pedance of the first stage without feedback, and Z.x is the output impedance of the last
stage without feedback. Ai is the short circuit current gain of the amplifier without
feedback (the current in the load branch with R, = 0 for a unit current into the base
of the first transistor). Any external resistors, such as the collector resistor which are
not part of the load can be combined with Z,.. The gain and impedance equations
shown are made assuming that the error voltage (i»Z:) is zero which is nearly correct
in most cases. If this assumption is not made, the loop gain of the amplifier can be

2
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derived by breaking the loop at y-y’ and terminating the point y with Z,.®”> The loop
gain is then i:/im with the generator voltage set equal to zero. Since the loop is a
numeric, the voltage and current loop gains are identical. The loop gain is then

Ai ( 7., ) ( Z; ) (14a)
) +Ze + 70 Ze + 7,
where
s gy
Z]’ — = Zg Zl
Ze + 7.

Notice that if Z; >> Z, and Zr > > Z,, then the loop gain is very nearly equal to GH
as given in Figure 14.2,

The input impedance of the amplifier is reduced by 1 4+ GH, while the output im-
pedance is also decreased.

Figure 14.3 shows a current amplifier where both the output and input impedances
are increased. The loop is obtained by breaking the circuit at y-y’ and terminating
points y-a with Z;. The loop gain is ir/i» and is approximately equal to

vAi Zp (14b)
T

GAIN AND IMPEDANCE
RELATIONSHIPS

Ay yzg
huledl)
g 1+AyZf
Z+z,
LAYz
{A) BLOCK DIAGRAM % 1+A,yZg
Z+7

ngzl 1+A; Yy ZF
Zy

Zo=Zon{14+A; ZF
Z4Z,
_AiYZr
Z,+z

= = = =  CONDITIONS:

(B) SIMPLIFIED EQUIVALENT CIRCUIT ZF<Z1iZe<Zy

CURRENT FEEDBACK AMPLIFIER
Figure 14.3
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SERVO AMPLIFIER FOR TWO PHASE SERVO MOTORS

PREAMPLIFIERS

Figure 14.4 shows a two stage preamplifier which has a low input impedance, and
which is quite stable in bias point and gain over wide temperature ranges. In addition,
no selection of transistors is required.

Because only two stages are involved, the amplifier is stable, and frequency stabili-
zation networks are not required. The current gain io/in is approximately Re/Rr if the
generator impedance and Re are much larger than the grounded emitter input imped-
ance of Q.. Rr should not exceed a few hundred ohms because it contributes to the
loss of gain in the interstage coupling network. The loss of gain in the interstage
coupling is

- Zol’ ) (14C)
Zot" 4 hiee 4 hre: Re

where Z.," is the parallel combination of R. and the output impedance of Q1. The loop
gain then is approximately

( hret htee K_RF) ( _R,- ) (l4d)
R]-; h|p1 + Rr.

® = —O Egg=45V

Co
20/f

22K

Q; =Q2 =G.E. 2N335,4C30,
4C3i, OR 2N336

io  Re R

K~¥FOR?:—<< l.

400 CYCLE PREAMPLIFIER FOR OPERATION IN
AMBIENTS OF —-55 TO 125°C

Figure 14.4

Because the feedback remains a current, the input impedance of this circuit is quite
low; less than 100 ohms in most cases. This preamplifier will work well where current
addition of signals is desired and “cross-talk” is to be kept to 2 minimum.

Bias Design Procedure for Stage Pair
(Reference Figure 14.5)

1. The values of Eau, Igi, Igs, Veri, and Vs are selected by the designer to be com-
patible with the constraints imposed by the circuit and component specifications,
Thus, L. and Ess must be large enough to prevent clipping at the output under
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conditions of maximum input. For designs which must operate in wide tempera-
ture environment, the bias currents and voltages (Iz and Vce) of Q1 and Q2
should be approximately equal to those used by the manufacturer for specifying
the “h” parameters. (For the 2N335, Isi = Ig: = 1 ma and Vee = 5 to 10 volts.)

+ OEgp

I
no— | P _a,_;
Re Ve
Isl Ry Tap—
R
IEIl R >
Rs

Figure 14.5

2. For good bias stability, Ir: R, should be five to ten times Vgai, i.e., 3 to 5 volts;
thus, knowing I, R can be found. I should also be five to ten times larger

than I,
Ellh — \,(‘El P Il‘:l Rl
3. R:. =